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1. Foreword

In recent years, a probabilistic approach is increasingly 
needed as mechanical products are expected to provide 
higher functionality. This is not unrelated to the fact that, 
as mechanical products provide higher functionality, the 
consequences of any accident tend to be more serious. A 
typical example would be an on-board composite hydrogen 
tank stored under high pressure. In his examination of 
standards development, for example, G. W. Mair proposes 
to introduce a probabilistic approach to the consideration of 
safety margins(1). The present author introduces the concept of 
a probabilistic approach, which is often discussed in terms of 
GTR and other standards, as an approach to safety standards 
for composite hydrogen tanks for fuel cell vehicles(2). The 
current paper provides an overview from the perspective 
of reliability design that the author has experienced 
outside the automotive field. This paper has mentioned the 
historical background, details of the method, advantages 
and disadvantages, examples of use in other fields, and 
the possibility of use in fuel cell vehicles. Following this, 
an important action would be to start an evidence-based 
discussion of safety margins for bursting strength, with 
specific application of a probabilistic approach to the current 
situation in Japan. An essential part of this process is the 
organization of statistical data. The basic statistics involved 
include the mean value and variance of the bursting pressure 
of hydrogen tanks. However, obtaining basic statistics of 
hydrogen tank bursting strength experimentally is not easy in 
terms of cost and labor. Moreover, considering the severity of 
the results, the need for a higher degree of safety performance 
means that the probability of bursting is extremely small, 
which also makes it a challenge to take a large sample size. 
If a very large amount of data could be obtained, it might 
not such a challenge to evaluate the basic statistics of the 
population with a high degree of accuracy based on so-
called sample statistics. However, in the case of composite 
hydrogen tanks, if large sample sizes are not expected, then 
the application of sample statistics is generally a challenge. 
In such cases, there is an approach called Bayesian statistics 
that is effective for evaluating small-sample statistics. For 
example, Bayes’ theorem is used for the statistical processing 
of maintenance data in risk-based inspections of plant 
pressure equipment(3), (4). This is related to the fact that one 
cannot obtain large samples of maintenance data. This paper 

summarizes the basic ideas of Bayes’ theorem as well as 
examples, applications, and precautions related to applying 
the theorem.

2. Characteristics of Bayesian Statistics

Before explaining Bayes’ theorem in detail, this chapter 
discusses its characteristics. When an evaluation of the 
basic statistics involved in the breakage of a mechanical 
product is required, it is advisable to first consider applying 
Bayes’ theorem in the following situations.

1.	 The event in question is very infrequent
2.	 Causing the event by experimentation would require 

excessive cost and labor
3.	 The event may be transitory

In such situations, one cannot easily increase the sample 
size rapidly and it would be challenging to apply sample 
statistics that assume a large sample size. Additional 
information follows concerning the third situation above. 
For example, when considering plant maintenance, the 
damage status of piping and pressure vessels depends 
also on operating conditions such as internal pressure. If 
operating conditions are changed at some point in time, the 
basic statistics related to the probability of damage may 
also subsequently change. In addition, design specifications 
are likely to be modified during the development phase of 
products like hydrogen tanks. In this case as well, while 
the basic statistics on damage probability may be predicted 
to change, the sample size will never increase if sampling 
restarts each time there is a change in design specifications. 
Even in challenging situations like these, Bayesian statistics 
has the following characteristics that allow it to handle such 
situations to some extent.

1.	 For s ta t is t ical processing, i t uses not only the 
information that there was damage, but also information 
that there was no damage.

2.	 In identifying the statistical distribution, this method 
updates the certainty of the parameter from a small 
sample size.

3.	 The certainty of the parameter is determined at the 
starting point by such factors as experienced values, 
literature, and subjectivity.

In sample statistics, a parameter such as the mean is 
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Fig. 2   Principle of Bayesian update for discrete values

assign a single definitive value. If new experimental data is 
obtained, the result indicating whether a pressure vessel did 
or did not burst under certain conditions is an objective fact. 
Bayesian statistics involves updating the uncertainty of an 
estimated quantity based on a few objective facts. This is 
called Bayesian updating. While one can say that Bayesian 
updating does not suddenly yield the correct answer 
for the parameter, it does approach the correct answer. 
Uncertainty before updating is called the prior distribution, 
and uncertainty after updating is called the posterior 
distribution. Figure 1 illustrates the approach conceptually. 
The vertical axis is the probability density.

For example, when the left side of Fig. 1 is the prior 
distribution of uncertainty and μ0 is the correct answer for 
the parameter, the figure shows how, based on the results of 
a single burst test, the posterior distribution of uncertainty 
gathers near μ0 based on the Bayesian update results. The 
greater the number of burst test samples, the better the 
convergence results that can be expected, and increasing 
the number of times tests are repeated will yield results 
asymptotically approaching the correct answer. The first prior 
distribution to be set is called the initial prior distribution. If 
the initial prior distribution is off the mark, there is unlikely 
to be good convergence performance, so it is important to set 
it carefully. The initial prior distribution can be set based on 
the results of similar products in the past when available, on 
the opinions of experienced persons, or on information found 
in the literature. This initial prior distribution is sometimes 
called subjective probability, because in any case it is not 
given definitively but is determined subjectively in a sense. 
If starting with no information beforehand, the uncertainty is 
distributed over a wide area, and is called an uninformative 
prior distribution. In Fig. 1, the prior distribution is set as 
a continuous distribution, but it can also be set as discrete 
values, as in Fig. 2. That is, instead of expressing the 

Fig. 1   Principle of Bayesian update for continuous 
distribution

evaluated as a single value by statistical processing from 
sample data. In Bayesian statistics, however, the parameter 
is not evaluated as a single value, but is rather treated 
as something ambiguous; that is, a level of certainty. In 
extreme cases, certainty may be determined subjectively 
as a starting point, which is why it is called subjective 
probability. Although it may seem unwise to allow 
subjectivity to enter into the statistical process, in Bayesian 
statistics, the statistics are updated each time sample data 
is obtained, so that certainty gets dependably closer to the 
correct answer, and is thus expected to eventually converge 
to the true value. Even if the event is transitory as described 
above, Bayesian statistics can track the transition of the event, 
since processing is accomplished by updating. It is wise, 
however,  to have a good understanding of the principles of 
Bayesian statistics, because if not applied appropriately, the 
efficiency of such convergence will not occur.

3. Basic Principles of Bayesian Statistics

3.1. Approach
If the object of interest is a pressure tank, assume that 

its bursting pressure is normally distributed. The probability 
density function with a normal distribution is expressed as:

f (x |µ, σ ) =
1

√2πσ
exp −

(x − µ)2

2σ 2 	 (1)

where x is the random variable for bursting pressure, and 
there are two parameters: mean μ and variance σ2. f (x|μ, σ) 
is a probability density function with the parameters μ 
and σ. A normal distribution with mean μ and variance 
σ2 is sometimes expressed as N(μ, σ2). To identify the 
basic statistics of bursting pressure is to find μ and σ2. If a 
sufficiently large sample size n can be obtained, the sample 
mean μ̂ and unbiased sample variance σ̂2 can be evaluated 
from the following equations.

µ̂ =
1
n

n

i =1

x i	 (2)

σ̂ 2 =
1

n − 1

n

i =1

(xi − µ̂)2	 (3)

If a larger sample size can be obtained, these parameters 
can be evaluated with greater accuracy. When this is not 
expected, however, one should consider using Bayesian 
statistics. Here, for simplicity, the variance σ2 is assumed to 
be known, and only the mean value μ is unknown. The way 
to estimate this is explained as follows. The approach can 
be applied even if both parameters are unknown, but that 
process will be discussed later.

The evaluation using Eq. (2) establishes one sample 
mean value, and there is no room for subjectivity in the 
procedure. For that reason, it can be called an objective 
procedure. Bayesian statistics, in contrast, adds uncertainty 
to the estimated quantity μ. In other words, it does not 
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C1 C2

uncertainty of the mean as a continuous distribution, it is 
estimated as a discrete value in the form of either μa or µb.

In this figure, in the prior distribution shown on the 
left, uncertainty confidence values for the μa and µb values 
estimated are set discretely. In this example, μa has a lower 
confidence level than µb, even though μa is closer to μ0, the 
true value. After sample values are obtained, the Bayesian 
update results in a higher confidence level for μa, and the 
true value can be determined to be closer to μa.

3.2. Basic Principles
3.2.1. Estimating discrete values

Suppose that a parameter one wishes to estimate by 
Bayes’ theorem, such as a population parameter, is θ. When 
the parameter is θ, the probability density function for an 
observed event x, such as bursting, is expressed as f (x|θ). In 
ordinary sample statistics, the sample value θ̂ is evaluated 
from sample data by statistical procedures, leaving no room 
for subjectivity. Bayesian statistics, on the other hand, sets 
a value for θ subjectively and also assigns a confidence 
level for the uncertainty of that value. Here, for simplicity, 
two discrete values (θ1 and θ2) have been set. P1 and P2 
represent the confidence level for each value at the start. 
Bayes’ theorem assumes that observed events necessarily 
arise based on the value of θ1 or θ2. This is to say, the 
condition P1 + P2 = 1 needs to be satisfied. For example, if 
there is a high degree of confidence that the parameter is θ1, 
one may set P1 = 0.8 and P2 = 0.2. Observed events, such 
as bursting, are now written as A. At this time, the logical 
relationship can be represented by a Venn diagram as in 
Fig. 3. Here, C1 indicates that the observed event is caused 
by θ1 and C2 indicates that it is caused by θ2. From now on, 
the probability of an event will be expressed as P (event). 
The probability that the causal event is C1 and that the event 
A is observed can be expressed by the following equation 
using the basic properties of a Venn diagram.

P (C1 ∧ A ) = P (C1) P (A |C1)
= P (A) P (C1 |A )

	 (4)

where ∧ denotes the AND logical relationship and P (A|C1) 
denotes the conditional probability that A is observed under 
the condition of cause C1. By transforming Eq. (4), one can 
obtain:

P (C1 |A ) = 
P (C1) P (A |C1)

P (A )
	 (5)

P(A) can be written as:

P (A ) = P (C1)P (A |C1) + P (C2)P (A |C2)	 (6)

Therefore, substituting this into Eq. (5) can be expressed as:

P (C1|A) = 
P (C1) P (A|C1)

P (C1) P (A|C1) + P (C2) P (A|C2)
	 (7)

The components on the right side of Eq. (7) are given as 
below in the above case.

P (C1), P (C2) ⇔ P1 , P2

P (A |C1), P (A |C2) ⇔ f (x |θ1), f (x |θ2)	 (8)

Thus, all quantities on the right side are given quantities. 
On the other hand, P(C1|A) on the left side indicates the 
probability of C1 under the constraint that there was an 
observed event A. It therefore indicates the degree of 
confidence in C1 after incorporating the observed event. 
Thus, P(C1|A) is the posterior probability after the Bayesian 
update. P(C2|A) is found similarly:

P(C2|A) = 
P(C2)P(A|C2)

P(C1)P(A|C1) + P(C2)P(A|C2)
	 (9)

P(C1|A) and P(C2|A) indicate that the degree of confidence 
in C1 and C2 has been updated from P(C1) and P(C2) based 
on the observed event A. In this manner, Bayesian statistics 
updates the degree of confidence based on observed events. 
When an observed event is subsequently obtained, this 
P(C1|A) and P(C2|A) can be used as prior probabilities for 
the next time, and the same procedure can then be used to 
continue updating. Thus, an event for which the degree of 
confidence is higher is used as a hint to estimate θ.

Here, a simple example is considered. This case supposes 
that the physical quantity to be measured has a normal 
distribution, with mean μ0 = 0 and standard deviation 
σ0 = 1. Consider estimating a physical quantity that has this 
distribution from experimentally measured values. In this 
case, the Bayes’ theorem described above is used to update 
each measurement. For simplicity, it is assumed here that 
the standard deviation σ0 = 1 is known and the mean is to be 
estimated. First, the two discrete events in Table 1 are the 
subject of estimation. The prior probabilities (confidence) are 
also shown. These two discrete values and the initial prior 
probabilities are assumed to be set based on the knowledge 
of people with experience. The sum of the prior probabilities 
needs to be 1.0. In this case, even though the population mean 
of 0.0 is correct, a confidence level as low as 0.3 is given to Fig. 3   Venn diagram
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which predictions and confidence levels are set flexibly and 
subjectively when there is not a sufficient amount of sample 
data in the initial stage, after which the confidence level of 
the parameter is updated each time data is obtained based 
on a small number of experimental data points.

In the above example, a low confidence level of 0.3 was 
given for an initial prior distribution of -0.1, which was close 
to the correct answer, but if this confidence level had been set 
more appropriately high at 0.7, the results would be as shown 
in Fig. 5. Comparing this to Fig. 4 shows that the confidence 
level for the correct answer converges earlier to 1.0. Thus, if 
the initial prior distribution can be set more appropriately, it 
will converge to the correct answer more quickly, but if it is 
off the mark, the degree of convergence will not be as good. 
As this can result in less efficiency, the key is knowing how 
to appropriately set the initial prior distribution by referring 
to experienced people, past case studies, and other factors.

3.2.2. Estimation of continuous distribution when 
mean is unknown and variance is known

In the example above, instead of estimating the 
parameters of the burst probability density function to be 
estimated, a scheme was used in which the burst probability 
was assumed to be one of two discrete values and the 
degree of confidence in those discrete values was updated 
with Bayes’ theorem. To extend this to a more general 
estimation method, the parameters themselves of the burst 
probability density function of Eq. (1) could be estimated. 
There are two parameters: the mean μ and the standard 
deviation σ. This section considers using Bayes’ theorem 
to estimate these parameters. Although the theorem can 
be used for both parameters, for simplicity of explanation, 
only the mean μ is considered here. To make parameter 
estimation versatile enough for general use, it is advisable 
to use a format that expresses the level of confidence as a 
continuous distribution and then updates the continuous 
distribution, rather than use a format that estimates μ as 

-0.1, which is close to the correct answer, while a confidence 
level of 0.7 is set for 1.5, which is farther from the correct 
answer. Next is a simulation of how this confidence level is 
updated by trial experimentation. First, generate 10 N(0.0, 1.02) 
normal random numbers and observe how the Bayesian 
update is performed with experimental data 10 times. 

The ith random number is expressed as rnd(i). The 
Bayesian update when the first experimental value rnd (0) 
is obtained is performed using Eq. (7). The right side of this 
equation is all given quantities, as below.

P (C1) = 0.3
P (A |C1) = f (rnd (0) | −0.1, σ0)

P (C2) = 0.7
P (A |C2) = f (rnd (0) |0.3, σ0) 	 (10)

Here, the first observed event A corresponds to obtaining 
experimental value rnd (0). The probability density 
function f ( ) is given by Eq. (1). This results in obtaining 
updated confidence value P(C1|A). Similarly, the C2 
updated confidence value P(C2|A) is obtained by Eq. (9). 
Furthermore, for the next experimental value rnd(1), 
the next update can be performed as P(C1|A) → P(C1) 
and P(C2|A) → P(C2). The same procedure should be 
repeated after that. Figure 4 shows the change in posterior 
probability with Bayesian updating for the 10 experimental 
values. It shows that the C1 confidence level, which is close 
to the true value, has risen, while the C2 confidence level, 
which is far from the true value, has fallen. As a result, 
there is greater confidence that the true value is a C1 event. 
Thus, Bayesian statistics is characterized as a method in 

Fig. 4   Variation of posterior probability (P (C1) = 0.3, 
P (C2) = 0.7)

Fig. 5   Variation of posterior probability (P (C1) = 0.7, 
P (C2) = 0.3)
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discrete values. That is to say, for a particular mean value μ, 
the burst probability density function is:

f (x |µ) =
1
2πσ

exp −
(x − µ)2

2σ 2√
	 (11)

This is called a likelihood function. The probability density 
function g(μ) is set as a continuous distribution expressing 
the uncertainty of μ. The approach of setting a continuous 
distribution will be discussed later, but first, it is set as a 
prior distribution, based on experience, as in the case of 
the discrete method. At this time, the posterior probability 
distribution when the observed value X = (x1, x2, ..., xn) has 
been obtained can be expressed as follows based on the 
Bayesian update approach.

g'(µ|X )dµ =
g(µ) n

i=1 f (x i |µ)dµ
∞
−∞ g(µ) n

i =1 f (x i |µ)dµ
	 (12)

Then, the posterior probability density function g′(μ|X ) 
is derived based on Bayes’ theorem. If the Bayesian 
update approach is applied each time an observed value 
is obtained, the continuous distribution function, which 
expresses the degree of confidence, can be expected to 
gradually converge to the true value. However, there is 
one great challenge with this. If one sets a completely 
arbitrary function as g(μ) for the prior distribution, the 
posterior distribution, g′(μ| X ), would have no relation 
to the prior distribution. In this case, evaluating Eq. (12) 
becomes quite difficult. As computational capabilities have 
increased in recent years, it has become relatively easy to 
derive probability density functions numerically using the 
power of computers, even for complex expressions like that 
shown in Eq. (12). Markov Chain Monte Carlo Simulation 
(MCMC)(5) is a typical method for doing this. In addition, 
software like Stan and PyMC3 are readily available to assist 
in such calculations. One approach is to use such software 
for arbitrary distributions, but fortunately, by attaching 
certain conditions to the prior probability, this process is 
extremely easy. That is the conjugate prior distribution 
approach. From the sake of general-purpose use and ease of 
processing, it is considered better to use the conjugate prior 
distribution approach, which is explained below.

The challenge now is that the prior distribution g(μ) and 
the posterior distribution g′(μ|X ) have completely different 
distribution forms. It is known, however,  that if one adopts 
a particular distribution form as g(μ) corresponding to 
the distribution form of f (x|μ) that is being addressed, the 
g′(μ|X ) obtained by applying Bayes’ theorem will have the 
same kind of distribution form. However, the parameters 
would be subject to change. When such a relationship is 
established, it is said that conjugacy is established, and 
a prior distribution that was set in this way is called a 
conjugate prior distribution. It is known that if f (x|μ) has a 
normal distribution, the conjugate prior distribution for μ 
has a normal distribution. In other words, g′(μ′|X ) also has 
a normal distribution.

The case here assumes that the random variable of 

interest follows a normal distribution N (μ, σ2), and that the 
variance σ2 is known. A continuous distribution is set for 
the confidence level for parameter mean µ and a Bayesian 
update is performed. In this case, one uses the fact that 
the conjugate prior distribution for the mean is a normal 
distribution. In other words, if a normal distribution is 
set as the prior distribution of level of confidence for the 
mean, the posterior distribution will also be normal. When 
N (λ1, τ1

2) is set as the prior distribution, it is derived that the 
posterior distribution when a sample of x = (x1, x2, ..., xn) is 
obtained is as follows(6):

N (λ 2, τ 2
2 )	 (13)

where

x̂ =
n
i =1 x i

n

λ 2 =
nτ 2

1 x̂ + σ 2λ 1

nτ 2
1 + σ 2 	 (14)

τ 2
2 =

σ 2τ 2
1

nτ 2
1 + σ 2 	 (15)

In other words, the two parameters of the posterior 
distribution that is a normal distribution can be easily 
evaluated from Eqs. (14) and (15) . This poster ior 
distribution can be used as the prior distribution the next 
time and thereafter.

The following is an example in which the correct answer 
for f (x|μ, σ) is N (0, 12), which has a normal distribution. In 
this case, one starts the initial prior distribution for N (λ, τ 2) 
from N (0.5, 12) and performs Bayesian updating. Assuming 
that 10 random number observations of N (0, 12) are 
available at the time of measurement, one will see how the 
prior distribution changes as a result of Bayesian updating. 
The transition can be easily traced using Eqs. (14) and 
(15). Figure 6 shows the transition of the prior distribution 
for two Bayesian updates. It also shows that with each 

Fig. 6   Variation of prior distribution by Bayesian 
update
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Bayesian update, the predicted prior distribution of the 
mean converges near the correct answer.

3.2.3. Estimation of continuous distribution when 
mean and variance are both unknown

This section considers a case in which both the mean μ 
and standard deviation σ are unknown and are estimated by 
Bayesian updating. In this case, the posterior probability 
distribution when the observed value X = (x1, x2, ..., xn) has 
been obtained is evaluated with the following formula with 
Bayesian updating.

g'(µ, σ|X )dµdσ = 
g(µ, σ) n

i =1 f (xi|µ, σ)dµdσ
∞

0
∞
−∞ g(µ, σ) n

i =1 f (xi|µ, σ)dµdσ	 (16)

Here, g(μ, σ) is a two-dimensional simultaneous probability 
density function that is a conjugate prior distribution and is 
found to be expressed as in Eqs. (18) and (19)(7), (8).

g(µ, σ) = π (µ|σ 2)π (σ 2)	 (17)

π (µ|σ 2) =
1

2πσ 2 /k0
exp −

(µ − µ̂0)2

2σ 2 /k0
	 (18)

π (σ 2) =
ˆ(σ0

2v0 /2)v 0 / 2

Γ(v0 /2)

exp − v 0 σ̂ 0
2

2σ 2

(σ 2)1+ v 0 / 2 	 (19)

Note that μ̂0, k0, v0, and σ̂0 are parameters of the prior 
distribution, and in Eq. (19), the probability density function 
is an inverse gamma distribution expressed by the two 
parameters below.

f Igamma (x |α, β ) =
β α

Γ(α )
(1/x)α +1 exp (−β/x)	 (20)

α = v0 /2	 (21)

β ˆ= σ0
2v0 /2	 (22)

It is derived that the parameters of the conjugate prior 
distribution are updated by the following calculation:

k' = k + n	 (23)

m' = [ km + nµ̂]/k'	 (24)

v' = v + n	 (25)

v(s' )2 = vs 2 + (n − 1)S 2 + kn ˆ(µ − m )2 /k'	 (26)

where μ̂ is the sample mean and S is the unbiased standard 
deviation of the sample data.

Here is an example that shows how the continuous 
distribution of confidence level is updated by Bayes’ 
theorem in a case where the correct answer for the 
population is N (7, 22) and 10 samples are obtained twice 
by Monte Carlo simulation. First, as the initial prior 
distribution of the confidence level, one begins far from 
the correct answers for the parameters, starting with 
μ̂0 = 4.0, k0 = 1.0, v0 = 2.0, and σ̂0

2 = 4.0. Figure 7 shows 
the simultaneous probability density function for the 
initial prior distribution of the confidence level. The figure 

Fig. 7   Initial prior distribution
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shows that the coordinate values indicating the peak of this 
distribution are far from the correct answer, (7, 22).

Figure 8 shows the result for the simultaneous probability 
density function obtained by generating 10 random numbers 
and performing Bayesian updating with Eq. (16). This could 
be interpreted as meaning that the coordinate values of the 
peak position are close to (7, 22), but the figure shows that the 
density values are widely distributed around the peak value. 
Figure 9 shows the simultaneous probability density function 
obtained by Bayesian updating after generating the next 10 
random numbers. The figure shows that the coordinate values 
of the peak asymptotically approach the correct solution, 
(7, 22), and the density values are concentrated in that area. 
If Bayesian updating continues to be performed in the same 
manner each time samples are obtained, it is expected that 
the simultaneous probability density function values will be 
concentrated around the correct parameters.

4. Application for Obtaining Statistical Data 
on Products with Design Changes

There are cases in which the product of interest is still 
in the development stage, but the statistical properties of the 
product are needed and statistical data needs to be obtained. 
If the product’s manufacturing cost is high, it is already a 
challenge to increase the sample size. And if that product is 
in the development stage and its strength characteristics may 
change, there will likely be many challenges in obtaining the 
statistical properties of the product. Using Bayes’ theorem is 
considered effective precisely in such cases. In other words, 
Bayes’ theorem assumes that the initial prior distribution 
is as in Fig. 7. Bayesian updating can yield a posterior 
distribution like that in Fig. 8 in a single test, regardless of 
sample size. Then, assume that the design of the product 
will subsequently change. In general, when there are design 
changes during the development stage, it is considered 
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Fig. 8   Second prior distribution

Fig. 9   Third prior distribution
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distribution in Fig. 8 can be used as a prior distribution 
for estimating the statistical properties of the next product. 
Then, Bayesian updating can be expected to appropriately 
track changes in the statistical properties. However, if 
there is an extreme change in statistical properties, using 
the Fig. 8 distribution as a prior distribution may not be 
effective, in which case the distribution is reset, and one can 
proceed with Bayesian updating.

5. Example of Application for Pressure 
Equipment Maintenance

To give a concrete example of an industrial application 
of Bayes’ theorem, this section presents its application to 
evaluate the probability of damage to pressure equipment. 
This information is necessary to perform risk-based 
inspection of such equipment. Risk-based inspection is one 
approach to maintaining piping, pressure vessels, and other 
pressure equipment. The main type of maintenance method 
in the past was to systematically conduct inspections at a 
fixed time, in a fixed location, and using fixed inspection 
methods. To eliminate the irrational aspects of this 
approach, risk-based inspection continuously reviews 
inspection plans using risk as an indicator. The first 
guideline to appear in this area was API581(9) issued by the 
American Petroleum Institute. The corresponding Japanese 
standard is published by the High Pressure Institute of 
Japan(10). This section presents an example of the application 
of Bayes’ theorem to damage probability evaluation used in 
API581, while referring to reference(4).

Figure 10 shows the general procedural flow for 
conducting a risk-based inspection. Since risk values are 
used as indicators when developing inspection programs, 
there are steps in which risk assessment is conducted, 
which are shown inside the dashed line of the figure. In 
this part, risk values are analyzed, and risk is defined as 
the consequence multiplied by likelihood (in bold frame) 
of damage. As Bayes’ theorem is used to evaluate the part 
relating to likelihood of damage, this is introduced below.

Corrosion of metallic materials by internal fluids is one 

that in many cases the changes will not be substantial. In 
those cases, it is unlikely that the parameter values of the 
statistical properties will change dramatically. If so, the 

Fig. 10   Procedure of risk based inspection
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Table 3   Allocation of initial confidence level

Table 4   Relation between inspection effectiveness 
and confidence

of the main damage modes in the maintenance of piping and 
pressure vessels. As long as equipment is operated under 
the same operating conditions and environment, the rate of 
corrosion is expected not to change greatly because corrosion 
progresses steadily. Damage occurs when corrosion penetrates 
through the thickness of the plate, allowing internal fluid to 
leak. Therefore, one can evaluate the likelihood of damage; 
that is, the damage probability, based on the percentage of 
plate thickness that remains. If the residual wall thickness is 
measured by appropriate non-destructive testing methods and 
one assumes that corrosion progresses steadily, one can also 
predict future wall thinning. Based on this, one can perform 
a damage probability evaluation and review inspection plans 
while referring to the results of the risk assessment. In this 
case, it is important to accurately evaluate the corrosion rate 
by appropriate non-destructive testing methods. However, if 
measurements are made with less accurate non-destructive 
testing methods, the accuracy of the evaluated corrosion rate 
will decline correspondingly. In that sense, it is important 
to evaluate the effectiveness of non-destructive testing 
methods, which is determined by a combination of the type 
of damage targeted and the non-destructive testing methods. 
This is called inspection effectiveness, and the accuracy 
of the evaluated corrosion rate requires an evaluation of 
inspection effectiveness. However, inspection effectiveness 
cannot be expressed as an objective quantity, and inevitably, 
the evaluation will contain some subjectivity. By applying 
Bayes’ theorem to the evaluation of corrosion rates, one 
can incorporate an evaluation of an ambiguous quantity like 
inspection effectiveness and then evaluate the accuracy of 
corrosion rates. A concrete explanation follows.

Step 1
It is necessary to draw some conclusions from past 

findings regarding the target damage mechanism. Typical 
examples include whole-surface corrosion and localized 
corrosion, but here it is decided to use whole-surface 
corrosion as an example. Although it is generally a 

challenge to obtain corrosion rate data in the early stages, 
if historical inspection data is available, it may be used as 
a rough estimate. If historical data does not exist, use the 
predicted wall-thinning rate based on the literature. Here, 
0.2 mm/year is used as a possible prediction based on 
values found in the literature.

Step 2
Determine whether the level of corrosion rate reliability 

set in step 1 corresponds to low, moderate, or high. If there 
is complete field data, the confidence level can be classified 
as high, but if there is no existing data and it is inferred, as 
in this example, it is classified as low. The API guideline 
provides detailed classification criteria. What Bayes’ theorem 
seeks to predict is not corrosion loss itself, but the accuracy 
of the thinning rate currently in use, which it classifies into 
three states. Perform Bayesian updating of the degree of 
confidence to determine which of the three states applies. The 
three accuracy states are shown in Table 2. Table 3 shows 
the initial degrees of confidence, or prior probabilities, for the 
three damage states used when applying Bayes’ theorem.

Step 3
Perform Bayesian updating of the degree of confidence 

in the damage conditions defined in Table 2. The damage 
state indicates the degree of ambiguity of the evaluation 
result as found by inspection, with larger values indicating 
a greater degree of ambiguity. The degree of confidence 
depends on the inspection effectiveness described 
above. Damage evaluation accuracy depends on the non-
destructive testing method used and the control volume 
ratio. A 100% volume inspection with a highly accurate 
non-destructive testing method would increase the degree of 
confidence in damage state 1 in Table 2. This measure of 
effectiveness is the inspection effectiveness, and the degree 
of confidence varies with the inspection effectiveness. 
For each level of inspection effectiveness, the relationship 
between the damage state and the degree of confidence that 
it can be accurately measured are given in Table 4. This 

Table 2   Definitions of damage states
Damage

state Definition

1 Damage does not exceed the predicted value of the damage
model

2 Damage is at least equal to the predicted value of the damage
rate model and at most twice that value

3 Damage is at least twice and at most four times the predicted
value of the damage rate model

Actual
damage rate range Low reliability data Moderate reliability data High reliability data

Predicted rate or less 0.5 0.7 0.80
Predicted rate to

two times rate 0.3 0.2 0.15
Two to four times

predicted rate 0.2 0.1 0.05

Damage
rate
state

Poorly
effective

Fairly
effective

Usually
effective

Highly
effective

1 0.33 0.5 0.7 0.90
2 0.33 0.3 0.2 0.09
3 0.33 0.2 0.1 0.01
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table appears to have been developed based on the opinions 
of experts and the like.

These values signify the conditional probability of each 
damage state for the subsequent Bayesian update. In other 
words, the table shows the probability that the predicted rate 
will be observed, on the condition that the current damage 
state will be one of the three states.

Step 4
Perform Bayesian updating to determine how the degree 

of confidence in each damage state changes as a result 
of performing inspections. That is, update the degree of 
confidence by using Bayes’ theorem based on the results at 
the time of inspection. Apply Bayes’ theorem according to 
the following equation:

P [Ai | Bk ] =
P [Bk |Ai ]P [Ai ]

j P [Bk |Aj]P [Aj]
	 (27)

where the symbols have the following meanings:

P [Ai]	 Prior probability: Degree of confidence that 
the damage state is i

P [Ai|Bk]	 Posterior probability: The updated degree 
of confidence when the event at the time 
of inspection was Ak (denoted as Bk in the 
equation)

P [Bk|Ai]	 Conditional probability: The conditional 
probability that damage state k will be 
observed when the current damage state is i. 
In the API, this is mapped to the inspection 
effectiveness. Table 4 shows values for 
i = 1, 2, 3; k = 1, but there are separate tables 
for i = 1, 2, 3; k = 2 and i = 1, 2, 3; k = 3 in 
the standard.

Assuming that during the initial inspection the predicted 
corrosion rate was observed using Usually effective non-
destructive testing, the Bayesian update procedure would be 
as follows.

1.	 Since the prior probabilities are based on data from the 
literature, use the low reliability data from Table 3 as 
P [Ai].

2.	 Use the values from the relevant part of Table 4 
based on the fact that the Usually effective predicted 
corrosion rate was confirmed as the inspection 
effectiveness.

3.	 Perform evaluation assuming that the results at the time 
of inspection showed the damage rate to be as predicted, 
that is, B1.

Therefore, the correspondence of the variables in Eq. (27) 
is as follows.

P[A1] = 0.5, P[A2] = 0.3, P[A3] = 0.2
P[B1|A1] = 0.7, P[B1|A2] = 0.2, P[B1|A3] = 0.1	 (28)

Substituting these values into Eq. (27) yields the 

following:

P[A1|B1] = 0.7 × 0.5
0.7 × 0.5 + 0.2 × 0.3 + 0.1 × 0.2

 = 0.814

P[A2|B1] = 0.2 × 0.3
0.7 × 0.5 + 0.2 × 0.3 + 0.1 × 0.2

 = 0.140

P[A3|B1] = 0.1 × 0.2
0.7 × 0.5 + 0.2 × 0.3 + 0.1 × 0.2

 = 0.046	 (29)

That is, Table 5 is obtained.
The result is that the degree of confidence that the 

damage state is 1 has increased. Thus, Bayes’ theorem 
updates the degree of confidence in the current damage 
rate state by incorporating even a subjective measure of 
inspection effectiveness. If this procedure is followed at 
each subsequent inspection, it will be possible to determine 
the current damage rate state.

Step 5
Based on the predicted rate of 0.2 mm/year for damage 

state 1, a worst-case predicted rate of 0.4 mm/year for state 2, 
and a worst-case predicted rate of 0.8 mm/year for state 3, 
the probability of damage at the next inspection can be 
evaluated for each damage state. The procedure is omitted 
here because it is detailed, but the overall probability of 
damage is evaluated based on the probability of damage in 
each state and its degree of confidence in Table 5. The risk 
is then assessed by multiplying this and an evaluation of the 
consequence.

6. Conclusion

This paper has shown that using Bayes’ theorem 
is effective when the objective is to obtain statistical 
properties of bursting strength for equipment l ike 
composite hydrogen tanks. The main reason for this is that 
it is so challenging to obtain large amounts of bursting 
strength data for reasons of cost and labor, and thus it is a 
challenge to evaluate bursting strength by sample statistics. 
With Bayes’ theorem, it is possible to use small sample 
data to increase the degree of confidence in the parameter 
by Bayesian updating. However, setting the initial prior 
distribution, which is to say the initial confidence level, 
involves arbitrariness. Depending on the circumstances, 
therefore, there could be aspects that are hard to handle, 
such as setting the initial prior distribution subjectively. 
This paper used examples to explain Bayesian statistics, 
from the basics to application. The author hopes this paper 
will make at least a small contribution to obtaining small-
sample statistical data.

Table 5   Confidence level after first inspection

Damage rate state After a usually effective inspection—
1 0.814
2 0.140
3 0.046
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Realization of Strategic Color Lineup

			   Masaharu YOSHIMURA1

ABSTRACT

The coloring of motorcycles is an important element that conveys the concept and appeal of the model to customers and 
greatly influences their purchasing motivation. During the author’s assignment in Vietnam, I devised a “coloring strategy” to 
highlight the individuality of each model by reviewing the coloring of all models from a comprehensive perspective. Based 
on this strategy, the upper-grade models set the trend in coloring, and the entry models followed. This enabled us to provide 
customers with high-satisfaction products. Building on the example in Vietnam, we applied the “coloring strategy” to 50 cc 
scooters in Japan and reviewed the coloring for each model. This provided each different customer for each model with high-
satisfaction color options, while also achieving a product lineup with high business contribution. Although conditions vary by 
region and market, such as differences in market background and production facility capabilities, the “coloring strategy”, which 
aims to optimize the product lineup by highlighting the character of each model from the “color” perspective, can be applied to 
the development of various models.

1. Importance of Coloring in Motorcycles

The coloring of motorcycles is an important element in 
conveying the concept and appeal of each model.

Some customers have found colors that they like on the 
products that were on display at dealerships and ultimately 
bought them because they “like the color.” Another feature 
of motorcycles is that customers select a motorcycle 
based on the image of themselves riding the bike with 
considerations to how the bike’s coloring would work with 
their outfits. In this age when it is commonplace for people 
to wear their favorite colors for clothing, bags, and other 
items, the importance of motorcycle coloring is increasing 
(Fig. 1).

Fig. 1   Motorcycle coloring and user fashion influencing 
one another

Contribution

1 Design Center

The first thought that comes to a motorcycle designer’s 
mind when studying the coloring of a product is how and 
under what circumstances the customer will be riding. 
Will it be for commuting or for leisure, or for getting 
around town every day? What will be the riding style? The 
designer considers the customer’s lifestyle as such based 
on preliminary research and information. After considering 
the colors that may suit customer lifestyles, the designer 
carefully selects the color schemes and submit them as a 
proposal to the sales division. The color lineup for each 
model is determined through discussions to help ensure 
the optimal color variation in line with the concept of each 
model.

The author, a designer in the motorcycle development 
division, was assigned to Vietnam in the early 2000s. There, 
I was given the opportunity to be in charge of the coloring 
of all models sold in Vietnam and developed a bird’s-eye 
view of the entire color lineup. As mentioned earlier, “color 
lineup” usually refers to the color variations for a single 
model. However, as I became in charge of the coloring of 
all models in Vietnam, I should inevitably see the color 
lineup of all models at the same time.

A t t h a t t i m e , H o n d a h a d t h r e e m o d e l s b e i n g 
manufactured and sold in Vietnam. Despite each model 
having several color variations, they all gave similar 
impressions and each model’s unique concept was not fully 
expressed through their coloring. With this observation, 
I decided to develop a strategy for coloring schemes that 
would best showcase the individuality of each model, with 
the goal of achieving overall optimization. This strategy 
enabled us to break away from the duplication of colors and 
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images that may had been caused by siloed model planning, 
and to create a color lineup in which each model has a 
clearer individuality. This has made it possible to provide 
customers with the pleasure of choosing colors.

The following is a description of the coloring strategy 
developed.

2. Show Model that Led to Coloring Strategy 
Development

2.1. Assignment to Vietnam and sense of crisis
Honda’s research and development of motorcycles for 

The Association of Southeast Asian Nations (ASEAN) 
region is conducted by the Honda Research & Development 
Southeast Asia-Thai Office (HRS-T) based in Thailand. The 
coloring design for the Vietnamese models was handled 
by HRS-Singapore Office (HRS-S) at the time, however 
with the increase in attention on Vietnam as an emerging 
market, demand arose to establish a new research institute 
in Vietnam. In 2003, the author was assigned to Hanoi with 
the mission of establishing HRS-Vietnam Office (HRS-V).

I went out on the streets of Hanoi as soon as I arrived 
at my new assignment, and was struck by the abundance of 
motorcycles made by Japanese manufacturers, especially 
Honda, as well as their copies (Fig. 2). What surprised me 
was that many of the old and new motorcycles on the streets 
were of the same dark colors as in the past. There were 
a few brightly colored motorcycles on the road, but the 
number was limited.

Fig. 2   Street corner in suburbs of Hanoi in 2003

At two of the dealers we visited, we were able to talk 
to about 10 Honda vehicle users (Fig. 3). We got straight 
to the point and asked them about the coloring of their 
motorcycles, which had been of interest to us. Older users 
responded that Honda’s colors are reliable and reassuring, 
while young users mentioned that Honda was their parents’ 
generation’s choice and that they themselves would choose 
a cool motorcycle made by a Japanese manufacturer other 
than Honda. We were aware that Honda motorcycles 
were chosen for their trusted toughness, but we now heard 
directly from customers that design and color were not 
among the reasons. In particular, the words of young users 

Fig. 3   Example of Honda dealerships visited

Fig. 4   Characters of “I Love Viet Nam”

made us realize the urgent need to enhance the design and 
coloring of Honda models to make them more attractive, 
considering the rejuvenation of the consumers expected to 
occur in the near future.

 

2.2. Dealer convention and show model
Just as we were beginning to think about how to make 

the livery more attractive, an opportunity presented itself. 
I was to meet the president of Honda Vietnam, a Honda 
motorcycle manufacturing and sales company in Vietnam, 
and headed for the hotel lounge with the director of HRS-V. 
In the lounge, the president and sales manager of Honda 
Vietnam were being given a presentation on the dealer 
convention that was to take place two months later. The 
dealer convention is a business meeting to which all Honda 
dealers in Vietnam are invited to attend, where outstanding 
managers are awarded and company policies for the next 
fiscal year are explained. The lounge of the hotel used for 
the meeting was the very site where the dealers’ convention 
was to be held.

In the presentation by the advertising agency in charge 
of planning and management of the event, colorfully 
illustrated characters to be used in the “TOI YEU VIET 
NAM” (“I love Viet Nam”) campaign after the dealer 
convention were being introduced (Fig. 4).

When I introduced myself and told them that I was a 
designer, they asked for my opinion about these characters. 
Having been thinking of ways to enhance the appeal of the 
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coloring, I proposed that real motorcycles with the coloring 
of each of the characters be produced and displayed at the 
dealers’ convention. I had heard that the convention had 
consisted mainly of the projection of presentation materials 
and explanations. The proposal was based on the idea that 
displaying actual motorcycle models representing the new 
set of characters would bring out the pizazz of the models 
and make the appeal more impactful.

While the president and sales manager of Honda 
Vietnam showed interest and agreed to the proposal, the 
director of HRS-V opposed to it. The reason for this was 
that, based on his extensive experience as a motorcycle 
development manager, he knew the difficulties involved 
in producing show models, from procurement of materials 
and prototyping to finishing. They only had less than two 
months to complete show model for the dealers’ convention.

In order to move forward with this proposal, a concrete 
plan had to be created to satisfy the director of HRS-V and 
the staff of the vehicle production department at the plant. 
So I decided to prepare a plan and schedule to complete the 
show models in two months.

2.3. Request for cooperation to the plant
The day after the meeting, I attended a regular meeting 

attended by all department managers at the plant. There, 
I explained the plan for the show model display for the 
dealers’ convention and its production plan. They did not 
object to the plan since the company president had agreed 
to it but raised a question about the procurement of paint 
colors shown in the character illustration. I explained that 
we, HRS-V, would develop and prepare the paints, and 
secured their commitment to cooperate.

2.4. Paint development and show model production
In order to procure the necessary paints, I requested a 

Japanese expat in charge of local procurement to set up a 
meeting with a paint manufacturer. HANOI SYNTHETIC 
PAINT COMPANY  is a local paint manufacturer that has 
a technical cooperation partnership with KAWAKAMI 
PAINT MANUFACTURING CO.,LTD. (hereinafter, 
KAWAKAMI PAINT), which supplies paints to Honda 
motorcycle factories in Japan. A meeting was arranged with 
the Japanese expat dispatched from KAWAKAMI PAINT .

Immediately, we explained the concept of displaying 
real motorcycles at the dealers’ convention and asked 
for cooperation in the short-term development of paints. 
However, they immediately responded as impossible 
to meet the deadline in under two months. New color 
development usually starts with creating a satisfactory color 
through repeated color mixing, then tested for performance 
such as weather resistance, including color fading, and 
compatibility with the environment of the actual motorcycle 
usage, mainly with adhesion. Some of the performance 
checks require time on the order of a year, making it 
impossible to develop new colors on this schedule.

In response to this, we reevaluated the necessary items 

for this project and studied how to go about them. I first 
focused on the fact that most of the time during color 
mixing is spent on the exchange of paint color samples 
between paint manufacturers and designers, rather than 
on the actual process of color mixing. Another fact was 
that, since it is the sales staff who communicate the color 
direction desired by the designers, it is difficult for the 
nuances to be directly conveyed to the colorists. Therefore, 
I proposed that designers go directly to the manufacturer’s 
color mixing site and judge color tones on the spot. This 
would shorten the time required for the development of the 
paints.

In addition, since new color development is based 
on the assumption of mass production application, it is 
common to use only pigments whose performance, such as 
weather resistance, has already been verified for short-term 
development. The number of pigments available is therefore 
limited, necessitating the time-consuming color mixing 
for any new materials. However, since the new colors 
are limited to show models, they do not need to have the 
performance required for mass production and we should be 
able to expect a wider availability of pigments and quicker 
color mixing.

I assured the paint manufacturer that, should the colors 
developed for this project be used in mass production, 
stipulated amount of time will be spent on its development. 
The manufacturer agreed to the conditions, thus marking the 
beginning of a development period of under two months.

After the color mixing at the paint manufacturer, the 
colors need to be checked again on the painting line at 
the factory, where the painting facilities are different. 
KAWAKAMI PAINT provided extensive support in this 
project, including sending a representative at the factory to 
help us reproduce the gorgeous colors on the painting line 
for the first time (Fig. 5).

In this way, the paint manufacturer, factory, and research 
institute worked together to overcome numerous hurdles, 
and the colorful show models were successfully completed 
(Fig. 6).

Fig. 5   Paint line at plant
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Fig. 6   Completed show models

Fig. 8   Users happily cruising in city at night

2.5. Dealer convention
The dealers’ convention, where the show models were 

displayed, was a great success (Fig. 7). All eyes were on 
the display of motorcycles painted in new, never-before-
seen colors. The visitors’ reactions showed their strong 
interest in vibrant colors. This, combined with the sense 
of urgency I felt in our conversations with young users 
immediately after my arrival, became the turning point 
to seriously consider the need for immediate reflection to 
Honda Vietnam products in the future. 

 
3. Strategic Color Lineup Concept and Mass 

Production Application

In September 2003 following the dealer convention, 
I was appointed by HRS-T, the research institute for the 
ASEAN region based in Thailand, to serve a dual role of 
color development manager and designer at HRS-V. Up 
until then, development was led in Thailand while coloring 
design was done in Singapore; with this instruction it 

Fig. 7   Colorful show models showcased at dealer convention draws large crowd 

became possible to develop products for Vietnam by the 
local staff and Japanese expats assigned there. This was 
indeed the realization of what Honda Vietnam has been 
yearning for, to have its own development capability for 
their country.

3.1. Development that leverages “real” Vietnam
To take on the development work for ourselves, we first 

went back to understanding the lifestyle of motorcycle users 
in Vietnam.

It turned out that the majority of users use their 
motorcycles for commuting or for work during the day, then 
for recreational use with their family at night. The daytime 
use scenario is common globally, but I could not guess what 
“recreational use with family at night” meant. So, I went out 
at night and saw hundreds of motorcycles with two, three, 
or even four family members, riding happily together (Fig. 
8). After arriving at work the next day, I asked a local staff 
member about the situation. He told me that many families 
do not have air conditioners or televisions in their homes, 
and that they ride around town as a leisure activity, enjoying 
the cool of the evening with their whole family. There is 
no specific destination, but rather city cruising with family 
and friends. The motorcycle is both a reliable and sturdy 
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partner, and a vehicle for leisure that is loved by the whole 
family.

Looking again at the color lineup of Honda motorcycles 
from this perspective, we found that they all had a sober, 
albeit sturdy, appearance. Other brands, however, were also 
offering vibrant colors fit for leisure. The earlier comment 
by the young users, wanting a Japanese brand other than 
Honda for himself, apparently stemmed from the imprinted 
image created by such observations. If this is the case, 
we could appeal to families and young people that Honda 
motorcycles, often used for work, by incorporating stylish 
and trendy coloring design.

Based on this idea, I carried out a study on the overall 
color lineup while reconsidering the position of each model 
in the entire lineup, as summarized in the next section.

3.2. Color ing s t ra tegy: Logic for co lor l ineup 
optimization

At the time, Honda Vietnam offered the following 
three models with their respective unique characters. Their 
characteristics are described below (Fig. 9).
・	Future (110 cc, USD 1,556): Upper-grade model with a 

sporty appearance. Its sales have stagnated after 5 years 
since its launch.

・	Wave α (100 cc, USD 856): Entry model with strong 
sales for its affordable price; many copies in market

・	Super Dream (100 cc, USD 1,431): Iconic base model 
that built the foundation of Honda Vietnam; preferred by 
users not wanting changes.

Based on the market situation of each model and its 
ideal position in the product lineup, the following coloring 
development policy was established after clarifying 
differences in trend acceptance between urban and rural 
areas, time differences in the propagation of trends, and 
differences in disposable income.
(1)	Upper-grade model Future is to be positioned as a trend-

setting model and will be applied with two-tone colors 
and large graphics for a bold design expression.

(2)	Entry model Wave α is to be positioned as a trend-
following model and will be applied with the two-tone 
coloring and bold graphics similar to Future, a few 

months after Future’s launch
(3)	The iconic basic model Super Dream is to be positioned 

as a solid choice for long-term customers who want 
a peace of mind; more subtle graphics will reflect the 
styling trends 
The thought here was that the maximum effect of the 

color lineup could be achieved by creating a system in 
which Future showcases trends and Wave α follows suit, 
so that customers can see at a glance what the coloring and 
graphics have in common.

This system of correlating the coloring of all models and 
developing, producing, and launching them in an effective 
order was collectively named the “coloring strategy.

3.3. What is to be gained with coloring strategy
In my thinking, the following was going to become 

possible through the coloring strategy.
(1)	Customers of Future can enjoy the latest trend colors 

ahead of others.
(2)	Customers of Wave α can obtain a motorcycle with 

latest trend coloring on the upper-grade model a few 
months after Future.

(3)	Sales division can leverage the trends to establish a sales 
strategy and brand strategy.

(4)	Production division can disperse the man-hours required 
to launch new models, which used to be concentrated 
at the end of the year, and equalize production by 
offsetting the launch of new colors for Future and Wave 
α even by a few months.

(5)	Paint manufacturers and purchasing departments can 
systematically produce and purchase paints, thus 
stabilizing supply cost.

(6)	Development division can benefit from product brand 
image enhancement through a design-led approach and 
equalized development man-hours.

3.4. Preliminary coordination to realize coloring 
strategy

I took this coloring strategy, a system I had developed 
through simulation, to the president of Honda Vietnam and 
the head of the sales department. The idea was welcomed: 

Fig. 9   Honda’s lineup and color variations circulated at 2003 dealer convention
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Fig. 10   Line-off ceremony

Fig. 11   Night club used for launch event; invited first-
customers’ “Future” parked at storefront

“This is the first time we have seen a strategic presentation 
of only color changes, and the I love Viet Nam campaign 
color presentation at the recent dealer convention was a 
great success, so let’s try product development based on this 
‘coloring strategy.’”

3.5. Challenges and method for mass production of 
coloring strategy

A development in accordance with the coloring strategy 
immediately began. The challenge was the development and 
development period for the new colors.

Although we knew that there were no new colors 
suitable for trend-setting at the Honda Vietnam plant, we 
checked again the situation at the paint shop. Nine colors 
were introduced to the paint line in the six years since the 
plant’s establishment in 1998, six of which were used for 
the current three models. This was quite a limited number 
for an emerging market in the ASEAN region, where even a 
new research institute was being established.

There are two ways to develop a new color: one is 
to develop an original color exclusively for Vietnam in 
cooperation with a local paint manufacturer, and the other 
is to fine-tune a paint that has been mass-produced in Japan 
for use in Honda Vietnam. The former method has the 
advantage that designers can develop locally optimized 
colors that reflect the latest trends, but it requires a sufficient 
development period promised to the paint manufacturer. 
The latter method would use the data of paint formulation 
already proven in Japan and only requires fine-tuning to 
suit the factory facilities; however, it is undoubtedly more 
difficult to create colors that best works with the local 
mindset. Based on my conviction to develop colors in line 
with the coloring strategy in a short span of time, we chose 
to go with the latter method.

I immediately contacted a local paint manufacturer 
and asked them to order color samples of all colors that 
had been delivered to Honda motorcycle factories in 
Japan. Several colors were selected from the color samples 
received, and local color mixing began. Colors that could 
potentially be trendy in Vietnam were selected, and as with 
the development of colors for show models, the designers 
were present at the color mixing site to facilitate rapid color 
development. Because the original color mixing data made 
it easy to reproduce the color tones, the color mixing was 
completed at the fine-tuning level.

3.6. Early coordination with Japan
In parallel with ordering color samples, the materials 

research department at the motorcycle development center 
in Japan was consulted about new color development 
methods in the coloring strategy, as testing and approval by 
the materials research department are important for paint 
development. In addition, we explained the development 
situation to the head of development of our technical 
partner, a paint manufacturer in Vietnam, and requested 
further technical support from the Japanese side. The 

development of paints proceeded smoothly with the full 
cooperation of both the materials research department and 
the paint manufacturer, and the mass production of the new 
paints was on track as planned.

3.7. Realization of the coloring strategy and its result
Future, the first model under the coloring strategy, made 

its launch in the Vietnamese market with an extensive sales 
promotion program; it was with much fanfare, astonishing 
for a color change for a product that was launched six years 
prior. The prelude to this was a line-off ceremony held at 
the Honda Vietnam factory by shutting one of its production 
lines. This too was unprecedented for a minor model change 
involving only a color change, but I persuaded the president 
and plant manager that we should show the workers that 
Honda Vietnam is changing with the implementation of the 
new coloring strategy. (Fig. 10).

Honda Vietnam’s sales manager was also very active in 
realizing plans such as renting out clubs in Hanoi and Ho 
Chi Minh City for presentation events and exhibiting in a 
corner of downtown (Fig. 11).
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The Future in new colors, which was introduced with 
such a bang, received a favorable response from young 
fashion leaders, who thought it was cool and sporty (Fig. 
12). However, the actual number of units sold increased 
only slightly. Sales personnel said that despite the 
stylishness of the coloring, it was “too new” and did not 
suit Future, and that they were not ready to buy it out of 
fear for a resale value risk and the eyes of others. This was 
an unexpected result, as we had thought that if it was cool, 
people would buy it. At the same time, there were also hints 
of Future customers seek to gain a sense of security that 
comes with the higher product price. It was not just about 
making it attracting. After hearing this report, the president 
of Honda Vietnam instructed the company to proceed with 
the coloring strategy and display Future models at storefront 
continue with the coloring strategy, so first put the Future 
on display at dealers. The number of shops displaying 
Future in their shops gradually increased. This was the start 
for customers to get accustomed to the new colors.

Six months later, Wave ZX, the second model under the 
coloring strategy, was launched as planned (Fig. 13).

Fig. 12   Image survey of Future at launch

Image survey of previous Future and new Future
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Fig. 13   Wave ZX with coloring inspired by Future

Future Wave ZX URUBAN SPORTY MOVER
DUET CRUISER

Fig. 14   Honda dealership with colorful models in 2006

The sales volume of Wave ZX increased without 
affecting those of Future and Wave α. I believe that this 
is the result of a coloring strategy that created a virtuous 
cycle of trends by having the higher-end models initiate the 
trend and the lower-priced models follow them. At the time 
of my assignment, I was told by a young user that Honda 
was the choice of their parents’ generation and that, if they 
were to purchase one for themselves, they would choose a 
Japanese manufacturer other than Honda. However, after 
the implementation of the coloring strategy, the image of 
Honda motorcycles was greatly rejuvenated. Honda has 
taken the first step toward becoming a brand that is chosen 
by people who say Honda’s designs are cool because of 
their coloring (Fig. 14).

A year and a half had passed since I had been assigned 
there.

Future, the trend-setting model, underwent a series 
of model changes, including Future II and Future Neo, 
accompanied by changes in appearance (Fig. 15).

Future Future II Future Neo

 Fig. 15   Future, Future II, and Future Neo achieved both evolution and continuity of graphics

The differences between the existing Wave α and 
Wave ZX are a change in coloring to the Future image and 
the adoption of the name ZX to appeal to young users. In 
addition to the coloring and naming, the Wave ZX adopted 
front disc brakes, and was recognized as a new model, 
becoming the fourth pillar of the Wave ZX lineup following 
Super Dream, Future, and Wave α.
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Each model has a continuity in graphics to combine the 
graphics of trend to combine with a sense of security that 
the customers could recognize the Future at a glance. As 
Wave ZX and its evolutionary version, Wave RS, became 
hits by capturing trends, Future’s position as a trend-setting 
model solidified. Despite its higher price range, Future 
gradually but steadily established itself in the market, 
recording 281% sales volume in 2006 compared to 2003. 
Fig. 16 shows the sales volume of each model.

the styling designers determined the coloring scheme for 
their respective product based on the trends, all the models 
had similar color configurations. These may have caused a 
lack of color differentiation among the models. In addition, 
retailers were unable to display color variations of all 
models in their stores, and customers were unable to check 
the colors on the actual products, causing confusion. Some 
customers were seen to buy a model other than the one they 
wanted, saying, “Since it’s the same color, I’ll just buy this 
model in the store.” It was apparent that the coloring, which 
was assumed to convey product appeal and the model 
concept, was not functioning.

Under these circumstances, changing the color of Dio 
alone would not be sufficient to convey the appeal of the 
product to customers, and would not solve the confusion 
that may have caused to customers and the sales floor. 
In order to get out of this situation, I thought it necessary 
to evolve and apply the “coloring strategy” rolled out in 
Vietnam that proved to be immensely successful, look at 
the entire 50 cc scooter lineup, and change colors to best 
suit each model. In order to realize the coloring strategy 

Fig. 16   Sales volume for each model of Honda Vietnam

Fig. 18   50 cc scooter market in chaos
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Fig. 17   Sales volume of 50 cc model scooter and 
domestic production volume of electrically 
assisted bicycles
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Incidentally, the names of the model were taken from a 
provisional name that I used when I first started working on 
the coloring strategy to link the models, and they became 
official product names.

4. Applying Evolved Coloring Strategy to 50 cc 
Scooters in Japan

In 2009, the author returned to the development base 
in Japan and was appointed as the person in charge of 
color change development of the 50 cc Dio scooter for the 
Japanese market.

At the time, the domestic motorcycle market continued 
to decline due to various factors, such as stricter parking 
regulations, price changes due to emission regulations, and 
the global economic downturn(1). The 50 cc scooter market 
was also affected by the spread and expansion of electrically 
power assisted bicycles(2) after 2007 (Fig. 17). Against this 
market background, 50 cc scooter manufacturers continued 
to increase color variations and introduce new colors in a 
rush to drive up purchase motivation (Fig. 18).

4.1. Five models and 30 colors of 50 cc scooter
The 2009 Honda 50 cc scooter lineup consisted of 

five models: Dio, a standard model for men; Cesta, a 
scooter equipped with a shopping basket and designed 
for housewives; Zoomer, a scooter for street-style youth; 
Scoopy, a scooter with high fashion appeal; and Today, a 
basic model. The color variation was 30 types in 23 colors.

The color palette of each model was repeatedly changed 
based on customer feedback and sales data, and because 
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for the domestic scooters, I thought it necessary to gain the 
authority of a development manager who could take charge 
of all five models and took on the responsibility.

4.2. Coloring strategy for Japan from 2009 to 2011
The first step was to create a positioning map as of 2009 

[Fig. 19(a)]. A positioning map was not necessary for the 
Vietnamese market, as the three local models were intuitively 
recognizable due to their differences in size and character. On 
the other hand, the Japanese lineup of 50 cc scooters required 
differentiation among models with the same displacement. A 
tool was needed to make it easy to recognize the differences 
in characters at a glance, and so this gave us the idea of 
creating a positioning map. To make one that is simpler and 
easier to understand, the vertical axis was set as an image 
of age (old to young) and the horizontal axis as an image of 
gender (female/male). Today, which accounts for 56% of 
Honda 50 cc scooter sales, was placed at the center of the 
map. Next, Dio, Cesta, Zoomer, and Scoopy were mapped by 
age and gender according to their concepts.

Looking at the resulting map, it appeared that the 
models were well differentiated, but I felt a stronger sense 
of urgency about the fact that the sales of Today accounted 

for 56% of the total.
It is understandable that Today is selling well because of 

its attractive balance of specifications and cost. This however 
meant that the lineup was not functioning: customers were 
buying Today because the other models were lacking in 
attractiveness, and because the models offered similar color 
schemes the customers would simply buy the lower-priced 
product. I therefore consciously created a wrap-around 
portion of the map to show the competition among the Honda 
models. The map also had the function of highlighting the 
different characterizations of each model, that is, the areas 
where the character needed to stand out.

Next, I began creating a positioning map not for the 
2010 model to be developed this time, but for the 2011 
model to be developed the following year [Fig. 19(b)]. This 
is what was evolved for the coloring strategy applied to 
Japan: rather than making a one-year fix, it was seen from 
a birds-eye view to clarify what should be done for a more 
comprehensive planning purpose for the models for their 
longer-term success. 

The most significant change in the 2011 lineup was the 
discontinuation of Scoopy, which led the “fashion” line and 
played a role in attracting female users, and the introduction 

Fig. 19   Honda’s Japanese 50 cc scooter lineup and positioning map for 2009 and 2011
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of Giorno with a unisex image targeting all fashionable 
young people.

Therefore, Today was kept in the center of the 
positioning map, but the size of the circle was slightly 
reduced. The size of the circles for Giorno, as well as the 
continuing models Dio and Dio-Cesta were enlarged while 
help eliminating any overlaps with Today.

The goal was to make each model to s tand out 
separately from one another in order to create a lineup 
where each has its own attractive coloring scheme. To this 
end, it was decided to offer a minimum number of basic 
color variations for Today to meet the needs of customers 
who demand for lower-priced products, while enhancing 
the entire product lineup by offering other models with their 
own unique coloring schemes matching their concepts.

There was no plan for Zoomer to change the color 
scheme for this year, but as 2011 was the 10th year since 
its launch, I proposed a limited sale of vehicles in a special 
10th anniversary livery. Also proposed was a reduction in 
the number of colors, focusing on the current best-selling 
colors. Zoomer was to be positioned as a stand-alone model 
set apart from all other models with the intention to grow it 
as a city bike for the younger customers.

4.3. Result of coloring strategy for Japan in 2010
After creating the positioning map for 2011, I started the 

process of creating the positioning map for 2010 (Fig. 20). 

The first thing considered was how to handle Today. The 
color variation setting was changed from the previous all-
round color variation to a setting which takes into account 
the color variation with keeping the regular colors, but a 
decision was made to reduce the number of colors as the 
year progressed, rather than doing it immediately at once.

Dio was given a color lineup of six colors to express 
a sense of luxury and power and to distinguish it from the 
Today model, as well as to be competitive against Company 
A’s competing model and Company B’s competing model 
with seven and nine colors, respectively. The color lineup 
was also intended to encourage customers to switch from 
Today.

As mentioned above, Scoopy was to smoothly pass 
the baton to its successor model, Giorno, which was to be 
launched in 2011 as a new fashion-oriented model. A team 
of young designers carried out color development of Giorno 
based on the concept of the return of real fashion scooter. 
Scoopy’s color lineup for 2009 consisted of eight colors 
in three types (Special, Standard, and Deluxe) to cover a 
wide range of fashion-oriented preferences. To allow for a 
smooth linkage from Scoopy, the team narrowed Giorno’s 
colors to three with a unisex fashion image (Fig. 21).

Fig. 20   Honda’s Japanese 50 cc scooter lineup and 
positioning map for 2010

Fig. 21   Color lineup change in Scoopy from 2009 to 
2010 
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4.4. Market reaction to coloring strategy for Japan
In 2011, the newly launched Giorno received a great 

response for its new concept of “The return of a real the 
original origin fashion scooter”. (Fig. 22).

Giorno sold approximately 16,000 units this year, 
whereas its predecessor Scoopy sold around 3,000 units 
per year. In contrast, the sales volume of Today, which 
previously accounting for the majority of 50 cc scooter 
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sales, decreased by approximately 9,000 units. These 
results indicate that the equivalent of those customers 
shifted to Giorno, and I believe that we were able to 
achieve one of our coloring strategy goals, which was to 
differentiate each model by its coloring scheme. On the 

other hand, the reduction of the number of colors was still 
insufficient to avoid confusion at retail storefronts, so we 
decided to continue with the coloring strategy and work 
on the reduction of the number of colors in 2012. Fig. 23 
(a) and Fig. 23 (b) show the lineups for 2009 and 2012, 
respectively.

Dio, Cesta, Giorno, and Zoomer have settled on the 
number of colors targeted by the 2011 measures, leaving 
only Today.

The task of narrowing down the color variations of 
Today, which were reduced by only one color in 2011 
began in earnest.

At this point, the color selection process was going 
smoothly because other models were already available in a 
range of unique colors. The sales department was convinced 
by this proposal that there would be no problem in reducing 
the number of color variations as long as the color selection 
was in line with the coloring strategy. This was because 
the sales performance over the past two years had clearly 
demonstrated the effectiveness of the coloring strategy.

Comparing the number of models in 2009 and 2012, the 
number of colors has gone from five models with 30 types 
and 23 colors to six models with 25 types and 17 colors. 
The coloring strategy has thus helped to settle the confusion 
that may have caused to customers and the sales front, as 

Fig. 22   Color lineup of 2011 Giorno
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Fig. 23   Honda’s Japanese 50 cc scooter lineup and positioning map for 2009 and 2012
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mentioned at the beginning of this chapter.
The sales share of Today decreased from 55% to 

38%, while that of Giorno, which was a model change 
from the Scoopy with a 4% share, increased to 27%. The 
sense of urgency about the sales of 50 cc scooters, which 
was heavily skewed toward Today, as described by the 
author at the beginning of this chapter, has been resolved 
(Fig. 24).
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Fig. 25   50 cc model sales of Honda and other 
manufacturers
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This is the result of adequate color selection based 
on differentiation and the clarification of the role of each 
model, and customers were now able to choose a color 
design that is in line with the individuality of each model. 
The color lineup that makes the most of each model’s 
concept continues to be effective without blindly increasing 
the number of colors.

Furthermore, a comparison of sales volume between 
2009 and 2012 in the 50 cc scooter market in Japan, where 
scooters account for 70% of the total, shows that Honda’s 
sales volume increased by about 3% while other companies’ 
sales volume decreased by about 10% (Fig. 25).

With this, I believe we have verified that the “coloring 
strategy” described here is a development method that can 
achieve maximal effect with minimal colors.

5. Summary

Some say that we are only talking about colors, and 
others say that changing colors of a product at hand is easy.

However, as this article has described, strategic coloring 
changes can yield maximum effect. 

Recently, the world of coloring has been increasingly 
described by the term CMF (Color, Material, Finish), and 
Honda has also established a CMF group several years ago 
to develop attractive colors.

It is my belief that a very important thing in carrying 
out such development is to have clear objectives and goals: 
we should ask ourselves, “What do we want to do with the 
colors, and how?”

Using colors in a specific way may be a way to bring 
you closer to achieving a goal. Well, it may not be the color, 
but rather something the reader is in charge of....

I sincerely hope that this article will be of assistance to 
future generations in their thinking.

References

(1)	h t tps : / / jamaserv . jama.or . jp /newdb/ (accessed 
2024/12/26) (in Japanese)

(2)	https://jbpi.or.jp/business/statistics/production/electric/ 
(accessed 2024/12/26) (in Japanese)

https://jamaserv.jama.or.jp/newdb/
https://jbpi.or.jp/business/statistics/production/electric/


Development of Electric Motocrosser CR ELECTRIC

− 23 −

Fig. 1   External view of CR ELECTRIC

1. Introduction

The changes of social environment call for realization 
of carbon neutralization not only in automobiles but also in 
motorcycles. Honda aims at a carbon neutralization in all 
products and all corporate activities by 2050. It is Honda’s 
policy to achieve carbon neutrality in all motorcycle products 
in the 2040s. As a core environmental strategy to achieve 
the said goal, we are actively promoting electrification of 
motorcycles(1).

In the realization of carbon neutrality in the mobility 
sector, even the motorsports are not exceptional. In the 
Formula 1 and MotoGP, introduction of carbon-neutral fuel 
has already started(2), (3). Regarding the electrification, races 
exclusively for electric vehicles (EVs) such as the Formula 
E and MotoE are being held. However, the energy density of 
lithium-ion battery is approximately 2% of that of gasoline, 
which is an issue in races requiring frequent use of high-
power output. Meanwhile in EVs, the power output is easy 
to control due to the recent advancement of motor control 
techniques, having easy-to-control drive-ability. In addition, 
as the EV is quiet and clean without emissions of exhaust 
gas, it is an advantage that races can be held in urban cities 
and in-door arenas.

Honda has offered electric motorcycles to the market as 
small commuter motorbikes for use in short distances such as 
delivery and/or means of day-to-day transportation. Adding 
to the said applications as a creation of new value in FUN 
category, we have developed the electric motocrosser with a 
focus on motocross races, which are popular in Europe and 

North America, and also held in stadiums and the likes.
As a technical validation, the EV motocrosser was 

raced in the Kawagoe round, the 8th race of 2023 Japan 
Championship Motocross Series. The results were very 
positive; 2nd place in Heat 1, and two hole-shots in three 
heat races. That attracted media attention as Honda’s first 
race participation with the electric motorcycle, resulting in a 
recognition of EV.

In this paper, we introduce the technical measures 
employed in the electric drive unit such as the battery, which 
is an essential part in the electric motocrosser CR ELECTRIC 
shown in Fig. 1, and the chassis techniques to package such 
parts.

Development of Electric Motocrosser CR ELECTRIC
Introduction / Case Study

	 Seiji KATO1	 Hiroyuki AKIYOSHI1	 Makoto KITAOKA1

	 Masayuki KINOSHITA1	 Takuya FURUYAMA1

ABSTRACT

In an attempt to offer a new value of EV in the FUN category such as the motorsports, the electric motocrosser CR ELECTRIC 
has been developed. The employment of launch control and energy management systems upon the selection and control of battery 
cells enabled realization of the dynamic performance and the range required for the motocross machine. Developing the L-shape 
battery pack and optimizing the frame body stiffness, the specification of complete vehicle similar to the CRF450R are achieved. 
Moreover, the development of high-voltage pack as high as 400 volt along with the redesigning of the cooling system to adjust to 
the electric motocrosser resulted in the downsizing and weight reduction of various component parts. With these measures taken, 
the maneuverability and stability such as nimbleness, roadability, and turnability have been accomplished.
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  E-mail: seiji_01_kato@jp.honda



	 Honda  R&D  Technical  Review	 2026

− 24 −

High torque area

R
ea

r w
he

el
 d

riv
in

g 
fo

rc
e 

(N
)

Vehicle speed (km/h)

EV
ICE 1st
ICE 2nd
ICE 3rd
ICE 4th
ICE 5th

Po
w

er
 (W

)

Vehicle speed (km/h)

EV
ICE 1st
ICE 2nd
ICE 3rd
ICE 4th
ICE 5th

Fig. 2   Motocross riders jumping on track

Fig. 3   Comparison of driving force between EV and 
ICEV

that of an ICE vehicle in the same class. These characteristics 
result in the short range and heavy vehicle weight of Evs.

While the gasoline-burning ICE loses much energy as 
waste heat, the electric power conversion efficiency is higher 
in Evs, and the waste heat is not as much as in the ICE. On 
the other hand, the battery changes characteristics depending 
on the temperature. For efficient use of limited energy on 
the vehicle, it is essential to adjust heat management to the 
operating conditions and working environment.

2.2.2. Output characteristics
Figure 3 shows driving force diagrams of EV and 

internal combustion engine vehicle (ICEV). In the EV, a 
high torque is attainable at lower revolutions due to the 
characteristics of the battery and the motor. The torque and 
the power output occurring from the electricity can be easily 
modified by the control program. This feature is different 
from the ICE in that an adequate torque is unattainable until 
the engine speed reaches to a certain level.

Figure 4 shows difference of power output characteristics 
in EV and ICEV. While an appropriate gear has to be used 
in the ICEV depending on the vehicle speed to maintain 
a higher power output, a flat power output up to higher 
revolutions is attainable in the EV without changing the gear. 

Fig. 4   Comparison of power characteristics between 
EV and ICEV

2. Aims of Development

2.1. Features of Motocross
The motocross is such a sprint race that contests speed 

in unpaved, short race courses. Various places such as 
outdoor flat lands and hills or stadiums are used as the field. 
The race course has manually-created ups and downs. As 
Fig. 2 shows(4), some big jumping spots are included to 
demonstrate three-dimensional actions such as jumping and 
landing. As the track conditions varies depending on the 
weather or repetition of races, the vehicle has to deal with a 
variety of elements.

The race program is such that a heat race lasting from 
15 minutes to 30 minutes is held two to three times a day. 
Base on the results of heat races, a final race is held for 
overall ranking. With thirty to forty machines line up side 
by side and all dash out together from the starting gate, the 
spectacular start scene is one of its charms.

In motocross races held under such conditions, the 
compactness of vehicle body and the lightness of weight 
are the keys. A bulky and heavy motocrosser is difficult 
to ride no matter how powerful the motor is. To travel on 
slippery off-road surfaces, linear torque delivery and easy-
to-handle traction performance are essential although a high 
maximum power is also important(5).

Due to the race style in that a large number of racers start 
together, a hole shot (to be the first one to enter turn 1 after 
starting) is very advantageous to win the race or finish higher.

2.2. Features of EV
2.2.1. Installed energy

The internal combustion engine (hereafter ICE) converts 
the thermal energy occurring from combustion of gasoline to 
the mechanical energy to produce driving force. Meanwhile 
in EVs, the motor converts the electric energy in the battery 
to the mechanical energy to produce driving force. In 
current battery technology, the energy density per weight 
is approximately 2% of that of gasoline. Even if the higher 
driving force conversion efficiency of electric motor is taken 
into account, the available energy is approximately 40% of 
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In other words, the maximum speed is easily reachable only 
by the throttle operation. It is therefore not necessary to select 
an appropriate gear depending on the speed, allowing easy 
control of the vehicle only by a simple operation, which is a 
feature that makes the vehicle user friendly.

2.3. Development Goals
The power output characteristics of EV mentioned in 

the preceding chapter can be considered an advantage in the 
motocross competition where the course conditions keep 
changing. To take that advantage, the machine has to have 
the power output and range comparable to the ICEV. We 
therefore set such goals that the machine has the same level 
of power as the CRF450R and able to finish a heat race that 
lasts for 15 minutes. Also, the key factors in the race are 
turnability and off-road-ability, which are affected by the 
location of center of gravity (CG) and the frame stiffness of 
the complete vehicle. We targeted at the specifications of 
complete vehicle similar to those of the CRF450R as Table 1 
shows also in the EV carrying different component parts.

2.4. Issues of EV in Motocross
As Fig. 5 shows, due to the difference of installed 

energy when the complete vehicle specifications required 
for the motocrosser are compared, if the installed energy 
in the EV is simply equalized to the ICEV, the vehicle 
body becomes bulky and heavy. If a higher power output 
is continuously used from the limited amount of installed 
energy, the target range is unattainable. It is therefore 
necessary to work out a way to extend range while 
maintaining a higher power output taking advantages 
of the characteristics of EV. Also, as the energy for use 
differs, the component parts also differ. Since it is not easy 
to commonly use conventional parts simply, the major 
components such as the frame body have to be modified, 
which is also an issue.

There is also an issue of heat from electric components. 

In the EV, the power loss that occurs when the power is 
supplied to drive the motor is converted to the thermal 
energy, which generates heat. The major components of 
EV, i.e., the motor, battery, and inverter, generate heat 
when electric power is supplied. Since such parts may be 
damaged when the temperature exceeds the limit, a function 
is incorporated to limit the power output to maintain the 
temperature under the prescribed level. As the lowering 
of acceleration and/or torque from the limiting of power 
negatively affect motocross race performance, a proper 
thermal management of electric powertrain parts is required.

Introduced from the next chapter on is the elemental 
techniques employed in this paper to deal with the issues in 
the EV motocrosser.

Table 1   Specifications of 2021 model CRF450R

Fig. 5   Comparison of installed energy in motocrossers 
of EV and ICE

3. Elemental Techniques for EV

3.1. Battery
The battery is a cri t ical part when determining 

performance and specifications of the complete EV. 
Described hereafter are the construction of the battery pack 
(hereafter “pack”) and its system that can be smallest and 
lightest when realizing the necessary power output and 
range required by the complete vehicle.

3.1.1. Battery pack construction
The pack is composed of a number of battery cells 

(hereafter “cells”) and the performance of pack depends 
on the performance of cells. The performance of cells 
is evaluated by the gravimetric energy density and the 
gravimetric power density. It is practically important that 
both densities are at a light level. The representative cells 
of various cell suppliers are selected and their gravimetric 
energy density and gravimetric power density are plotted on 
the graph in Fig. 6.

The cell performance required for an EV motocrosser 
can be separated to the gravimetric power density that 
allows the same performance as the CRF450R and to the 
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Fig. 6   Comparison of gravimetric energy density and 
gravimetric power density of various battery 
cell types

gravimetric energy density that permits finishing of the 
race. The cell is selected from the separated areas taking 
into account the vehicle concept and the shape of pack. In 
this development, the main target was set at finishing of a 
heat, and the cells having a higher output among those in 
the required area were selected.

Next, Fig. 7 shows the shapes of general cells. In the 
pouch type and prismatic type cells, the cuboid shape and 
the electrodes gathered on a side are the features. It is 
therefore necessary to adjust the cell shape to the cuboid 
shape in order to allow efficient layout. On the other hand, 
in the cylindrical cell, a waste space is less likely even when 
the external pack shape becomes complex because of the 
freedom of negative electrode layout and its external shape. 
In this development, the cylindrical cell is selected from the 
selection area that satisfies above-mentioned performance 
requirements, and worked out the L-shape pack shown 
in Fig. 8. This permits laying of the cells, that are the 
heavy objects in the pack, in the rear and lower part of the 
complete vehicle as Fig. 9 shows. With the L-shape pack 
developed, the target CG of the EV motocrosser, which is 
the same as the CG of CRF450R, has been attained.

3.1.2. Battery system
In the pack of general EV scooters, the range and the 

battery life are critical factors. Accordingly, the mainstream 
is such a method that maximizes the said range and life 
by increasing the number of parallel connections while 
minimizing the number of series connections of cells. With 
this method employed, the output voltage of battery pack 

Fig. 7   General cell shapes

Fig. 8   Battery pack appearance and cells

Fig. 9   Battery pack outline and vehicle CG position

often falls in the zone between 50 V and 100 V.
The EV motocrosser requires battery capacity that 

allows finishing of the race in addition to the higher power 
output to stay competitive in the race. To satisfy these 
requirements, the cells having a higher power output 
explained in the preceding chapter are used, and the number 
of series connections are maximized to realize a higher 
power output as a pack. Accordingly developed is the 
higher voltage pack in the 400 V zone, which is the first in 
Honda motorcycles. Moreover, the minimum number of 
parallel connections is set to allow finishing of a heat race.

With the pack voltage set as high as in 400 V zone, 
the output current of the pack is lowered, which permits 
reduction of heat generation from the major components 
existing in the high-voltage wire lines. It also allows 
downsizing and weight reduction of the motor and the 
inverter, keeping the increase of vehicle weight of EV 
motocrosser less than 10% from the CRF450R.

3.2. Control System
Combining three units, i.e., the inverter integrated in the 

motor, the battery management unit contained in the battery 
pack, and the vehicle management unit that calculates 
driving force, the complete vehicle control system has been 
developed.

Introduced hereafter is the control functions employed to 
finish higher in the race taking advantages of characteristics 
of EV.
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3.2.1. Launch controller
To make a hole shot in motocross, it is necessary to 

maintain a higher driving force and power output from the 
start to the turn 1. However, if the driving performance 
specifically tuned for the start is left as it is throughout the 
race, the vehicle would become too difficult to control to 
maintain advantage in the race. We have therefore added 
the drive mode switching function (hereafter “launch 
controller”) that functions only at the time of initial 
acceleration when starting the race.

The launch controller is enabled from an operation 
when the vehicle is standing still and set by the rider before 
the start. Closing the throttle after starting automatically 
disables it. After being disabled, the ride mode will change 
to the mode the rider selected before enabling of the launch 
controller.

When starting the race, it is necessary to drive the rear 
wheel at the highest-possible power output while preventing 
wheel spin. Also, to maintain stable acceleration while 
preventing lifting of front wheel (wheely) when accelerating 
after the start, the power output characteristics were altered. 
Figure 10 shows power output characteristics in each mode.

At the time of start, the driving force in the low engine 
speeds is lowered by approximately 20% rather than merely 
applying the maximum power. In addition, the maximum 

power output is set higher by approximately 25% to reach 
a higher top speed. These parameters can be preset to any 
given value depending on the track and/or the conditions. 
This permits selection of optimum characteristics for each 
rider or race, contributing to maintaining of advantages.

3.2.2. Energy management
It is necessary to regulate electric power consumption 

during the race in order to efficiently consume the limited 
amount of installed energy. As a control application to 
assist that, the energy management function is added.

As Fig. 11 shows, the following are the methods to 
regulate electric power consumption.
(1)	To attain advantages of EV motocrosser when starting 

the race, a priority is given to the motor power output 
without considering electric power consumption when 
in the launch control mode.

(2)	In the race after cancelling the launch controller, the 
rider rides at such race-oriented output characteristics 
that make the output such a level that allows full use of 
electric power within the presumed time length of race.

(3)	The changes of electric power consumption during the 
race are not easy to estimate. To deal with this issue, 
the adequacy and the inadequacy relative to the power 
consumption in each lap are calculated. From the 
outcomes, a compensation is made by the function that 
adjusts output characteristics (auxiliary application).
To realize that, the output control mode is produced 

and the electric power consumption is measured at each 
designated output. Figure 12 shows plotted data indicating 
the relationship between the output control mode and the 
power consumption. Based on the data, the race mode was 
produced so as to set the output at such a level that allows 
full use of electric power within the presumed time length 
of race.

Also as an auxiliary application, the allowable power 
consumption in each lap was estimated from the remaining 
electric power and the remaining race length after finishing 
the launch control. Then, the function was added that 
adjusts real time the motor torque control algorithm from 
the linear interpolation of pre-measured output and the 
power consumption.

Fig. 10   Launch torque control characteristics under 
different operating conditions

Fig. 11   Concept of battery energy management control during race
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Fig. 13   Heat generation of inverter under varying 
operating conditions

Fig. 14   Heat generation of motor under varying 
operating conditions

3.3. Cooling System Parts
To finish at a position higher than competition in the 

motocross, it is necessary to complete a heat and another race 
without reaching to a power restriction due to an increase of 
temperature. It is therefore necessary to control temperatures 
of various parts. In this vehicle, cooling is conducted for the 
motor and the invertor. As the cooling target, the following 
two requirements were set and the parts specifications were 
determined accordingly. First, the machine shall allow 
riding without entering the power restriction zone during 
a heat. Second, after cooling the parts until the next heat 
after completion of a heat, the machine shall allow riding 
throughout a race. Introduced in this chapter are the parts in 
the cooling system to satisfy the above requirements.

3.3.1. Setting of heat dissipation capacity
To set dissipation capacity of heat from the motor and 

the inverter under the race conditions of EV motocrosser, 
test runs were conducted using radiator cores having various 
surface areas. Taking temperature data of high-voltage parts 
from the tests, the relationship between the heat dissipation 
from the radiator and the part temperature during the race 
were measured.

Figure 13 shows the inverter temperatures when 
running with various types of radiators. Figure 14 shows 

motor temperatures when running with various types of 
radiators. From the test results, the power loss data of the 
motor and the inverter to use at this time were compared, 
and the amount of heat generation that determined 
temperatures of various parts after completing a heat was 
estimated. Also, from the difference of water temperature 
depending on the radiator core surface area, the cooling 
capacity per unit of radiator core surface area under 
motocross race conditions was estimated.

Consequently, compared to the ICEV, the radiator core 
surface area was reduced by 64%, and the weight was 
lowered by 77%. Figure 15 shows overview of the light-
weight radiator. This resulted in the setting of optimum 
cooling performance necessary for a race as an EV 
motocrosser.

3.3.2. Water pump selection
In many ICE vehicles, a mechanical water pump taking 

power from the rotational motions of the engine is used. If 
a mechanical pump is used in the EV in the same manner, 
the pumping depends on the motor rotation. This means 
that the coolant circulation stops when the EV requiring no 
idling is staying still. Also, in the case of mechanical pump, 
it is necessary to lay parts on the rotational axis or drive the 
pump with a set of gears. Accordingly, the motor housing 
becomes wide sideways, causing an increase of body size.

Fig. 15   Radiator size

Fig. 12   Relationship between peak power of different 
control modes and energy consumption
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The selection of an electric water pump to deal with the 
said issue allows downsizing of the power unit and permits 
coolant circulation when the vehicle is staying still. Thus, the 
specifications of cooling system to achieve the target cooling 
performance of EV motocrosser has been established.

3.4. Complete Vehicle
3.4.1. Specifications of complete vehicle

To allow control of vehicle as per rider’s intention, 
we set a target at the specifications of CRF450R. Setting 
conditions such as the ground clearance that does not impair 
roadability and the fore-and-aft weight distribution that can 
take advantages of traction, the overall layout of electric 
drive train components was decided as shown by Fig.16.

Based on that, as Fig. 17 shows, the specifications of 
complete vehicle such as the caster angle, the trail length, 
the seat height, and the ground clearance were set at the 
same values as the CRF450R, and the wheelbase similar. 
Thus realized is the maneuverability necessary for the EV 
motocrosser.

3.4.2. Frame body
To attain required battery output and capacity, it is critical 

in EV motocrossers to efficiently package the battery in the 
limited space while minimizing vacancy. If the conventional 
frame body designed for the engine size of CRF450R is used, 
it is not easy to hold the battery having a capacity adequate 
for a race. Meanwhile, the stiffness of frame body affects 
maneuverability and stability such as nimbleness, roadability, 

and turnability. Especially, as the motocross races are held 
on rough surfaces including jumps, the stiffness balance 
becomes essential. That is, a stiffness balance based on the 
experiences from the conventional ICEV is required.

That in mind, the aluminum, semi-double-cradle, twin-
tube frame employed in the CRF450R was chosen as the 
basis of the main pipe. For easy installation and removal of 
the battery and to attain necessary frame stiffness, the cross-
sectional shape of the main pipe is modified, and such a 
layout is employed that straightly connects the main pipes 
to the steering head pipe.

Figures 18 and 19 show the shapes. Said measures 
permit to maintain the change of frame stiffness as small as 
less than 10% of that of the CRF450R, assuring the same 
level of maneuverability as the conventional ICEV.

Also as Fig. 20 shows, to allow an adequate width for 
the large capacity battery, the space between the main pipes 

Fig. 16   Vehicle layout

Fig. 17   Vehicle geometry of CR ELECTRIC

Fig. 18   Cross-sectional shape of main pipe

Fig. 19   Shape of connecting part of main pipe to head 
pipe

 
Battery pack

Main pipe (2021 Model CRF450R)
Main pipe (CR ELECTRIC)

Fig. 20   Route of main pipe
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(a) CR ELECTRIC (b) 2021 Model CRF450R

Unplugged from vehicle of battery pack   

Direction of battery pack removal

Condition in vehicle of battery

Fig. 21   Bending shape of main pipe

Fig. 22   Direction of battery pack removal

(4)	By estimating and optimizing heat generation in the EV 
components when used in motocross, we have achieved 
the light and compact cooling system by reducing the 
weight by 77% and lowering the core surface area by 
64% from the CRF450R.

(5)	Despite having the component parts different from 
the conventional motocrosser, we have achieved the 
complete vehicle specifications similar to those of 
the CRF450R, and attained such a level of handling 
performance that is necessary for motocross.
To deal with a larger number of races, further increase 

of range and enhancement of battery charging and 
replacement during the race are called for. With the CR 
ELECTRIC brought to a reality with an aim at the motor 
sport in the carbon neutral era, it is now possible to hold 
races in urban cities and/or indoor arenas, which would 
enable an unprecedented appeal to users.

References

(1)	h t tps : / /g lobal .honda/en/newsroom/news/2022/
c220913aeng.html (accessed 2024/12/24)

(2)	https://global.honda/en/tech/motorsports/Formula-1/
Powertrain_e-fuel/ (accessed 2024/10/17)

(3)	https://www.motogp.com/en/racing-together/fuel-future 
(accessed 2024/10/17)

(4)	https://honda.racing/ja/jmx/post/jmx-2023-rd08-ia1-race 
(accessed 2025/4/15) (in Japanese)

(5)	Hoshi, N., Shimura, Y., Okuma, T., Nomura, A., Gogo, 
K.: Introduction CRF450R Equipped with 4-Stroke 
Engine, Honda R&D Technical Review, Vol. 14, No. 1, 
p. 21-30

4. Conclusion

Through the development of EV motocrosser CR 
ELECTRIC, the following have been achieved.
(1)	The employment of cylindrical cells for the battery 

and the creation of the L-shape battery pack enabled to 
locate the CG of the complete motorcycle at the place 
similar to that of the CRF450R while attaining the target 
power output.

(2)	The use of battery voltage in the 400 V zone, which 
is the first in Honda motorcycles, reduced the heat 
generation from major components, allowing to achieve 
the light and compact package. Accordingly, enabled is 
the increase of vehicle weight as small as less than 10% 
from the CRF450R.

(3)	The newly developed ride mode switching control 
enables retention of power necessary for a hole shot and 
energy management necessary for finishing of a race as 
an EV motocrosser.
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is widened from right behind the steering head pipe. Also 
as Fig. 21 shows, the upper part of the main pipe is bent 
in such a manner that follows a vertical line. Accordingly, 
enabled is smooth installation and removal of the battery in 
the up and down direction of the vehicle body as Fig. 22 
shows.
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Honda is also working to develop electric outboard 
motors for mass production, and while it is a challenge to 
achieve the same long-hour, high-load operation as ICE 
outboard motors, given battery energy density and cooling 
performance, Honda also hoped to hear actual customer 
feedback and clarify the value provided by electric outboard 
motors, appropriate sales prices, requirements, and 

1. Introduction

Some regions of the United States and Europe are 
starting to consider zero emissions regulations for small 
outboard motors of 19 kW or less(1). Torqeedo GmbH is 
one company expanding its business worldwide, especially 
in Europe, as an electric water mobility manufacturer(2). 
In Japan, Yamaha Motor Co., Ltd. began demonstration 
operations of HARMO, a new boat- maneuvering technique 
integrated with an electric propulsion unit and steering 
control system on cruise boats in August 2020(3).

In November 2021, Honda announced the concept 
model of the small electric outboard motor shown in Fig. 1 
as a proposal for a next-generation clean outboard motor in 
a quest to achieve carbon neutrality by 2050(4).

In response to this announcement, the Matsue City 
Tourism Promotion Public Corporation in Shimane 
Prefecture inquired about using Honda’s small electric 
outboard motor on a tour boat.

Matsue City has announced a long-term goal of 
achieving net zero CO2 emissions to become carbon neutral 
by 2050. As one effort to achieve this goal, the tourism 
promotion corporation wanted to reduce CO2 emissions by 
replacing Honda internal combustion engine (ICE) outboard 
motors on tour boats operating in the city with electric 
outboard motors(5).

Fig. 1   Concept model of electric outboard motor for 
small boat

Demonstration Experiment of Electric Outboard Motor 
for Small Boat

Introduction / Case Study

	 Takamasa TAKESHIGE1	 Kenta KATO1	 Shohma HIGANO1

ABSTRACT

The authors conducted a demonstration experiment of a small electric outboard motor system that utilizes an electric 
scooter power unit and swappable batteries. As the use case, the experiment took place on the “Horikawa Meguri” sightseeing 
tour in Matsue City, Shimane Prefecture, in which a small boat is used to tour a moat.

The braking distance when berthing was reduced by 30% by using a switch that changes propeller rotation direction and 
a speed adjustment function that enables control even at very low speeds. In terms of operability, the authors verified how 
operators used the equipment and tuned the relationship between the throttle position and tour boat speed for an electric 
outboard motor. Furthermore, the use of swappable batteries enabled quick battery replacement on board. As a result, the 
performance and feeling of the outboard motor were better than those of internal combustion engine outboard motors.

1 Solution System Development Center
  E-mail: takamasa_takeshige@jp.honda



	 Honda  R&D  Technical  Review	 2026

− 32 −

Fureai Hiroba embarkation pointFureai Hiroba embarkation point

Embarkation
point

Embarkation
point

Quiet
zone
Quiet
zone

Embarkation pointEmbarkation point

Quiet
zone
Quiet
zone

Open year-round
Normally open during rainy days
Total course length 3.7 km
Tour time Approx. 50 min.
Max. No. of tours per day 
for one boat (peak season) 8 laps

Max. No. of passengers 13 personsBattery charger
Installation point
Battery charger
Installation point

Crusing: 93%
Deceleration: 7%

0

1

2

3

4

0 10 20 30 40 50 60Pr
op

el
le

r s
ha

ft 
ou

tp
ut

 [k
W

]

Time [min]

Operation modeOperation mode

2.2. Study of Electric Outboard Motor Power Unit and 
Motive Power Supply

For the study of a power unit capable of producing this 
motive power, the researchers looked at the BENLY e:, 
the business-use electric scooters shown in Fig. 4, which 
was being sold to corporate customers at the time. BENLY 
e: is an electric scooter based on the 110 cc class BENLY 
and powered by the Mobile Power Pack e: (MPP), the 
swappable battery shown in Fig. 5.

The maximum output of the ICE outboard motor BF9.9 
currently used on the tour boats is 7.3 kW. This motor 
was chosen so boats can run quietly at low rpm. As Fig. 6 
shows, the BENLY e: power unit is capable of the range 
of outputs used during the tour. It was therefore decided 
to make the tour a use case that could take advantage of 
the output characteristics of the electric motor, which can 
generate high torque from the low-rpm range.

2.3. Setting the Target Performance as an Electric 
Outboard Motor

Based on the use case, the researchers set the following 
performance targets in terms of motive power and 
marketability. The purpose was to provide ease of use equal 

operating methods.
This situation led to the start of a business demonstration 

project making maximum use of existing resources to build 
a pilot small electric outboard motor in a short period of 
time and operate it in Matsue.

Customers on the “Horikawa Meguri” sightseeing tour 
take a leisurely ride on a small boat through the moat in 
the Matsue castle town, where they can enjoy the scenery. 
As shown in Fig. 2, the ride is about 3.7 km long and 
takes about 50 minutes. During the busy season, more than 
20 boats may be on the course at the same time, and at these 
times a single boat may travel the course up to eight times 
a day. Boats are about 23 ft long (about 7 m) and have a 
capacity of up to 13 people. Boats normally operate even in 
the rain and are in use year-round.

In some places along the course, there are rows of 
private homes. These are defined as “quiet zones,” where 
boats are required to travel with the ICE outboard motors 
running at a low speed of rotation(6).

Fig. 2   Tour course overview

Fig. 3   Mode of used power during one tour lap

Fig. 4   BENLY e:

Fig. 5   Mobile Power Pack e: (MPP)

2. Specification Review and Target 
Performance

2.1. Power Performance Requirements
During the tour, boats operate at a speed of about 4 to 

6 km/h. To determine the performance requirements of the 
outboard motors on the boats, the researchers checked the 
load that they were under during one lap of the course.

As Fig. 3 shows, the power unit used during the 
tour requires an output of about 1.0 kW for cruising and 
temporarily up to 3.5 kW when decelerating, such as when 
berthing at the embarkation points and when stopping. The 
resulting energy consumption is 1.2 kWh per lap.
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to or greater than that of ICE outboard motors along with 
the new value associated with electric motors.
(1)	Needs to have braking performance and control system 

layout capable of berthing a boat
(2)	Throttle grip with speed adjustment function needs 

to allow natural adjustment from very low speed to 
maximum speed without having to release and re-grip

(3)	Needs to be possible to swap batteries while the boat is 
in operation during rain

Fig. 6   Comparison of output characteristics between 
ICE outboard motor and electric motor

Outboard motor

Electric device box

Battery box

(except for lead battery)

Motor

PCU

Fig. 7   Configuration of electric outboard motor system

3. Electric Outboard Motor System 
Specification Configuration

3.1. Overview
As Fig. 7 shows, the electric outboard motor system 

built for this research consists of three components: the 
outboard motor itself, a battery box, and an electric device 
box that contains various wiring connectors and devices and 
fuses for using two MPPs in series. As shown in Fig. 8, the 
battery box was moved on board for ease of use, and the 
electric device box was mounted in the space where the fuel 
tank had been housed to make effective use of the space it 
had occupied(8), (9).

3.2. Braking Performance and Control System Layout 
Specification Configuration

Figure 9 shows a conventional ICE outboard motor. 
Here, the drive shaft directly connected to the engine can 
only rotate in a constant direction. To change the propeller 
rotation direction, it is necessary to operate the clutch and 
change the engagement of the forward and reverse gears. 
As shown in Fig. 10, to perform the switching operation, 
one hand operates the throttle grip while the other is used 
to move the clutch by physically operating the lever. The 
electric outboard motor shown in Fig. 11, the use of a 
motor makes it possible to switch the drive shaft’s direction 
of rotation by operating a control switch. This eliminates the 
need for a clutch, reverse gear, and a shift lever to operate 

Battery box

Electric device boxOutboard
motor

Lead battery

Fig. 8   Image of electric outboard motor system 
mounted on boat

ReverseReverse
Forward

Neutral

Propeller shaft

Reverse gear Dog clutch Forward gear

Drive shaft Shift rod

Shift lever

Gear case

Fig. 9   Internal structure of gear case of ICE outboard 
motor (BF9.9)
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Shift: left thumb

Shift switch

Throttle grip

ReverseReverse
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Throttle gripThrottle grip
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Key

Drive shaft

Propeller shaft
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Cable

Throttle close

Throttle open

Throttle: left hand
Shift: right hand

Fig. 12   Internal structure of gear case of electric 
outboard motor

Fig. 10   Conventional method of shift switching

Fig. 11   New method of shifting by alternating switch

them. The reverse gear and clutch were eliminated based 
on an existing ICE outboard motor gear case. However, it 
was necessary to reconsider adjustments for tooth contact 
among other factors since the gear, which had previously 
rotated in a fixed direction, would now rotate in forward 
and reverse. TOHATSU CORPORATION developed the 
electric outboard motor gear case shown in Fig. 12.

To electrify the control switch, an alternating switch was 
installed at the end of the throttle grip, as shown in Fig. 11. 
The switch is positioned to be close to the thumb while the 
operator is holding the throttle grip. This allows easy one-
handed operation, in contrast to the two-handed operation 

required with ICE outboard motors. During berthing, when 
the switch is pressed with the throttle open, the power 
control unit (PCU) outputs an instructional value equal 
to the output torque multiplied by a negative value. This 
allows the motor to quickly decelerate, stop, and switch 
smoothly and quickly to reverse.

This control system simplifies the stopping operation 
and reduces the distance it takes to brake from a speed 
of 5 km/h by 30% compared to an ICE outboard motor, 
enabling the operator to easily berth the boat(10).

3.3. Controllability of Speed Adjustment Function
Speed is adjusted by opening and closing the throttle 

grip. As Fig. 13 shows, the operator operates the throttle 
by rotating the throttle grip, which turns the accelerator 
position sensor (APS) through a cable, as in the BENLY e:. 
The fully open throttle grip angle was set to 100 degrees, 
the same as that of an ICE outboard motor. To use the 
BENLY e: power unit for this purpose, the map of power 
output against throttle position must be tuned specifically 
to the boat, because the resistance and propulsive force 
mechanisms at work will differ for a scooter and boat. In 
addition, while the ICE outboard motor could not turn the 
propeller below idle speed, the electric motor can turn it 
at extremely low rotation speeds and generate high torque 
even at low rotation speeds, making it possible to operate 

Fig. 13   APS position in electric outboard motor
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the boat even at extremely low speeds. Figure 14 shows the 
relationship between tour boat speed and the tuned throttle 
position. When establishing operability, the researchers 
verified how actual operators used the equipment and took 
the following into consideration.
(A)	Considering the burden on the wrist during grip 

operations, it needs to be possible to control the boat 
speed range in practical use without exceeding a 40° 
throttle position.

(B)	 It needs to be possible to make adjustments in the 
cruising speed range (4 to 6 km/h) without much 
twisting of the wrist.

(C)	 It needs to be possible to operate the throttle over a 
wide range of angles when cruising at the extremely 
low speeds required for subtle maneuvering.

3.4. Adaptation of Swappable Battery to Tour Boat
The battery, the energy source for the motor, is an MPP 

that can easily be installed and removed, replaced, and 
transported.

There are many examples of electric outboard motors in 
the same or greater power range from other manufacturers 
that have large-capacity batteries mounted inside the vessel. 
Under that operating approach, a large-capacity battery 
capable of meeting the needs of the use case for one day 
is installed, and the battery is recharged over a period of 
several hours during the night when not in use. The battery 
is charged from a power source on land, for example, at 
the pier, installed especially for this purpose(7). This study 
used MPPs because they do not require major modifications 
of existing boats and do not require a land-based power 
supply, which is expensive to install.

In the case of a boat, MPPs need to be swapped 
outdoors where there may be precipitation. This is a major 
difference from the case of an electric scooter, whose MPPs 
are likely to be swapped indoors or under the eaves of a 
building. As mentioned previously, these boats run as many 
as eight times per day, making it necessary to swap MPPs 
four times. Swapping time is limited to a few minutes while 

Fig. 14   Boat behavior at each throttle position

passengers are embarking and disembarking. Another need 
in the case of tour boats is that the shape and installation 
layout should not obstruct the view from the operator’s or 
passengers’ seats.

There are many points to consider in this use case, 
such as a box shape for easy replacement and installation 
layout on board, and water resistance during operation and 
swapping.

Specific approaches to address these issues include 
a shape that allows the MPP to be inserted and removed 
horizontally, as shown in Fig. 15, to help prevent water 
exposure. Additionally, the battery height is set to be at 
least 120 mm, which helps prevent water from entering the 
MPP box in the event of rain accumulation in the boat and 
makes it easier to work with. The box is located on the deck 
in front of the steering seat, making it easy for the operator 
to swap batteries and maneuver the boat. 

By doing these operations, the researchers were able to 
construct a battery system compatible with the existing tour 
boat navigation use case and hull.

When using the MPP, batteries need to be swapped 
after every two laps of the tour. To facilitate this operation, 
a battery charger was installed in a maintenance shed at 
the “Fureai Hiroba embarkation point” in Fig. 2. Batteries 
were swapped while passengers were embarking and 
disembarking.

Fig. 15   Battery box shape

4. Demonstration Experiment Results

An electric outboard motor equipped with the new 
control system and power map described above was 
installed on a tour boat and the operator operated the 
boat to evaluate how it felt. As Fig. 16 shows, the output 
characteristics of the electric outboard motor provided better 
acceleration and responsiveness than the ICE outboard 
motor. Throttle controllability and ease of deceleration 
scored higher than those of the ICE outboard motor as a 
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result of the specification configuration.
The following are two new values to be gained by 

electrification.
From the point of view of the tour boat operator, it is 

easy to detect and remove foreign objects tangled in the 
propeller.

Algae blooms occur in the “Horikawa Meguri” route 
during the summer. Although the algae is regularly cut, it 
cannot all be cut away, which is why it becomes tangled 
in propellers, as shown in Fig. 17, lowering motive power 
performance and increasing energy consumption. With 
an electric outboard motor, there is less vibration to the 
operator’s hand and arm, so even slight changes in this 
vibration that may be caused by an unbalanced propeller 
tangled with algae can readily be perceived. As a result, 
the operator can sense algae entanglement and quickly and 
easily remove it from the blades by reversing the direction 
of propeller rotation.

Regarding sound, the research showed that there is even 
greater value when the viewpoint is expanded to include all 
the passengers on the tour boat.

Given that there are quiet zones on the tour course, the 
researchers believed that replacing engines with motors 
would reduce the impact of noise on the surrounding 
environment. During tours, some situations require two-

way communication, such as when the operator is talking 
to passengers as their guide and passengers ask questions 
of the operator. The noise from the ICE outboard engine 
sometimes made it a challenge for the operator to hear 
passengers’ questions, making it necessary to reduce the 
engine speed and to ask them to repeat their question.

With less noise, passengers can better hear the operator 
talk about the site, and communication with the passengers 
goes more smoothly. This enhances the value unique to a 
tour boat, since passengers enjoyed the ride even more.

5. Conclusion

The researchers constructed an outboard motor system, 
described below, that is easier to operate than an ICE 
outboard motor and is compatible with the existing tour 
boat navigation use case and hull. 
(1)	The control system that makes it easy to switch the 

direction of propeller rotation facilitates stopping, 
resulting in a 30% reduction in the distance it takes 
to brake from a speed of 5 km/h compared with a 
conventional control system.

(2)	The tuning of the speed adjustment function was set to 
reflect the way the operator actually operates the boat, 
making it easy to operate at extremely low speeds and 
cruising speeds.

(3)	MPPs were used as the motive power source and 
the battery box shape was optimized for both quick 
replacement and rain exposure for tour boats, which 
operate frequently and need to be water-resistant. The 
result was performance that was satisfactory for this use 
case.

Afterword

Test rides have already been offered for general 
passengers on boats operated by “Horikawa Meguri” 
operators, and many have commented on the quietness 
of the boat. They note, for example, that the tour is more 
enjoyable because they can hear birds singing, the sound of 
water moving on the surface while cruising, and the sounds 
of birds and insects. The system has also been praised for 
enabling operators to perform all control with one hand.

As Honda engineers, the researchers were deeply 
impressed by the opportunity to hear comments from people 
onsite and be able to develop this project together with 
the people of Matsue City. They will continue to study the 
value of electrification over the long term and hope also to 
study value that can be provided to passengers other than 
those on this tour boat. 
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Development of Honda E-Clutch System for 
Motorcycles

	 Junya ONO1	 Tatsuya RYUZAKI1	 Masazumi NAITO1

ABSTRACT

We have developed the Honda E-Clutch system, which allows starting, gear shifting, and stopping without manually 
engaging or disengaging the clutch while permitting manual clutch operations when necessary. The clutch actuator added to 
the existing engine enables controlling the clutch automatically. With the three-split construction employed in the engine-side 
clutch lever and by the appropriate detection of rider’s manual clutch operation, the system permits smooth change over from 
automatic to manual and vice versa. Equipped with the automatic clutch, the rider can now enjoy sportier and easier riding than 
before while maintaining an option of manual clutch operations. The system is configured to minimize restrictive factors in 
mounting the new system to the vehicle so that it is applicable to various types of motorcycles.

1. Introduction

R e c e n t l y i n t h e F U N c a t e g o r y m o t o r c y c l e s 
(predominantly for the hobby), such drivetrain systems 
requiring no clutch operations like the dual clutch 
transmission (DCT) and the quick shifter have been 
developed and applied to mass-production motorcycles. 
The DCT is an automatic transmission (hereafter as AT) 
system composed of two hydraulically-controlled clutches 
and a specifically-designed transmission gear box, allowing 
starting, gear shifting, and stopping without manually 
operating the clutch. Upshifting and downshifting of 
the gear are also automated. The quick shifter uses the 
conventional manual transmission (hereafter as MT) gear 
box, and although manual clutch operations are necessary 
when starting and stopping, the gear can be shifted just 
by the pedal operation because the engine is controlled 
cooperatively for upshift or downshift of the gear. Since 
rider’s controls from the clutch lever are reduced by such 
a system, the rider can travel at ease and concentrate on 
riding, which allows even sportier riding. Such a system, 
therefore, is well accepted by motorcycle users, and 
its applications have been increasing in recent years. 
In the meantime, it is necessary to accurately estimate 
clutch capacity in order to precisely control the clutch 
automatically by the electronic control system as seen in 
the DCT. Accordingly, such a system configuration using 
a hydraulic system is commonly employed. In the system 
consisting of a hydraulic control system, however, there 

were issues with an increase of the number of component 
parts and the difficulty of packaging in the limited space. 
Unlike automobiles, the motorcycle has a high degree of 
freedom in the maneuver of vehicle such as banking and 
wheely, demands are still high for control of vehicle by an 
instant adjustment of traction by manually operating the 
clutch. A system like the DCT having no clutch lever cannot 
deal with such a demand. Accordingly, required is such a 
system that allows both automatic and manual control of the 
clutch and fits easily in the limited space.

To deal with such demands, using the compact and 
easy-to-mount clutch actuator, the Honda E-clutch system 
has realized starting, gear shifting, and stopping without 
manually operating the clutch while maintaining the same 
configuration of existing MT and allowing conventional 
manual clutch operations. This paper introduces the 
objectives of the system, the configuration and overview 
of operations, the automatic control of clutch to realize 
target functions, and the switching from the manual clutch 
operation to the automatic clutch control and vice versa.

2. Development Goal

The authors consider that there is a joy of riding and 
controlling the “FUN” motorcycle using right and left 
hands, right and left feet and body actions, having the 
rider’s body is augmented, the motorcycle becomes a part 
of rider’s body, rather than a mere means of transportation.  
Among such actions, even the efforts of clutch operation 

Introduction / Case Study

1 Honda Motor Co., Ltd.
  E-mail: junya_ono@jp.honda
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and/or gear shift are a pleasure and add such a value that is 
an essence of fun. (An appeal of MT) On the other hand, 
there are some operations that some riders don’t prefer to 
perform depending on the situation. Examples are listed 
below.
•	 Clutch operation when the engine can stall at the time of 

starting or stopping, or when the rider is afraid of a tip 
over when standing still. 

•	 Clutch operations in traffic congestion or when the rider 
is tired after a long-distance travel. 

•	 Clutch operation when pronounced instability may occur 
in the motorcycle when down-shifting the gear.

•	 Shifting the gear to neutral when stopping at a traffic light
Such “undesirable operations” can be eliminated by 

automating clutch operations. 
The automated clutch operations can also stabilize 

motorcycle behavior when sports riding in twisty roads by 
delicately controlling the clutch just like the expert riders 
do. This allows the rider to concentrate on the throttle 
control, braking, gear shifting, and motorcycle maneuvering 

Fig. 1   Drivetrain system types and operations

for “sportier” riding. Thus, the addition of automatic clutch 
control while maintaining the manual clutch operation 
makes the FUN motorcycle more user friendly and adds 
even more “fun.”

The Honda E-Clutch system has satisfied the above-
mentioned requirements by the simple system configuration 
applicable to existing engines. This system is aimed at 
providing a wide variety of riders from the beginners 
to experienced ones with the opportunity of next level 
riding (sportier, easier, and more flexibly). Anything the 
rider can do in the MT can also be performed in the new 
system which is upward compatible with the MT. Figure 
1 compares various functions of MT, quick shifter, Honda 
E-Clutch, and DCT.

The Honda E-Clutch system requires no manual clutch 
operation when starting or stopping. Shifting up or down 
can be performed just by the shift pedal operation. The rider 
can also engage or disengage the clutch manually from the 
clutch lever on the handlebar. 

Single clutch Dual clutch

Conventional manual 
transmission Quick shifter E-Clutch DCT

Start

Clutch lever and
throttle operations

Clutch lever and
throttle operations Throttle operation only Throttle operation only

Gear 
change

Clutch lever and
shift pedal operations

Shift pedal 
operation only

Shift pedal 
operation only

(Automatic clutch control)
No operation needed

(Automatic gear 
change / Voluntary 
operation possible)

Stop

Clutch lever and
braking operations

Clutch lever and
braking operations Braking only Braking only

Manual clutch
control Possible Possible Possible No setting

Clutch
type

Operation

Complex/Inflexible
Simpler/Flexible

3. System Configuration and Functioning

3.1. System Configuration
In the FUN motorcycle, it is necessary to configure the 

system while minimizing weight increase and its influence 
on the component layout. That in mind, we added the clutch 
actuator and the motor control unit (hereafter as MCU) 
for automatic controls of the clutch actuator to the basic 

motorcycle having a MT as shown in Fig. 2. The shift 
sensor similar to the one in the quick shifter is incorporated 
into the gear shift pedal to detect rider’s shifting effort. 
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Fig. 3   Appearance and size comparison between MT 
and with Honda E-Clutch

Fig. 4   Internal structure of clutch actuator

This system requires a changeover of clutch control state  
from automatic clutch control to manual clutch operation 
and vice versa.

Figure 5 (a) shows the cross-sectional view of a 
conventional manual clutch. As the rider grabs the clutch 
lever, the force is transmitted via the clutch cable to the 
engine-side clutch lever, which turns and lifts the clutch to 
cut off driving force transmission.  

In the Honda E-Clutch, the three-split construction 
is employed in the engine-side clutch lever of the clutch 
actuator as shown in Fig. 5 (b), which permits overriding 
in the direction of disengagement to satisfy the earlier-
mentioned requirements(2).

As shown in Fig. 5 (b), the left hand clutch lever is 
linked via the cable to the engine-side clutch lever (upper 
side) colored blue. 

As the rider grabs the clutch lever, the clutch lever on 
the engine side turns, which turns engine-side clutch lever 
(lower side) colored yellow to operate the clutch as shown 
in Fig. 6 (a). 

As shown in Fig. 6 (b), when automatic, the motors turn 
the gears colored brown, which turns the engine-side clutch 
lever (lower side) colored yellow to control the clutch. 
When the rider grabs the clutch lever while the clutch is 
controlled automatically, the engine-side clutch lever (upper 
side) drives the engine-side clutch lever (lower side) in the 
form of overtaking the gear, allowing overriding by the 
manual clutch operation, as shown in  Fig. 6 (c). With this 
configuration employed, the motorcycle can be ridden as a 
standard MT vehicle in case the automatic system fails. 

Clutch actuator

MCUShift sensor

Front
With Honda E-Clutch

Top view

Manual transmission

33 mm

(b) With Honda E-Clutch

(c) Comparative image of engine side cover protruding to the right

(a) MT

Reduction
gear

A

B

C

D

2

M
ot

or

1

Angle sensor

1 2Motor

Gear cover

Gear case

Motor case

Engine-side
clutch lever

(a) Upper view (b) Cross-sectional viewFig. 2   Components layout

Figure 3 compares views of right-side covers of the MT 
model and with Honda E-Clutch model.  As apparent from 
the picture, the clutch actuator is attached to the engine 
cover on the right-hand side of the vehicle. The system is 
configured in such a manner that the motor directly controls 
the clutch. With this configuration employed, the engine 
cover is the only part that requires extensive modifications.

Regarding the mounting of clutch actuator, the three-
tier construction is employed for the clutch actuator case 
to accommodate a higher reduction ratio as shown in 
Fig. 4. Rather than using a single large motor, two small 
motors are used to narrow down the clutch actuator while 
maintaining the necessary motor power, which contributes 
to the increase of width as small as 33 mm to the right-hand 
side of the engine as shown in Fig. 3 (c)(1). 
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Fig. 5   Engine-side three-split clutch lever mechanism

Fig. 6   Cross-sectional view of clutch lever operation 
diagram for engine-side three-split clutch lever

Fig. 7   System configuration overview

As shown in Fig. 7, the clutch actuator is controlled by 
the dedicated controller called MCU. The MCU receives 
vehicle information from the FI ECU via CAN and 

(a) Manual operation

(b) Motor control

(c) Motor control and override with manual operation
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Motor 
control
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Motor
1

Motor
2
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current

Handle-side 
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Throttle angle

Shift drum angle

Rear wheel 
speed

Front wheel speed
Counter shaft RPM

Shift 
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Shift pedal 
load

Motor 
current

Lift
Clutch

(a) Conventional engine-side clutch lever mechanism 

(b) Honda E-Clutch lifter

Engine-side
clutch lever

Motorized 
gear

Engine-side clutch 
lever (upper)

Engine-side clutch 
lever (lower)

Lift

Clutch

appropriately controls the clutch depending on the vehicle 
status and the clutch actuator conditions (angle sensor 
output and motor current).

The above-mentioned system configuration excels in 
mount-ability and allows addition to existing engines.  

The Honda E-Clutch system weighs only 2 kg, which is 
1/5 of the DCT which is 10 kg.

3.2. Overview of System Operations
Figure 8 shows overview of operations when the Honda 

E-Clutch system is enabled (system is ON). When the 
ignition key is turned ON with the gear position at neutral 
and the engine is started, the system turns to the automatic 
control state as indicated in the green frame as shown in 
Fig. 8. Under these conditions, the rider can start, shift 
gears, and stop without using the clutch lever. Whether 
the automatic clutch control is enabled or disabled can be 
checked by the lighting of the indicator in the meter as 
shown in the lower right of Fig. 8.
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Fig. 8   Operation overview at System ON

The graphs in Fig. 9 show changes of var ious 
parameters when starting, cruising, and stopping using the 
automatic clutch control. 

After starting the engine in neutral and shifting to the 
first gear using only the shift pedal, the rider can start or 
stop by regulating the throttle and using the brake without 
using the clutch lever. The system appropriately controls the 
clutch as indicated by the changes of the angle of engine-

side clutch lever shown by the blue line in Fig. 9 depending 
on the parameters such as the throttle valve angle, engine 
speed, and vehicle speed so that the vehicle behavior at the 
time of starting or stopping becomes linear to rider’s input.  

The changes of parameters when the gear is shifted only 
by the shift pedal without using the clutch lever are shown 
in Fig. 10 taking the shift up during acceleration and the 
shift down during deceleration as the examples.
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Fig. 9   Transition image of each operation state at ignition on, engine start, starting, cruising, and stopping
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Fig. 10   Operating image at UP, DOWN shifting

Fig. 11   Comparison of driving force between Honda 
E-Clutch and quick shifter during upshift

When shifting up during acceleration, the rider’s shift 
pedal effort is detected by the shift sensor just like in the 
quick shifter, and the system momentarily cuts down the 
driving force by appropriately controlling the ignition 
timing and the fuel injection to allow shifting to the next 
gear. In an ordinary quick shifter, an impact-induced 
torque (shock) occurs when shifting to the next gear due 
to the difference of rotating speeds in the transmission 
gears as Fig. 11 shows. In this system, however, before 
shifting to the next gear, the clutch is controlled to a partial 
engagement depending on the engine torque to reduce the 
torque (shock) occurring at the time of shifting, allowing 
more smooth shifting than the quick shifter. When shifting 
down during deceleration, the rider’s shift pedal effort 
is detected by the shift sensor just like when shifting up, 
and the system disengages the clutch, confirms shifting 
to the next gear, and synchronizes speeds of the gears by 
appropriately controlling the partial clutch engagement to 
allow complete shifting. 

Explanations from here on issues rider’s manual clutch 
operations. When the engine is running and one of the 
gears is selected and the rider grabs the clutch lever, the 
system detects a manual clutch intervention (rider’s manual 
intervention to the clutch when the automatic clutch control 
is enabled), and temporarily stops the automatic clutch 
control. The system identifies a rider’s manual clutch 
intervention from the clutch switch or the load on the 
actuator motors depending on the conditions of the vehicle. 
When the automatic clutch control is stopped, the indicator 
in the meter turns off, and the motorcycle becomes the same 
as the conventional type equipped with the MT (state of 
manual intervention). When the operation from the clutch 
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Fig. 12   System ON and System OFF 

Fig. 13   Relationship between clutch state, engine-side 
clutch lever angle, and engine-side clutch 
lever load

lever is finished from the said conditions, and the prescribed 
conditions to be mentioned later are satisfied, or the gear is 
shifted to the neutral, the automatic mode resumes. Even if 
the rider unintendedly grabs the clutch lever, and the system 
turns to the state of manual intervention, the automatic 
clutch control can be resumed by setting the gear at neutral. 
With the above-mentioned measures taken, the system 
permits smooth starting, shifting, and stopping without 
using the clutch lever as well as allowing resuming to the 
automatic clutch control requiring no additional operation. 
As shown in Fig. 12, the motorcycle can be turned to a 
conventional motorcycle equipped with the MT by disabling 
the Honda E-Clutch system (System OFF) from the meter. 

These functions help the rider to enjoy sportier, easier, 
and more flexible motorcycle riding. 

Figure 13 shows the relationship between the engine-
side clutch lever angle (control angle), the engine-side 
clutch lever load (control load), and the torque transmitted 
by the clutch in each state.

When the clutch is engaged or disengaged, the torque 
transmitted by the clutch is constant where the changes of 
engine-side clutch lever load is small. In view of that, the 
control of position by the clutch lever angle is suitable when 
the clutch is engaged or disengaged. On the other hand, 
when the clutch is partially engaged, changes of clutch lever 
load is large, and as the torque transmitted by the clutch is 
inversely proportional to the clutch lever load, the control of 
load by the clutch lever load is suitable. In this system, the 
clutch lever angle can be calculated by measuring the angle 
of reduction gear in the actuator using the angle sensor. 
Accordingly, the control of position using the reduction 
gear angle (angle feedback control) is employed. The clutch 
lever load can be estimated by measuring the actuator motor 
current. We have therefore decided to apply the current 
feedback control using the motor current for the control of 
load. 

Shifting the above-mentioned control of position to 
the control of load at the point the clutch engagement state 
changes such as the disengagement start point and the 
engagement start point, the clutch control performance has 
been enhanced(3). 
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4.2. Control of Clutch Considering Deviations of 
Component Parts

The system needs to control the position and the load 

4. Automatic Clutch Control

The automatic clutch control by directly driving from 
the motors requires appropriate controls depending on the 
conditions of clutch. It is also necessary for the automatic 
clutch control to take into account deviations of various 
component parts. The clutch control satisfying these two 
requirements enables smooth starting, shifting, and stopping 
without using the clutch lever. Explained hereafter is the 
technical measures for the automatic clutch control.

4.1. Angle Feedback Control and Current Feedback 
C o n t r o l  D e p e n d i n g o n Va r i o u s C l u t c h 
Engagement State

The clutch engagement state can be sorted to the 
following three types when controlling the clutch by the 
clutch actuator.
(1)	Engaged
(2)	Partially engaged
(3)	Disengaged
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Fig. 14   Relationship between engine-side cultch lever 
load and motor current

of engine-side clutch lever taking into account the starting 
positions of disengagement and engagement and the motor 
current (load on the clutch lever) at these positions. Such 
a position and current differ due to the deviation of each 
component part and/or the characteristics of electrical 
part. To realize appropriate clutch control, it is necessary 
to compensate for the deviations that differ from a vehicle 
to another. In this system, the MCU learns in each vehicle 
the starting positions of disengagement and engagement, 
the friction current of unloaded motor, and the current at 
the engagement position, and compensates the deviations. 
The system learns the starting position of disengagement 
by detecting the changes of working speed resulting from 
the changes of load when the actuator turns in the direction 
of disengagement from the clutch lever angle when in the 
engaged area. Similarly, the system learns the starting 
position of engagement by detecting the changes of working 
speed resulting from the changes of load when the actuator 
turns in the direction of engagement from the clutch lever 
angle when in the disengaged area.
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Figure 14 shows the relationship between the engine-
side clutch lever load and the motor current. 

The relationship between the engine-side clutch lever 
load and the motor current is not a simple one-to-one 
correspondence, but differs depending on the direction of 
actuator motion. That is because the motor brush friction 
and the direction of friction occurring in the reduction 
gear differ depending on the direction of motion. We 
have therefore devised the system to learn the friction 
current of unloaded motor and the current at the starting 
position of engagement from the current occurring 
at each position when the actuator is operated. In the 
current values that the system has learned, the working 
directions of engagement and disengagement are takin 
into account(4), (5).

By learning the above-mentioned positions and 
current values, various deviations of component parts in 
mass-production vehicles are compensated, realizing the 
automatic clutch control directly driven from the motors. 

5. Judgment of Manual Clutch Intervention 
and Resuming to Automatic Clutch Control

For a temporary discontinuation of automatic clutch 
control when the clutch is manually operated (intervened), 
the manual clutch operation needs to be identified 
accurately. When resuming the automatic clutch control 
from the manually-intervened condition, the resuming needs 
to take place without strangeness for the rider. The system 
appropriately identifies vehicle conditions and rider’s use 
of clutch, allowing the rider to choose the automatic clutch 
control or the manual clutch operation. How they are 
identified is explained hereafter.

5.1. Identification of Manual Clutch Intervention
While the automatic clutch control is temporarily 

discontinued when manually intervened, the clutch 
may engage abruptly if the intervention is incorrectly 
identified. It is necessary to reduce abrupt changes of 
reaction force on the clutch lever or vehicle behavior by 
an accurate identification of manual clutch intervention. 
Figure 15 shows how the intervention is identified. 
When engaged as in (1) , as the c lutch actuator is 
not actuating the clutch, there is no change of clutch 
condition or vehicle behavior even if the clutch control 
is temporarily discontinued. When in the condition (1), 
therefore, an intervention is identified by the clutch 
switch attached to the left hand clutch lever. When 
partially engaged (2) or disengaged (3), as the clutch 
is operated by the clutch actuator, even more accurate 
identification of manual clutch intervention is necessary. 
The manual clutch intervention during the automatic 
clutch control is identified by detecting a shift of the load 
on the engine-side clutch lever to rider’s input from the 
left hand clutch lever from the changes of clutch control 
angle (reduction gear angle) and motor current.
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Fig. 15   Manual intervention operation judgment 
during automatic clutch control

When manually intervened from partially engaged 
(2) or disengaged (3) condition, the control of load by 
the actuator turns to rider’s input from the left hand. The 
actuator’s clutch control load lowers when manually 
intervened, and eventually falls in the manual intervention 
judgement window in Fig. 15. Upon confirmation of the 
clutch control load surely fallen in the manual intervention 
judgement window, the system identifies that a manual 
clutch intervention taking place.  Employing the judgement 
measure for various conditions, we have realized such a 
method of manual clutch intervention judgement free of 
strangeness to the rider such as changes of reaction force on 
the clutch lever or vehicle behavior(6).

5.2. Resuming Automatic Clutch Control after Manual 
Clutch Intervention

When the rider finishes manual clutch intervention, it 
is necessary to resume automatic clutch control at a right 
timing. When the automatic clutch control is resumed, the 
system may disengage the clutch depending on the vehicle 
conditions (such as vehicle speed and engine speed). We 
have therefore employed the three resuming patterns to 
adjust to the vehicle conditions as in Fig. 16.

The pattern A shown in Fig. 16 (a) is when the vehicle 
speed is adequately higher above the idling vehicle speed 
after completion of the manual clutch operation. (The idling 
vehicle speed is the speed when the clutch is engaged and 
the engine speed at idling.) Under these conditions, the 
clutch is engaged as well when in the automatic clutch 
control. Since no change occurs in the vehicle behavior 
under the said conditions, the system resumes the automatic 
clutch control in a short period of time. In the pattern B 
shown in Fig. 16 (b), although the vehicle speed is such 
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that the clutch is disengaged when in the automatic clutch 
control, if the automatic clutch control is resumed instantly 
under such conditions, the clutch may be disengaged, the 
traction may change abruptly causing sudden changes of 
vehicle behavior against rider’s expectation. To deal with 
this issue, a standby period longer than that in pattern A is 
provided and only after the vehicle conditions have been 
settled, the system resumes the automatic clutch control. 
The pattern C shown in Fig. 16 (c) is such a pattern of 
resuming automatic clutch control that is intended to 
provide assistance for prevention of engine stall when the 
brake is operated without grabbing the clutch lever when 
standing by for resuming of automatic clutch control in the 
pattern B. When the rider is grabbing the clutch lever and 
the vehicle speed does not reach the idling vehicle speed 
as shown in Fig. 16 (d), the system does not resume the 
automatic clutch control. As such, by employing such a 
system configuration that resumes automatic clutch control 
at an appropriate timing depending on the vehicle conditions 
after completion of a manual clutch operation, we have 
realized the automatic clutch control free of strangeness and 
erratic vehicle behavior(7).
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Fig. 16   Resume pattern of clutch automatic control 
state depending on vehicle state
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6. Conclusion

The Honda E-Clutch system has been developed by 
adding the clutch actuator, the MCU, and the shift sensor to 
the basic motorcycle having a MT. The appropriate clutch 
control has been realized by the selection of clutch control 
method according to the clutch engagement state along 
with the automatic compensation by the learning of system 
deviations of component parts. The automatic clutch control 
free of strangeness has been realized by the identification 
of manual clutch intervention depending on the conditions 
of clutch and the resuming of automatic clutch control 
depending on the vehicle conditions after completion of the 
manual operation. 

With this system employed, it is now possible to start, 
shift the gear, and stop without grabbing the clutch lever, 
allowing the rider to concentrate more on the riding. At 
the same time, the rider can choose conventional manual 
clutch operations when the rider wants it. This allows the 
rider to enjoy sportier riding by the automatic clutch control 
without forcing the rider to change their riding habits. It 
further permits to avoiding operations that could become 
undesirable in certain situation and makes the riding easier 
by taking advantages of the AT.

This system has minimal restricting factors for mounting 
and is applicable to existing engines. As the increase of 
weight from addition of the new system is only 2 kg and 
its influence on the complete motorcycle is minimal, this 
system is applicable to various types of vehicles. We would 
like to extend the new system so that it becomes a standard 
of FUN motorcycles and more customers enjoy such 
products. In the future, we would like to further enhance this 
technology and contribute to expansion and advancement of 
entire motorcycling activities. 
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Technology for Lower Limit Prediction of Lithium-ion 
Batteries Performance after Degradation Employing 

Diffusion Process Model

		  Kaoru OMICHI1	 Kotone SUZUKI1

		  Hideki NAGATSUKA, Ph.D.2	 Michihiro YASUDA3

ABSTRACT

A model for predicting lower limit performance including variation terms was constructed to help achieve performance 
after durability testing of products equipped with lithium-ion batteries. To predict degradation, the model formula includes two 
types of stochastic variables: random effects multiplied by the battery durability degradation trend term, and a diffusion process 
in which variation expands proportionally with time. Parameter optimization was conducted by the maximum likelihood 
method aided by the Markov Chain Monte Carlo method. As a result, the lower limit performance after degradation, which had 
conventionally been predicted based on 12 months of measured durability data, was successfully computed based on only four 
months of durability data. It was also demonstrated that prediction of lower limit performance, which previously required the 
two pieces of information of the predicted typical performance values after durability testing and performance variation during 
durability, could be achieved with just one piece of information by using the proposed model.

1. Introduction

Lithium-ion batteries (LiB) have high energy density 
and power density, and their use is expanding from small 
electronic devices to large mobility applications(1)-(5). LiB 
for electric vehicles such as hybrid electric vehicles and 
battery electric vehicles need to provide durability over 
long periods of 10 years or more in consideration of diverse 
regions and applications(6). To verify durability under 
various usages, it is more efficient to utilize simulation 
models rather than conducting individual tests using actual 
vehicles(7), (8). The authors previously constructed a model 
capable of efficiently predicting battery performance 
after degradation in a short time. In that study, it was 
found that, by training the model to learn the degradation 
behavior of the battery under varying load conditions 
and predicting degradation through accumulation of the 
degradation amount, nonlinear degradation behavior could 
be predicted(9), (10). However, this method was able to predict 
only the average performance value after degradation. On 
the other hand, the EU Battery Regulation sets minimum 

performance requirements throughout the lifetime(6), making 
it necessary to verify the LiB lower limit performance in 
the development phase. The lower limit performance can be 
predicted by subtracting the variation in Fig. 1(b) from the 
values predicted by the model in Fig. 1(a), as shown in Fig. 
1(c). That is, it needs to be done in two steps: prediction 
by the degradation model and prediction of lower limit 
performance. Durability testing is needed in both steps, 
making this method both costly and time-consuming. This 
study aimed to address the aforementioned issue efficiently 
in a single step by employing the model illustrated in Fig. 
1(d).

To achieve this goal, it is necessary to introduce terms 
into the degradation model formula that appropriately 
express the variation in performance after durability 
testing. This study employs a degradation model formula 
incorporating multiple random terms based on factors 
resulting in LiB performance variance after durability tests. 
This method has the issues that the number of parameters 
increases as random terms are introduced, which can lead 
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to local optimization of parameters, and that the durability 
testing period needed for model training is unclear. Efforts 
were therefore made to address these issues.

2. Proposal of Degradation Model for 
Predicting Lower Limit

2.1. Consideration of Factors Resulting in Performance 
Variation

The remaining useful capacity after durability testing 
was analyzed to determine the random terms that represent 
variation. The battery type and durability test conditions 
were kept constant, and durability tests were conducted 
on multiple batteries to measure the changes in capacity 
over time. 5 Ah-class cylindrical batteries were used as 
test samples. Figure 2 shows the degradation behavior of 
16 batteries charged and discharged from 4.1 V to 3.4 V at 
an ambient temperature of 55°C. The solid lines represent 
the behavior of capacity retention rate, and the circle plots 
indicate the variance of the capacity retention rate at each 
measurement point. As the variance tends to increase over 
time, there is individual variation in the degradation speed 
among batteries. Additionally, even for a single battery, 
the capacity retention rate fluctuates depending on the 
measurement timing, so there is measurement variation 
that is independent of the elapsed time. These two types of 
variation are present in LiB degradation behavior.

In order to const ruct a model based on var ied 
performance, the parameters of the model will also include 
stochastic variation. As an example, Fig. 3 shows the 
observed degradation speed at 25, 40, and 55°C. The gray-
shaded range shows the 95% confidence interval of a 
degradation model that has been trained on this degradation 
behavior. That is to say, the results output by a model 

Fig. 1   Estimation of lower limit performance by conventional and proposed methods

trained on varied data will also contain stochastic variation, 
which is referred to hereinafter as model error.

Fig. 2   Degradation behavior of LiB at same loading 
condition

Fig. 3   Observed degradation speed and confidence 
interval
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Table 2   Six types of model formulas with combinations 
of variation terms

2.2. Formulation of Degradation Model for Predicting 
Lower Limit

The measurement variation of the measurement data 
in the LiB durability tests, the variation of durability 
performance, and the model error when modeling 
were reflected in the degradation model formula. The 
degradation model for predicting the lower limit consists 
of a deterministic trend term that indicates the degradation 
trend and a random term that represents variation factors. 
The model is formulated so that the trend and random terms 
match the actual phenomena. A parametric model was used 
so that the model error does not become excessive in case 
of extrapolation conditions, even with a small amount of 
training data. Equation (1) shows the basic model formula.

, 
where 	 (1)

Here, X(t) is the capacity degradation rate (1 - capacity 
retention rate (%)) at time t; θ0 is a parameter of the 
degradation speed; μ(t,θ0) is the partial derivative (μ(t,θ0) = 
∂
∂t Λ(t,θ0)) of the trend term Λ(t,θ0) with respect to t; η(t) is 
a function that converts the scale of time t(12); and b is the 
scale conversion factor.

The random term that represents variation is noted as the 
stochastic variable ϵ that follows a normal distribution with 
a mean of 0 and a variance of σε

2(both mean and variance 
constant over time) (Table 1).

For durability variation that expresses behavior that 
gradually expands over time, a diffusion process was 
adopted(11), (12). W(t) in Table 1 is the standard Wiener 
process, and σ is the diffusion coefficient.

Model error is a variation term that accumulates in 
the trend term. This is noted as the stochastic variable λ 
that follows a normal distribution with a mean of μ_λ and 
variance of σ_λ^2 (both mean and variance constant over 
time) and accumulates in the trend term of the performance 
formula. Note that variables introduced for the purpose of 
replacing deterministic variables with stochastic variables 
in the model are generally referred to as random effects(13). 
Also, the three random terms above are assumed to be 
independent of each other.

Table 2 shows multiple candidate models based 
on combinations of how the above variation terms are 
incorporated.

In this study, a total of 23-1=7 types of model formulas 
were formulated based on the presence or absence of 
the three types of error. However, there is no data that 
includes only model error without measurement variation 
or degradation variation, so that case was excluded from 
the candidate models, and the six models M1 to M6 were 
examined. Note that M1 is the conventional model that 
considers only measurement error, which is equivalent to a 
model using the least squares method.

The trend term is expressed as shown in Eq. (2) using 
the variable a(θ0,t) that expresses the degradation speed.

, , 	 (2)

a(θ0,t) is a variable indicating the degradation speed 
composed of the load variables SOC(t), Temperature(t), 
∆SOC(t), I-charge(t), and I-discharge(t) and parameters 
(a0, a1, a2 ···b). As shown in Table 3, the formulated 
models include linear models (i) and (ii) with first-order 
linear factor effects for each degradation factor, quadratic 
polynomial models (iii) and (iv) that do not correspond 
to first-order linear equations, and interaction models (ii) 
and (iv) that have interaction terms between factors. B 
uses a unique appropriate value depending on the type of 
battery(10).

Table 1   Three types of degradation formulas with 
variation terms

Items
Independence
of degradation

trends

Time 
dependence
of variation

Formula

Measurement
variation

Yes No

Interindividual
variation

Yes Yes

Model
variation

No Yes

Model
No.

Measure-
ment

variation

Inter-
individual 
variation

SIM
variation Model formula

M1

M2

M3

M4

M5

M6

No. Model Formula Number of 
coefficients

(i) Linear 6

(ii) Linear 
+ interaction 16

Quadratic(iii) 11

(iv) Quadratic
+ interaction 21

X1: SOC; X2: Temperature; X3: SOC; X4: I-charge; X5: I-discharge

Table 3   List of trend model formulas
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3. Construction of Parameter Optimization 
Process

3.1. Parameter Optimization Method
The trend term parameters (a0, a1, a2 ···b) and variation 

term parameters (σϵ, σB, σλ, μλ) included in the model 
formula were optimized based on actual test data. As these 
include nonlinear parameters, parameter estimation was 
performed by the maximum likelihood method with the 
Log-Likelihood (LL) function as the object variable. Here, 
let Xi (ti,j)) represent the stochastic process that expresses the 
performance value of cell i at the time ti,j. The LL function 
of model formula M5, which has the largest number of 
parameters among the proposed models M2 to M6, is given 
by Eq. (3). To help avoid getting stuck in local solutions 
in the optimization calculations, the maximum likelihood 
estimation (MLE) values were obtained using the Markov 
Chain Monte Carlo (MCMC) method(14), (15). Specifically, 
a normal distribution with large variance was set as the 
prior distribution of each parameter. The MCMC method 
employed the Hamiltonian Monte Carlo (HMC) method, 
which is known to work effectively even with a large 
number of parameters, and the MLE values were obtained 
by performing maximum a posteriori (MAP) estimation.

2 ln 2
1
2

ln| |
	 (3)

However,

3.2. Model Formula Selection Method
Selection of the trend formula and variation model 

formula is determined by Akaike’s Information Criterion 
(AIC) based on the training data. AIC is commonly used 
as an index enabling selection of the optimal model while 
helping to prevent overfitting to only the training data. AIC 
is calculated using Eq. (4) from the final LL value used 
as the object variable in optimization and the number of 
parameters in the model (k).

 2 2
k:  number of parameters

	 (4)

3.3. Prediction of Lower Limit Performance
The distribution of ∆Xi,1:mi+1 under the given ∆Xi,1:mi is 

obtained by the following Eq. (5).

, | , :  ~ | , |  	 (5)
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Fig. 4   AIC results of each model

Therefore, when the upper α% point of the standard 
normal distr ibution is noted as zα, the 100×(1-α)% 
confidence interval for the degradation increment ∆Xi,j of 
the individual cell number i at time ti,mi+1, under the given 
∆Xi,1:mi, is given by Eq. (6).

| | ,   | |  	 (6)

3.4. Preparation of Training and Validation Data
The results of durability tests conducted under multiple 

conditions were used as the data set. The tests utilized 
4.5 Ah-class cylindrical LiBs as test samples, and were 
conducted in two modes: storage durability tests and 
cycle durability tests. The storage durability tests for 
training data were conducted over a 4-month period under 
16 conditions comprising all combinations of four SOC 
conditions (SOC30, 55, 80, and 95%) and four temperature 
conditions (25, 45, 50, and 65°C). During the testing period, 
intermediate performance measurements were conducted 
at intervals of one to two weeks, and 10 data points were 
obtained per condition for a total of 160 data points. The 
cycle durability tests were conducted under 27 conditions 
planned based on an L27 orthogonal array comprising five 
cycling control factors: center SOC, operating SOC range, 
temperature, charge current, and discharge current. Ten 
data points were obtained over a 4-month period for each 
condition, for a total of 270 data points. For the validation 
data, durability tests were conducted over a period of 12 
months under 38 conditions separate from the training 
conditions, and obtained a total of 710 data points.

4. Results and Discussion

4.1. Model Selection Result
Regarding model selection, parameter optimization 

was performed for 24 types of model formulas comprising 
combinations of four types of trend term model formulas 
and six types of variation models (M1 to M6), and the AIC 
was evaluated. Figure 4 shows the results.

In all cases of M2 to M6 constructed in this study, good 
results were obtained with an AIC lower than that of the 
conventional model M1. This demonstrates that model 
formulas using the diffusion process, random effects, or 
both can appropriately represent the experimental data.

Generally, the accuracy of the model formula increases 
with the number of parameters, but too many parameters 
lead to a drop in generalization performance. Therefore, 
it is appropriate to select the model with the smallest AIC 
that also balances generalization performance and goodness 
of fit. Of the degradation model formulas, M3 has fewer 
parameters than M5 but also a smaller AIC. That is to 
say, M3 captures the essence of the battery performance 
degradation obtained from the tests with fewer parameters. 
Here, the combination of the quadratic (iii) trend term 
formula and the M3 model formula resulted in the best fit to 

the experimental data. Also, it was found that enhancement 
of AIC was not observed with models M4 to M6, which 
include measurement variation, so there is no need to 
consider these in the model.

4.2. Prediction of Confidence Interval of Selected Model
Equation (7) shows the model formula and parameters 

of the prediction model M3 selected in the previous section. 
In addition, Fig. 5 shows plots of the measurement results 
from a 12-month durability test conducted at SOC100% 
and temperature of 45°C, along with an example of the 
confidence interval prediction result calculated using the 
optimized M3 degradation model. The confidence interval 
indicated in gray is the 95% confidence interval at each 
point in time. The measured plots across the entire range 
were confirmed to fall within the 95% confidence interval, 
thus demonstrating the ability to appropriately visualize the 
confidence interval.

, 

, 

Term Term Value Value 
-5.13 -1.7E-2 
2.6 1.6E-3 

-1.7E-3 7.3E-4 
-3.2E-1  
1.0E-4 
0.55 

	(7)
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Variation models

Parameter 1 2 3 2 4 3
Para-
meter M1 M2 M3 M4 M5 M6

Model
formula

of 
trend
term

4 (i) Linear -993.8 -1388.7 -1425.5 -1386.7 -1423.5 -1316.3

5 (ii) Linear+
interaction -992.8 -1387 -1423.5 -1385 -1421.5 -1314.3

6 (iii) Quadratic -1035.3 -1406.8 -1426.7 -1404.8 -1424.6 -1316.6

7 (iv) Quadratic+
interaction -1034.8 -1405.1 -1424.7 -1403.1 -1422.6 -1314.7
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Fig. 6   Histograms of Z values after standardization

Fig. 7   Confidence interval width and coverage of 
models trained with data over different 
periods

4.3. Confirmation of Data Distribution
To confirm the likelihood of the model created in this 

study, the degree of coverage of the predicted performance 
distribution relative to the measured performance values 
was analyzed for an amount of data greater than the training 
data (storage degradation mode data: 24 conditions, 
484 points; cycle degradation mode data: 14 conditions, 
226 points). Figure 6 shows histograms of the Z values 

obtained by taking the difference between the typical 
performance value predicted by the model and the measured 
value and dividing by the standard deviation at that point. 
Figure 6(a) is the histogram of the data obtained in storage 
degradation mode, and Fig. 6(b) is the histogram of the 
data obtained in cycle degradation mode. The Z values of 4, 
3, and 2 correspond respectively to the confidence intervals 
that theoretically contain 99.9%, 99.7%, and 95%. In this 
study, these confidence intervals respectively contained 
100%, 99.0%, and 93.6% of the storage mode data and 
100%, 98.7%, and 94.0% of the cycle mode data, generally 
matching the theoretical values. It is thought, therefore, 
that lower limit performance based on confidence can be 
calculated using this model. The percentage of the measured 
data contained in the 99.7% confidence interval is referred 
to herein after as the coverage percentage.

4.4. Setting of Training Period
In o rder to se t the pe r iod requ i red fo r mode l 

construction, the amount of training data, the width of the 
confidence interval, and the coverage percentage were 
analyzed. The width of the confidence interval (%) and 
the coverage percentage in the 99.7% confidence interval 
predicted by each model were calculated at the 4-month 
point, with Fig. 7 showing the results.
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Fig. 8   Simulated confidence interval for 10 years

A model was constructed using the data up to an arbitrary 
number of months from four months of training data obtained 
by storage durability tests under 16 conditions and cycle 
durability tests under 27 conditions. The coverage percentage 
was calculated for a total of 380 data points obtained under 
38 conditions separate from the training data.

The width of the confidence interval tends to increase 
slightly as the amount of training data increases. In contrast, 
the coverage percentage clearly increases, and the coverage 
percentage of the 99.7% confidence interval increases 
asymptotically toward 99.7% as theorized. This is presumed 
to be due to the effect that as the amount of training data 
increases, the accuracy of the predicted confidence interval is 
enhanced without greatly impacting the confidence interval 
result. In this study, a coverage percentage of 99% or more 
was achieved with a 4-month training period, indicating that 
the confidence interval can be predicted by training on four 
or more months of degradation behavior data.

4.5. Confidence Interval in Long-term Prediction
Prediction of the performance degradation of batteries 

that are used in various ways becomes more uncertain as the 
prediction period lengthens, which is expected to result in a 
wider confidence interval.

Figure 8 shows the results of long-term prediction of 
the confidence interval over 10 years. Figure 8(a) shows 
the result for the conventional model M1 that considers 
only measurement variation, and Fig. 8(b) shows the result 
for the newly proposed optimized prediction model M3.

Whereas the conventional model predicts a uniform 
confidence interval over a period of 10 years, the model 
optimized in this study exhibits a confidence interval that 
expands over time, which is in line with initial expectations. 
It was confirmed that, compared to the conventional model 
M1, the model M3 proposed in this study can appropriately 
model the increase over time of variation appearing in four 
months of test data.
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testing, a degradation model formula that incorporates 
random terms was examined. The conclusion drawn from 
this examination is as follows.
(1)	It was found that the variation in lithium-ion battery 

durabi l i ty data can be represented by a model 
incorporating two kinds of stochastic variables: random 
effects multiplied by the LiB durability degradation 
trend term, and a diffusion process in which variation 
expands proportionally with time.

(2)	Use of the MLE method aided by MCMC enables 
optimization of the model without getting stuck in local 
solutions.

(3)	A model was constructed that can appropriately predict 
the confidence interval over a 12-month period by 
training on only four months of durability test results.
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ABSTRACT

Development is proceeding on a circulative renewable energy system for lunar night power supply. For proof of principle 
of the circulative renewable energy system, a system with approximately 1/10 the power of the expected launch unit was 
constructed, and a cycle test with 39 cycles was conducted, which is equivalent to three years of lunar use.

In the fuel cell stack, the membrane electrode assembly was designed in consideration of changes in the electrolyte 
membrane properties due to pure oxygen supply. In the electrolysis cell stack, component materials were selected that have 
reliable flame-retardant properties and oxidation resistance under high-pressure oxygen. In the electrochemical hydrogen 
compressor stack, discharge of stagnant water on the reaction surface was enhanced by optimizing the flow path structure. In 
addition, controls and systems were constructed to establish stable water circulation.

Through these initiatives, a cycle test was achieved and demonstrated the feasibility of continuous power generation 
through water circulation, which is the concept of the circulative renewable energy system and completed the proof of 
principle. 

1. Introduction

Lunar development efforts such as the Artemis program 
continue to gain momentum (1). The Artemis program 
aims for astronauts to remain on the lunar surface for 
long periods of time and carry out sustainable exploration 
activities. This calls for methods that ensure stable 
electric power supply while keeping down the cost of 
lunar transport, which becomes expensive in proportion 
to the weight. From the perspective of space as a new 
destination for use of hydrogen technology, development 
is proceeding on a Circulative Renewable Energy System 
(CRE system) that combines a fuel cell system(2) and a 
differential-pressure water electrolysis system(3) to enable 
stable lunar power supply. The CRE system has a high 
weight-energy density that provides advantages in terms of 
transport cost and achieving large electric power capacity, 
so further development is expected going forward. This 
paper introduces the configuration of the CRE system 
being developed as well as initiatives carried out for proof 
of principle of its concept, “continuous power generation 
through water circulation.”

2. CRE System

2.1. Significance of CRE System
A key challenge for long-term lunar stays is stable 

night power supply. The moon has a rotation period of 
approximately 27 days and, while it varies depending on 
the lunar region, night lasts for around 8 to 14 consecutive 
days. As it is assumed that a single mission will require 
approximately 2 kW of electric power to operate an 
unmanned exploration vehicle and other survey equipment, 
an electric power amount of up to 672 kWh is needed 
for nights lasting for 14 consecutive days. This amount 
of electric power needs to be produced by solar power 
generation during the day and retained to be used during the 
night. A commonly considered method is to store sufficient 
electric power for night use in a battery. However, a high-
mass battery would result in a higher lunar transport cost, 
which is said to be 100 million yen or more per 1 kg(4). Also, 
to help prevent battery performance from deteriorating in 
the low-temperature lunar environment, it is necessary to 
store electric power to heat the battery itself, which would 
further increase the weight.
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The CRE system in development uses electricity 
obtained by solar power generation to electrolyze water and 
supplies the obtained hydrogen and oxygen to the fuel cell 
stack (FC stack) at night to generate power. Furthermore, 
the concept is to continuously regenerate power by 
electrolyzing the water produced in power generation. 
Table 1 shows the expected mass of each component of the 
future CRE system, assuming electric power generation of 
672 kWh. The total mass of the entire system is 1,911 kg, 
and the weight energy density is 352 Wh/kg. In addition, 
as shown in Fig. 1, the weight energy density is greater 
than that of a Li-ion battery(5), (6), which is thought to be 
advantageous in terms of helping reduce transport cost and 
achieving large electric power capacity.

2.2. Overview of CRE System
Figure 2 shows an overview of the CRE system. First, 

water is supplied to the electrolysis cell stack (EC stack), 
which electrolyzes the water to produce hydrogen and 
oxygen. The EC stack has a structure similar to that of 
the differential-pressure water electrolysis stack used to 
produce high-pressure hydrogen in the Smart Hydrogen 
Station(7), and produces high-pressure oxygen. Meanwhile, 
the produced hydrogen moves together with the water, 
separates from the water, and is then supplied to the 
electrochemical hydrogen compressor stack (EHC stack). 
In the EHC stack, high-pressure hydrogen is produced by 
pressurization through an electrochemical reaction. The 
produced high-pressure hydrogen and oxygen are stored in 
tanks and then supplied to the FC stack to generate power 
when electric power is needed. In addition, since water is 
produced in the reaction in the FC stack, continuous power 
generation can be achieved by resupplying this water to the 
EC stack and circulating it.

2.3. CRE System Development Challenges
There are two challenges for lunar use of the CRE 

system.
The first is the challenge of stable use in space, which 

calls for addressing various external factors that differ from 
those on earth. Examples include changes in components 
over time due to radiation from the sun and other sources, 
changes in fluid behavior due to low gravity, and launch 
vibrations in lunar transport.

The second challenge is to realize continuous power 
generation. Various measures are needed to realize this 
through water circulation, e.g. it is necessary to balance 
the amount of gases produced and consumed between 
connected stacks. When larger amounts are produced, 
the resulting increase in internal pressure may result in 
component deformation, and when smaller amounts are 
produced, the voltage may rise. The CRE system, however, 
is intended for use in a lunar environment where resources 
are not easily obtained, rendering the method of balancing 
by fluid discharge to outside the system unable to achieve 
continuous power generation. This calls for realization of 

Table 1   Expected mass of each component of CRE 
system

a system configuration and control methods that achieve 
smooth circulation within the system.

This initiative focused on the second challenge, namely 
the realization of continuous power generation. The 
contents of initiatives and the demonstration test conducted 
for proof of principle of the concept are introduced below.

Fig. 1   Comparison of energy density between CRE 
system and Li-ion battery

Fig. 2   Schematic diagram of CRE system
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Fig. 3   CRE system configuration

3. Initiatives for Proof of Principle

There are three main stages of development before 
actual lunar use of the CRE system. The first stage is 
proof of principle of the CRE system. The second stage is 
evaluation in a lunar equivalent environment using a system 
with nearly the same specifications as the expected launch 
unit. The third stage is evaluation of the actual unit that will 
be launched into space, and mission use.

This t ime, as the f i rs t s tage of development, a 
demonstration test was conducted for proof of principle 
of continuous power generation through water circulation. 
In the demonstration test, circulation was performed for a 
number of cycles assuming actual operation in space and 
confirmed the feasibility of continuous power generation.

First, the changes to the specifications of each stack 
comprising the CRE system that were made for the 
demonstration test, and the contents of system control- and 
system configuration-related initiatives are described below.

3.1. Control in Gas Pressurization
The hydrogen produced by the EC stack is supplied via 

the H2 separator to the EHC stack as shown in Fig. 3. When 
the H2 separator pressure drops, the reaction rate slows 
because less hydrogen is supplied, and the operating voltage 
of the EHC stack rises. Conversely, when the H2 separator 
pressure rises, it applies an extra load to the components. 
Thus, the operating current of the EHC stack is determined 
by feedback control using the difference between the H2 
separator pressure and the target pressure, and the amount 
of reaction hydrogen is adjusted.

An event that lowers the H2 separator pressure is when 
oxygen mixes into the supplied hydrogen. Since this oxygen 
is transformed into water by reacting with hydrogen in 
the oxygen eliminator installed before the EHC stack, the 
amount of hydrogen and the pressure become lower. Events 
that increase the H2 separator pressure are when high-

pressure hydrogen passes though the electrolyte membrane 
in the EHC stack and moves to the gas flow path on the low-
pressure side, and when water generated by the FC stack 
is supplied from storage to the H2 separator. In these cases, 
controlling the operating current of the EHC stack enables 
operation within the component strength reliability range 
while also helping to prevent a rise in the operating voltage, 
even if the pressure inside the H2 separator fluctuates.

3.2. System Configuration for Stable Depressurization
The EC and EHC stacks have a high-pressure side on 

one side and a low-pressure side on the other side of the 
electrolyte membranes inside the cells, which produces a 
differential pressure. Therefore, when stopping the system 
or when a tank has reached the specified pressure, it is 
necessary to depressurize the remaining high-pressure gas 
in order to lessen the load on the internal components of the 
stack. However, since external discharge would waste the 
produced hydrogen and oxygen, this CRE system performs 
depressurization by suppling the excess gas directly to the 
FC stack and reactivating it. Hydrogen and oxygen react in 
the FC stack at a molar ratio of 2:1, but the amount of gas 
remaining in each stack differs depending on the situation. 
Therefore, the case can be assumed where either the EC 
stack or the EHC stack completes depressurization before 
depressurization of both stacks has been completed.

The set pressures of the depressurizing valves 
(regulators) shown in Fig. 3 were determined in a manner 
to address this. The set pressures of regulators A and C 
between the EC and EHC stacks and the FC stack were set 
to the depressurization completed pressure. In addition, 
the set pressures of regulators B and D between each tank 
and the FC stack were set to a pressure several tens of kPa 
higher than the depressurization completed pressure.

As a result, the gas remaining on the EC and EHC stack 
sides is preferentially consumed. When the EC or EHC 
stack reaches the depressurization completed pressure, 
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Fig. 4   FC stack

Fig. 5   EC stack

Fig. 6   Schematic diagram of EC

the gas inside the tank that reached the depressurization 
pressure starts to be consumed. This enables the reaction in 
the FC stack to continue and depressurize both the EC and 
EHC stacks by power generation.

3.3. FC Stack
The FC stack is a device that converts chemical energy 

into electrical energy by the following electrochemical 
reaction of hydrogen and oxygen in the electrolyte 
membranes and has a structure that stacks multiple cells 
that have reaction parts.

Anode: H2 → 2H+ + 2e−

1
2 O2 + 2H+ + 2e− → H2OCathode:

Figure 4 shows the FC stack used in the demonstration 
test. Although in an FC stack for terrestrial use, the oxygen 
contained in the air is used for power generation, in the 
CRE system, pure oxygen manufactured by the EC stack 
is supplied. One effect of pure oxygen is that the changes 
in the electrolyte membrane properties over time are more 
pronounced than those for air. An electrolyte membrane 
degradation model(8) was constructed by conducting a unit 
durability test with pure oxygen supply and quantifying 
the reduction in the membrane molecular weight after 
durability. This model was then used to design a membrane 
electrode assembly (MEA) that was expected to exhibit a 
decrease in performance in the demonstration test.

3.4. EC Stack
The EC s tack i s a device tha t per forms water 

electrolysis to produce high-pressure oxygen and low-
pressure hydrogen. The goal of the EC stack used in the 
demonstration test was to produce high-pressure oxygen 
of 14.7 MPa. Figure 5 shows the EC stack used in the 
demonstration test, and Fig. 6 shows the schematic diagram 
of the EC stack. Like the FC stack, the EC stack has a 
structure of stacked multiple cells. Water is supplied to the 
electrolyte membranes inside the cells, and oxygen and 
hydrogen ions (H+) are generated by applying voltage to the 
stack. The oxygen outlet is sealed, so the pressure rises over 
time, enabling high-pressure oxygen to be obtained. Voltage 
is applied to both ends of the electrolyte membrane, and the 

oxygen and hydrogen ions generated by water electrolysis 
pass through the electrolyte membrane and move to the 
cathode side and are separated. The hydrogen ions are then 
converted into hydrogen, discharged from the hydrogen 
outlet of the EC stack, and supplied to the EHC stack.

Anode: H2O →

2H+ + 2e− → H2

1
2 O2 + 2H+ + 2e−

Cathode:

Oxidat ion of components present under h igh-
pressure oxygen is promoted, and due to a lower ignition 
temperature and an increase in the combustion rate, even 
materials that are non-combustible in the atmosphere may 
become combustible. Thus, material selection for the EC 
stack components around the electrolyte membrane on the 
anode side was performed from the perspective of helping 
to prevent oxidation and combustion.

3.5. EHC Stack
The EHC stack is a device that electrochemically 

pressurizes the supplied hydrogen. The goal of the EHC 
stack used in the demonstration test was to produce high-
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Fig. 9   Flow of hydrogen in EHC

pressure hydrogen of 70 MPa. Figure 7 shows the EHC 
stack used in the demonstration test, and Fig. 8 shows the 
schematic diagram of the EHC stack. The EHC stack also 
has a structure of stacked multiple cells, and when voltage is 
applied, hydrogen ions generated by the following reaction 
in the electrolyte membrane inside each cell move to the 
cathode side that leads to the high-pressure tank. Since the 
tank is a closed space, the pressure rises over time.

Anode: H2 → 2H+ + 2e−

Cathode: 2H+ + 2e− → H2

As drying of the electrolyte membrane leads to lower 
conductivity, wet hydrogen is supplied to the EHC stack. 
The water in the hydrogen can permeate the membrane 
and move to the high-pressure side, but the greater the 
differential pressure via the membrane, the more the water 
is pushed back to the low-pressure side. As shown in Fig. 8, 
there is the issue that the water pushed back remains in the 
membrane reaction part with the result that hydrogen supply 
is not smooth and the voltage rises. Especially in the low-
gravity lunar environment, water detaches less easily from 
the reaction membrane. To help prevent water retention, it is 
necessary to suppress local drops in the flow velocity of the 

hydrogen supplied to the reaction surface that contributes 
to water discharge. The hydrogen flow path structure was 
thus optimized to achieve a more uniform hydrogen flow 
velocity in the reaction part.

Figure 9 shows the flow of hydrogen in the EHC stack. 
The hydrogen supplied to the EHC stack originates from the 
inlet frame to each cell, then passes through the flow paths 
cut into the bottom surface of the inlet frame and flows to 
the spacer and the electrode. The electrode is a component 
located at the bottom of the electrolyte membrane, and the 
flow velocity distribution in this component was equalized 
to help prevent water retention. An L27 orthogonal table 
was prepared using 13 design factors such as the diameter 
and length of the flow paths cut into the bottom surface 
of the inlet frame, and variation in the flow velocity under 
each condition was obtained by fluid analysis. A response 
surface was created based on the analysis results, and the 
flow path structure was adapted to the shape that achieved 
the lowest flow velocity variation in the analysis. Figure 10 
shows the hydrogen flow velocity for the base shape, and 
Fig. 11 shows the hydrogen flow velocity for the optimized 
structure. The gas flows from left to right in the figures. 

Fig. 7   EHC stack

Fig. 8   Schematic diagram of EHC
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Fig. 12   CRE system for demonstration test

Table 2   Specifications of CRE system for 
demonstration test

While the semicircular area in the center indicates the 
electrode, the number and width of flow paths outside the 
electrode have been changed, resulting in a more uniform 
flow velocity inside the electrode compared to before the 
structural change. The cell component with the altered flow 
path structure was used in the demonstration test to help 
prevent operational termination due to water retention.

4. Proof of Principle of CRE System

A demonstration test was conducted for proof of 
principle of the CRE system.

A CRE system with about 1/10 the power of the 
expected launch unit was created, and a cycle test was 
conducted as a demonstration test. There are 13 night-
crossings per year on the moon. In addition, while the CRE 
system assumes continuous lunar use of several to 10 or 
more years, here, the specified number of cycles for the 
demonstration test was 39 cycles, which is the number of 
day/night cycles equivalent to three consecutive years, or 
the expected number of years for a single lunar mission(9). 
The total amount of water present in the system at the start 
of the test was 1,900 ml, whereas the amount of water used 
for water electrolysis in one cycle is approximately 400 
ml. Assuming circulation is established, therefore, proof of 
principle can be achieved by completing power generation 
for the specified number of cycles without any event that 
leads to termination of the test. In addition, this test was 
conducted using general grid power instead of electric 
power obtained by solar power generation.

Figure 12 shows the appearance of the created CRE 
system, and Table 2 shows the specifications. The 
operation of one cycle of the CRE system will also be 
introduced. Figure 13 shows the transitions in the operating 
current and outlet pressure of the EC and EHC stacks, the 
FC stack power, and the pressure of each tank. The timing 
of one cycle differs slightly for the EC and EHC stacks, but 
it can be divided into the four modes of 1) pressurization, 2) 
storage, 3) depressurization, and 4) generation.

In pressurization mode, gases are produced and 
pressurization within the stacks begins with the start of 
the electrochemical reaction. Fluctuations in the supplied 
hydrogen pressure are addressed by controlling the 
operating current of the EHC stack as mentioned in Section 
3.1. Once the predetermined pressure is reached, operation 
transitions to storage mode. 

In storage mode, gas supply to the tanks starts and the 
tank pressures begin to rise. After the tank pressures reach 
the target pressure, operation transitions to depressurization 
mode.

In depressurization mode, gas supply to the tanks stops 
and the pressure inside the tanks is retained. The pressure 
inside the EC and EHC stacks is decreased by supplying 
the extra gas remaining in the EC and EHC stacks directly 
to the FC stack and consuming it for power generation. As 
shown in the bottom graph of Fig. 13, the FC stack power 

EHC stack

EC stack

FC stack

(a) EC and EHC systems

(b) FC system

CRE
system System weight [kg] 2900

FC
stack

Average power (generation mode) [W] 221.6
Stack weight [kg] 50

Stack dimensions [mm] 570 × 266 × 250

EC
stack

Pressure of generated oxygen [MPa] 14.7

Average oxygen production rate [g/h] 179.5
Stack weight [kg] 260

Stack dimensions [mm] Φ393 × 447

EHC
stack

Hydrogen pressure increase [MPa] 70.0
Average hydrogen pressurization rate [g/h] 22.5

Stack weight [kg] 470
Stack dimensions [mm] Φ460 × 623

is not constant in depressurization mode. This is due to 
adjustment of the FC stack power to help prevent rapid 
depressurization of the EC and EHC stacks and blistering 
of the rubber seals and other EC and EHC stack internal 
components.

Then, in generation mode, the tank pressures drop 
because the gas stored in the tanks is supplied to the FC 
stack.
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Fig. 13   Operation transition of CRE system

There are two things to consider when setting the cycle 
test operation method: the first is that in the pressurization 
and depressurization modes, the operating current and the 
control times using the depressurizing valves, etc. may vary 
due to changes in the system specifications. However, these 
variations due to longer or shorter times can be addressed 
by maintaining the balance of fluid circulation. 

The second is shorter storage mode and generation 
mode times. Both the capacity and storage pressure of the 
gas storage tanks are set lower than for actual operation, 
and one cycle is completed in about five hours. In actual 
operation, however, the operating time increases due to an 
increase in the amount of electric power needed. This is 
expected to have an impact on the durability of each stack 
and will be confirmed by individual durability in the future. 
As the purpose of this demonstration test is to confirm the 
circulation of the entire CRE system, verification can be 
achieved by conducting a cycle test with the set operation 
method.

Figure 14 shows the FC power generation amount in 
each cycle. As a result of this series of initiatives, it was 
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Fig. 14   Power generation in each cycle

confirmed that power could be generated through 39 cycles 
without terminating the test, and proof of principle was 
completed.

5. Initiatives for Stable Use in Space

As mentioned in Chapter 3, evaluation will be conducted 
in a lunar equivalent environment going forward. To 
achieve stable lunar use of the CRE system, it is necessary 
to consider various environments and disturbances that 
differ from those on earth. This paper introduces initiatives 
that should be taken going forward to address radiation, 
low gravity, transport vibrations, and weight reduction to 
achieve a lower transport cost.

5.1. Radiation
The moon is shielded by a weaker magnetic field than 

the earth, and the amount of radiation from the sun and 
other sources is higher in the lunar environment than on 
earth. Radiation exposure tests were conducted on the 
stack components to understand the property changes due 
to radiation. The results demonstrated that, among the 
stack components, changes in the electrolyte membrane 
properties were especially noticeable. As shown in Fig. 15, 
the molecular weight and tensile strength of the electrolyte 
membrane drop as the radiation-absorbed dose increases. 
However, as equipment such as presses and cranes are 
needed to assemble the stacks, disassembly and replacement 
of the electrolyte membranes cannot be performed on the 
lunar surface. Therefore, the specifications need to provide 
durability enabling complete operation, making it necessary 
to clarify the radiation-absorbed dose and the functional 
deterioration of each component, and to design a shielding 
structure that does not produce functional loss over the 
operation period.

5.2. Low Gravity
Lunar gravity is approximately 1/6 that on earth. The 

lower the gravity of the environment, the less the buoyancy 
of air bubbles acts. This means that in the EC stack, the 
produced gas is not expected to separate from the electrode 

Fig. 15   Relationship between radiation absorption 
and membrane properties
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surface, with the result that mass transport is hindered, and 
the electrolytic performance deteriorates. In future, tests 
will be conducted in low-gravity environments by means 
such as drop towers and parabolic flights on aircraft in 
order to clarify the influence of gravity and to design water 
supply conditions and structures for reliable discharge of 
produced gases.

5.3. Transport Vibrations
Transport rockets used to carry goods into outer space 

experience severe vibrations during launch. Therefore, 
the CRE system and each stack require structures that can 
withstand these vibrations without loss of functionality. 
Stabilizing with resonance suppression jigs is a generally 
effective vibration countermeasure, but from the viewpoint 
of transport costs to space, increases in weight for the 
purpose of suppressing vibration should be avoided as much 
as possible. A shaker is currently being used to produce 
vibrations at the same level as in actual transport, and 
vibration characteristics, such as the resonance frequencies 
of the stacks, are being evaluated. Going forward, these 
results will be fed back to CAE to enhance design 
estimation technology and utilized in system design.

5.4. Weight Reduction
In order to achieve a lower lunar transport cost, weight 

reduction is needed for each stack comprising the CRE 
system. Since the EC and EHC stacks have especially 
high weights, it is necessary to optimize the reaction part 
diameters. By increasing the reaction part diameters and 
the amount of hydrogen produced per cell, fewer cells need 
to be stacked, which enables shortening of the total length 
of the bolts securing the stacks. However, increasing the 
reaction part diameters also increases the diameter of the 
pressure-resistant components around the outer periphery of 
the reaction part, which is a factor that increases the weight. 
Future efforts will be made to optimize the reaction part 
diameters and achieve weight reduction within constraints 
such as space in transport.

6. Conclusion

(1)	The MEA of the FC stack was designed in consideration 
of membrane changes over time due to supply of pure 
oxygen.

(2)	Materials with reliable oxidation and flame resistance 
that can be used even in a high-pressure oxygen 
environment were selected for the EC stack.

(3)	Optimization of the flow-path structures of the EHC 
stack enhanced discharge performance of stagnant water 
in the reaction part.

(4)	Valve and stack operation control were established to 
realize stable water circulation within the CRE system.

(5)	39 cycles of operation were achieved using the 
constructed CRE system, and proof of principle was 
completed.
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New Transmission Mechanism Technology Utilized 
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ABSTRACT

The researchers developed a transmission mechanism that combines one-way clutches capable of rotating in both directions 
and can change speeds by switching the connection state of the clutch.

This makes the clutch smaller and lighter than an electromagnetic clutch and makes it possible to transmit driving force 
for both forward and reverse rotation. Other features of the mechanism are that it consumes power only for switching, not for 
maintaining the rotational state, and there is no limit to the number of speed ratio levels that can be set.

When this technology is applied to motor-driven prosthetic legs, the walking speed is independent of motor performance, 
which means that the motor can be made smaller and the prosthetic leg can be made lighter due to the power savings. In addition, 
the swinging of the leg while walking can be made quieter, which expands the life possibilities for users of prosthetic legs.

1 Solution System Development Center
  E-mail: hiromi_ono@jp.honda
2 RAPID ENGINEERING CO.,LTD.

1. Development Background and Goals

1.1. Knee Joint Types and Functions
As Fig. 1 shows, there are various types of prosthetic 

legs, depending on the part of the body that is missing(1). 
Among these, a person without a natural knee joint uses 
a prosthetic leg with an artificial knee joint to replace the 
natural one.

These need to function similarly to the human knee. 
This includes supporting the weight of the body and flexing 
and extending the knee, among others. Among these, the 
role of missing muscles continues to evolve and can be 
replaced by various means.

The function introduced in this paper is primarily a 
knee joint yielding function using a damper(2). The yielding 
function is the ability to flex the knee while applying 
moderate flexion resistance. This has become a major 
function of knee joints in recent years to help prevent 
unintentional sudden buckling of the knee when body 
weight is applied to the prosthetic leg and enable the user 
to go downstairs with natural alternating steps (Fig. 2). 
Recently, knee joints have become available that use a 
motor to replace the role of the muscles and flex and extend 
the knee. Both types of knee joints in recent years use knee 
angle sensors, load sensors, gyro sensors, and other sensors 
to detect the knee’s status and operate dampers, motors, and 

other devices.
Of these, damper-type knee joints with a yielding 

function have been the mainstream in recent years, but 
motor-driven knee joints are also expected to become more 
common in future.

Fig. 1   Types of prosthetic leg

Below-knee
prosthesis 

Above-knee
prosthesis 

Hip-disarticulation
prosthesis 

Knee joint
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No. Issue
1 Power saving while walking on level ground

(battery downsizing)
2 Reduction of motor drive noise while walking on level 

ground
3 Walking cadence independent of motor performance 

(motor downsizing)

Yield
Provide flexion resistance to knee joint.

Buckling
The wearer falls down when weight is 

applied to bent knee.

Fig. 2   Yielding and buckling

(the number of steps per minute).
In this paper, to address the three issues listed in 

Table 1 and below, based on a motor-driven knee joint, the 
researchers developed not an entire prosthetic leg system 
but a transmission, which is a technical element of such a 
system.
•	 Power saving while walking on level ground (battery 

downsizing)
•	 Reduction of motor drive noise while walking on level 

ground
•	 Walking cadence while walking on level ground 

independent of motor performance (motor downsizing)

2. Goals

2.1. Ideal Behavior of Knee Joints
The greatest advantage of motor-driven knee joints is 

their potential to expand the range of the user’s mobility 
and activity, for example by enabling them to go upstairs. 
The researchers believed that this advantage could be used 
to help realize Honda’s 2030 Vision, which is to “Serve 
people worldwide with the ‘joy of expanding their life’s 
potential’(3).

When the user is going upstairs, it is necessary to 
provide force for the knee joint to extend. By contrast, 
movements such as walking on level ground do not require 
power. The researchers believed an effective way to address 
issues 1–3 in Table 1 would be to aim for behavior similar 
to that of a damper-type knee joint without providing 
power.

First, the researchers separately considered walking on 
level ground and going upstairs, based on whether there is a 
need to provide extension force to the knee joint.

For walking on level ground, as previously mentioned, 
the aim was movements like those shown in Fig. 3, which 
refers to the ease of handling of the damper-type knee joint 
and the sense of assurance with the yielding. Specifically, 
during the swing phase, the connection between the motor 
and the knee axis is cut to allow free rotation of the knee 
axis so that the user can freely handle the prosthetic leg. 
During the stance phase, the knee axis is connected to the 
motor to provide flexion resistance by yielding. The back 
drive torque of the motor is used as the flexion resistance 
at this time. As a result, the only power required when 
walking on level ground is for the switching operation, 
thereby saving power. In addition, as the knee axis is not 
connected to the motor during the swing phase, this can help 

Table 1   Issues addressed by this research1.2. Background to Development
Damper-type knee joints and motor-driven knee joints 

each have their strong points and issues.
In a damper-type knee joint, the damper provides an 

appropriate yielding function during the period when 
body weight is applied (the “stance phase”), which helps 
to prevent sudden buckling of the knee. During the period 
when no body weight is applied (the “swing phase”), the 
knee is passively flexed and extended in time with the 
swinging of the thigh. This allows the user to freely operate 
and walk, which makes the damper-type knee joint easy to 
handle. However, when the person is going upstairs, the 
knee joint does not exert force to extend the knee, so going 
upstairs with alternating steps of the two legs is not easy.

Motor-driven knee joints are driven by a motor in both 
the stance phase and swing phase. During the swing phase, 
the knee flexes and extends, which makes walking easier. 
During the stance phase, power from the motor makes it 
possible to perform movements that require power, such as 
going upstairs and standing up, which are not so easy with 
a damper-type knee joint. For that reason, the researchers 
believed that addressing the following three issues with 
motor-driven knee joints could make them easier to handle.

The first issue is that motor-driven knee joints consume 
considerable power because the knee joint is constantly 
being driven even while walking, which is how the knee 
joint is most frequently used. Therefore, the battery for 
driving the motor needs to have enough capacity for the 
frequency of use in daily life. This could increase the size 
and mass of the battery. Secondly, the motor is constantly 
driving the knee joint while walking, so there is motor drive 
noise at all times. Thirdly, the speed while walking depends 
on motor performance. This is because the speed of flexion 
and extension of swinging increases as walking speed 
increases. Another factor is that the motor needs to be larger 
to operate without being restricted by the walking cadence 
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Fig. 3   Aim of walking on level ground and going 
downstairs

prevent motor noise. Moreover, the flexion and extension 
movements are not motor driven during the swing phase, 
and thus in this concept, walking speed is not limited and 
all three of the issues listed in Table 1 can be achieved. The 
motor provides the yielding function, and thus development 
can aim for a sense of assurance and ease of handling 
equivalent to those of a damper-type knee joint.

Next, for going upstairs, the motor’s driving force is 
used for extension and flexion of the knee axis, aiming for 
movements such as those shown in Fig. 4.

Specifically, during the stance phase, the motor 
forcefully extends the knee to support the body weight. 
During the swing phase, the motor quickly flexes the knee 
to help avoid differences in level.

The speed ratio between stance and swing at this time 
was set to approximately 1:2. The reason is that, in the 
human gait, the flexion movement of the swing phase is 
about twice as fast as that of the stance phase, as shown in 
Fig. 5(4).

In addition, the knee joint needs to be capable of both 
extension and flexion movements during both the stance 
phase and swing phase.

2.2. Functional Requirements and Limiting Conditions
To achieve the goals laid out in Section 2.1., the 

following functional requirements and limiting conditions 
were set for knee joints.
(1)	Functional requirements

While walking on level ground:
During the swing phase, the transmission shall be in 

Fig. 4   Aim of going upstairs

neutral state and the user shall be able to rotate the knee 
axis freely.

During the stance phase, the knee axis shall be 
connected to the motor and the user shall be able to apply 
resistance to the knee axis. In addition, the switch from free 
rotation to yielding shall be instantaneous.

Power shall be consumed only for the switching 
operation.

When going upstairs:
It shall be possible to connect to the motor at two speed 

ratios, and the user shall be able to get assist power while 
high torque is being output during the stance phase and high 
rotation speed during the swing phase.

The knee joint shall be able to provide driving force in 
both the extension and flexion directions of the knee axis.
(2)	Limiting conditions

The device shall be small enough to fit within the 
silhouette of the knee.

As it was considered necessary technology for achieving 
the above functional requirements and limiting conditions, 
a compact transmission technology was developed that can 
instantly switch the connection state with the motor between 
neutral and two speed ratio levels in synchronization with 
the state transition between the stance phase and swing 
phase.

Fig. 5   Speed difference between stance phase and 
swing phase when going upstairs

3. Basic Structure of Transmission

3.1. Overall Structure of Transmission
The overall structure of the transmission and the names 

of the transmission’s main functional parts are shown in 
Figs. 6 and 7, respectively.

Three parts, the gear, shaft, and roller, transmit the 
power. Whether or not power is transmitted between the 
gear and shaft changes depending on whether the roller 
is engaged between the shaft and gear. The retainer holds 
the roller in position. Gears A and B each have a different 
number of teeth, etc., based on the speed ratio, but the 
structure on the inside is the same.

To switch the state of power transmission, the rod 
actuator operates, making the rod move up and down via 
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(a) Rod axial cross section (b) Gear cross section
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Enlarged location
of Fig. 9 Section location

of Fig. 10, Fig. 11
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Gap

Retainer
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Pin guide

Gear

Co-rotatingCo-rotating

Fig. 7   Structure of transmission

Fig. 9   Rod state when switching clutch from OFF to 
ON

Fig. 10   Pin state when switching clutch from OFF to 
ON

a rack-and-pinion mechanism. The rod is cam-shaped, and 
the cam moves the pin. The pin pushes the pin guide, which 
moves the retainer and changes the status of the roller.

Grease is applied inside the shaft and to the sliding parts 
of the clutch.

Figure 7(a) shows the rod in axial cross section. The 
connection state of gears A and B changes as the rod in 
the shaft slides along the shaft axis. The rod has two cam 
shapes, one with a large diameter and one with a small 
diameter. The clutch is OFF when the part with the large 
diameter is positioned in the center of gears A and B, and 
ON when the part with the small diameter is positioned 
there. Details are provided in Sections 3.2. and 3.3. The 
motor and rack-and-pinion mechanism shown in the lower 
part of Fig. 7(a) make the rod slide. The back drive torque 
of the motor holds the rod’s position.

3.2. Switching Clutch from OFF to ON
The state transition during switching is shown in Fig. 8. 

This section focuses on the change in gear B. Parts of Fig. 8 
are shown in enlarged form or in cross section in Figs. 9, 
10, and 11.

When the rod is slid downwards from the clutch OFF 
state, the state of contact between the pin and rod changes 
and a gap is created (Fig. 9). As Fig. 10 shows, when Fig. 8   Switching clutch from OFF to ON

Fig. 6   Overall structure of transmission

rotational force is applied to the gear at this time, the 
retainer rotates while the pin is pushed back by the cam of 
the pin guide. During this process, the gear and retainer co-
rotate due to friction of the grease that was applied between 
them. The roller is sandwiched between the gear and 
shaft and transmits rotational force to the shaft (Fig. 11). 
Torque is transmitted by this type of mechanism. Moreover, 
because the gear and retainer co-rotate, even if the gear 
reverses, the roller is sandwiched again, on the opposite side 
of the shaft, and rotational force is transmitted to the shaft.
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Roller

Shaft

Gear

Fig. 11   Roller state when switching clutch from OFF 
to ON

3.3. Switching Clutch from ON to OFF
When the rod is slid upwards again from the clutch 

ON state, the pin is pushed outward by the cam on the rod 
(Fig. 12). During this process, the pin pushes up the pin 
guide and the retainer and roller are fixed in place (Fig. 13). 
In that position, the gear and shaft do not come into contact 
with the roller at the same time, and thus there is idling 
(Fig. 14).

Rod

Pin

Retainer

Pin

Pin guide

Gear

Roller

Shaft

Gear

No contact

Fig. 12   Rod and pin state when switching clutch from 
ON to OFF

Fig. 13   Pin and retainer state when switching clutch 
from ON to OFF

Fig. 14   Roller state when switching clutch from ON 
to OFF

4. Operation in a Prosthetic Leg

4.1. Incorporation into a Prosthetic Leg
Figure 15 shows an example of the system structure 

when the transmission is incorporated into a prosthetic 
leg. Figure 16 shows an example of how the mechanical 
components are structured. Torque from the motor enters 
the knee joint via the transmission. The torque exerted by 
the person from the knee joint side also enters the motor 
via the transmission in the same way. In this structure, 
three sensors measure the state of the knee. A load sensor 
measures the loading and unloading of body weight. An 
IMU sensor measures the stance of the knee joint. The knee 
angle sensor measures the angle between the thigh and 
lower leg components.

4.2. Operation in a Prosthetic Leg
The transmission is made to operate in a prosthetic leg 

Transmission

ECU

Load sensor 
IMU sensor 
Knee angle sensor

Small motor

Motor

Battery

Spindle

Knee axis

Switch 

Electrical components

Mechanical components

Sensors

Fig. 15   System structure of knee joint
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(a) Swing phase: high speed (b) Stance phase: high torque

Lift weightAvoid step
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Motor Motor
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Situation Phase Transmission
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Aim
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downstairs

Swing Neutral Easy to handle
Stance High speed Yielding

Going upstairs Swing High speed Avoid steps
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Fig. 18   Transmission switching when going upstairs

(a) Swing phase: neutral

Motor

ON

Motor

Switch Knee axis

(b) Stance phase: high speed

Rotate freely

Knee axis

Generate 
braking force

Gear A
Gear B

Gear A
Gear B

OFFOFF

OFF

Fig.17   Transmission switching when walking on level 
ground or going downstairs

Table 2   Phases, modes, and their goals

Motor

Thigh 

Knee axis

Transmission

Small motor

Spindle

Knee joint

extension, enabling the user to go upstairs.
Table 2 summarizes the above transmission modes and 

their goals during the walking cycle.

4.3. Check of Operation When Used in a Prosthetic 
Leg

Log data of walking on level ground is shown in 
Fig. 19. A force sensor and IMU sensor mounted on the 
prosthetic leg are used to determine whether the knee joint 
is in the stance phase or swing phase. During the stance 
phase, the rod position switches to the high torque mode 
before load is applied, which enables the resistance of the 
motor to help prevent buckling of the knee. In the swing 
phase, moreover, the transmission switches to neutral before 
the knee angle increases. It was confirmed that, as a result, 

Fig. 16   Mechanical system structure of knee joint 
without electrical parts

as shown in Figs. 17 and 18.
For the swing phase of walking on level ground, both 

gears are set to neutral, as shown in Fig. 17(a). This is the 
clutch OFF state for both gear A and gear B. Free flexion 
and extension movements, due to the swinging of the user’s 
thigh, are possible.

For the stance phase, gear A is set to clutch OFF and 
gear B (the high rotation gear) is set to clutch ON, as shown 
in Fig. 17(b). The rotation of the knee joint is transmitted 
to the motor, and proper yielding is made to function by 
utilizing the back drive torque of the motor. This can help 
to prevent unintentional sudden buckling of the knee during 
the stance phase and give a sense of assurance to the user.

Next, this section discusses going upstairs. During the 
stance phase, high torque is required to support the user’s 
body weight, but the rotational speed is slow. However, 
flexion and extension during the swing phase require only 
below-knee inertial force, which means that the high torque 
is not necessary, but a high rotational speed is required. The 
transmission mechanism with two gear ratios effectively 
addresses these conflicting requirements.

For the swing phase, the clutch for gear B (the high 
rotation gear) is set to ON and the clutch for gear A is set to 
OFF, as shown in Fig. 18(a). Using the motor to flex and 
extend the knee joint at high speed enables the user to step 
onto the next step without touching the staircase risers.

For the stance phase, the clutch for gear A (the high-
torque gear) is set to ON and the clutch for gear B is set to 
OFF, as shown in Fig. 18(b). The output of the motor is 
transmitted to the knee joint with high torque to assist knee 
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Fig. 19   Log data of walking on level ground

the knee angle can be flexed quickly without interference 
from the motor’s resistance.

Log data of going upstairs is shown in Fig. 20. While the 
user is going upstairs, the force sensor determines whether 
body weight is being applied to the prosthetic leg, and based 
on that, switches between the stance phase and the swing 
phase. The numbers for load (shown in light blue) show how 
load changes with body weight. They show that when no 
body weight is applied, the rod position switches from the 
stance phase to the swing phase, and when body weight is 
applied, it switches from the swing phase to the stance phase.

4.4. Summary of Issues, Countermeasures, and 
Results for Motor-Driven Knee Joints

Table 3 summarizes countermeasures and results for 
the three issues previously listed in Table 1.

Regarding the first issue, power saving while walking 
on level ground (which accounts for much of the time the 
prosthetic leg is in use) and downsizing the battery, the 
transmission lowered power consumption by going into a 
neutral state during the swing phase. Even yielding using 
the back drive torque of the motor during the stance phase 
does not consume power. As power is consumed only 
during switching and only to move the rod up and down, 
the capacity of the onboard battery can be reduced. Another 
advantage is that this transmission does not consume power 
to maintain either state, as friction-type clutches do.

Regarding the second issue, reducing motor drive noise 

while walking on level ground, when this transmission is 
used, no noise is generated because there is no connection 
with the motor during the swing phase. During the stance 
phase, noise is generated because of the connection to the 
motor in situations where yielding is used. However, when 
walking on level ground, yielding is only used when the 
user starts to fall and the knee buckles, and basically there is 
no noise during the stance phase as well. During switching, 
the small motor used for switching makes very little noise, 
about the same as other electronically controlled knee 
joints. The above indicates that a structure and control have 
been realized that do not generate operating noise when 
walking on level ground.

The third issue is that the walking speed should be 
independent of motor performance. This is so that the 
neutral function of the transmission will allow it to be 
moved by the user’s stump (the part of the thigh remaining 
after amputation), like a damper-type knee joint. 

During the swing
phase while
walking on level
ground, do not
perform extension
and flexion by the
motor, only switch
the state of the
knee joint.

CountermeasureNo. Issue Result
1 Power saving while

walking on level
ground (battery
downsizing)

Power consumption only for
switching, except for activities
that require power (e.g. going
upstairs)

2 Reduction of motor
drive noise while
walking on level
ground

No motor noise except for
activities that require power (e.g.
going upstairs)

3 Walking speed
independent of motor
performance (motor
downsizing)

Walking speed independent of
motor performance because knees
are not moved by motors during
walking

Table 3   Issues addressed, countermeasures, and 
results of this research
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Fig. 20   Log data of going upstairs
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Electromagnetic clutch typeRoller friction
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In addition to addressing the three issues above, the 
following functions can be added when applying this 
technology to prosthetic legs.
•	 The prosthetic leg is easy to handle, with ability to walk 

freely on level ground.
By setting the roller clutch connection state in both gears 

to neutral, the lower leg can be swung out by the user’s 
thigh. The user can walk freely without any restrictions on 
walking speed or cadence. 
•	 The ability to provide bidirectional rotary drive 

encourages a sense of assurance for the user.
Because rotary driving force can be transmitted in both 

directions, it is possible to drive in opposite directions, 
such as flexion and extension, without switching. This 
encourages a sense of assurance for the user. The reason is 
that the knee joint can continue to support the body weight 
without fear that the clutch will disengage, even if the 
rotation unexpectedly goes the opposite direction.
•	 It is possible to switch between multiple reduction ratios.

The knee joint can have multiple reduction ratios, and 
different output characteristics can be achieved with a 
single motor, so that the knee joint can provide optimal 
characteristics during the stance and swing phases. Finding 
points for greater efficiency, and adjusting the amount of 
current are expected to contribute to the downsizing of 
motors and batteries.

4.5. Advantages over Electromagnetic Clutches
Table 4 lays out the characteristics of compactness and 

light weight that the new technology achieved compared 
to electromagnetic clutches. The results suggest that the 
technology could be effectively used not only for prosthetic 
legs but also for other products.

5. Conclusion

This development started with the goal of developing 
elemental technology to take advantage of the merits 
of motorized knee joints, and a prototype knee joint 
incorporating a new transmission mechanism was confirmed. 

When the user is walking on level ground, the motor 
is not connected during the swing phase, but rather is 
connected during the stance phase. Power is saved because 
power is only consumed for switching. In addition, during 
the swing phase, there is no connection with the motor, 
which enables walking with less noise. Moreover, the 
mechanism can be disconnected from the motor and moved 

by the thigh, making it possible to walk without depending 
on motor performance.

During the stance phase, yielding functions similarly to 
a damper-type knee joint, enabling the user to walk with a 
sense of assurance.

Also, when going upstairs, the speed ratio can be 
switched according to the characteristics required for the 
stance phase and swing phase, which helps to make the 
motor smaller.

This transmission has many merits compared to 
electromagnetic clutches, including a compact and 
lightweight mechanism that can transmit torque, the ability 
to provide bidirectional rotary drive, no limit to the number 
of speed ratios, and no power consumption to maintain the 
state during torque transmission. As such, it is an effective 
means for achieving the objectives of a knee joint in a 
prosthetic leg. 

As the features of this technology are expected to 
function effectively in other devices, the researchers hope it 
will be used in devices that can take advantage of its unique 
merits.
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efforts are underway to develop fuel compositions suited 
to gasoline engines in order to achieve carbon neutrality in 
automotive internal combustion engines(4), (5) and to research 
synthetic fuels derived from renewable electric power 
(Erneuerbarer strom - fuel: e-fuel) that assume drop-in 
enabling use of existing infrastructure as is(6).

Combustion concepts using lean-burn combustion(7), (8) 
and massive exhaust gas recirculation (EGR)(9) in spark 
ignition (SI) gasoline engines are being studied for the 
purpose of enhancing thermal efficiency. These combustion 
concepts add extra air and EGR gas to the air-fuel mixture 
to reduce pumping loss and heat loss. On the other hand, 
efforts are being made to enhance the in-cylinder flow 
by measures such as optimizing the intake port shape to 
compensate for the decrease in the combustion rate due 
to a lean or diluted air-fuel mixture(10). Such a method, 
however, may lead to lower power due to increased intake 
resistance in the mid-to-high engine speed range. Research 
and development of intake switching devices is underway 
to address this issue with the aim of achieving both a higher 

1. Introduction

Social attention is increasingly focused on environmental 
issues such as global warming due to carbon dioxide (CO2) 
emitted by human economic activities. In FY2022, CO2 
emissions from Japan’s transportation sector accounted 
for approximately 18.5% of the country’s total, and of that 
passenger cars accounted for approximately 44.9%(1). To 
reduce CO2 emissions from passenger cars, measures such as 
banning the sale of internal combustion engines and shifting 
to electrification using batteries or fuel cells as power units 
are progressing on a global scale. However, batteries require 
rare metals such as cobalt, the stable supply of which is 
thought to be an issue due to limited areas for extraction 
and ore production(2). Furthermore, life-cycle assessments 
that take into account CO2 emissions produced by battery 
manufacturing and thermal power generation and other 
factors suggest that CO2 emissions from battery electric 
vehicles may be higher than those of vehicles equipped with 
gasoline engines in some cases(3). Given that background, 
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Method Using Time Filtering with High-speed PIV 

and Application to Hybrid Engine Development
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A time filtering method was constructed as a means of decomposing the turbulent component that contributes to promoting 
engine combustion. This time filtering method used the frequency at which the frequency characteristic of the in-cylinder flow 
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utilizing the high time resolution of high-speed particle 
image velocimetry (PIV), which is capable of measuring at 
high speeds, as a new turbulent component decomposition 
method(20). Figure 1 shows the velocity u and the frequency 
characteristic of the in-cylinder flow from the intake stroke 
to the compression stroke. (Refer to Fig. 6 hereafter for 
the velocity direction.) The velocity of an arbitrary cycle 
fluctuates relative to the cycle-averaged velocity, and the 
conventional cycle average method treated this fluctuation 
as the turbulent component. The time filtering method 
obtains the frequency characteristic by the discrete Fourier 
transform every cycle, defines the frequency at which 
the slope of the cycle-averaged characteristic changes 
as the cut-off frequency fc_slope, and then decomposes the 
component with a higher frequency than fc_slope as the 
turbulent component. Here, û and v̂ are the discrete Fourier 
coefficients of the u and v velocity components. Figure 
2 compares the turbulent kinetic energy k obtained by the 
cycle average method and the time filtering method. This 
shows that the turbulent kinetic energy kc with the cycle 
average method is overestimated overall compared to the 
turbulent kinetic energy kf with the time filtering method. 
In particular, the turbulent kinetic energy in the latter half 
of the compression stroke directly affects combustion, 
so the combustion characteristics may be overestimated. 
From the above, the time filtering method is characterized 
by treating the frequency component higher than the cut-
off frequency as the turbulent component, so it does not 
include the cycle variation of the mean flow component 
(low-frequency component), which is thought to not 
contribute to promoting combustion, in the turbulent 
component.

The object of this study is to construct a turbulent 
analysis method that can be applied to engine in-cylinder 
flow. First, the effect of the time resolution needed for 
the time filtering method was confirmed, and the cut-
off frequency setting for decomposing the mean flow 
component and the turbulent component was investigated. 
Next, the time filtering method was applied to a tumble 

Fig. 1   Velocity and frequency characteristic of in-cylinder flow

tumble ratio and lower intake resistance according to the 
engine operating conditions(11), (12).

2. Turbulent Component Decomposition 
Method

2.1. Issues with Conventional Methods
Turbulent enhancement is effective for promoting 

flame propagation combustion in SI gasoline engines, and 
the cycle average method has conventionally been used to 
evaluate turbulence in engine cylinders. The cycle average 
method defines the difference between the cycle-averaged 
velocity and the instantaneous velocity as the turbulent 
component(13)-(15). It has been pointed out, however, that this 
method also includes the relatively low-frequency cycle-
by-cycle fluctuation of the mean flow component in the 
turbulent component, so it may overestimate the turbulence. 
Studies have attempted decomposition using a time filter as 
another decomposition method. This method used a steady-
state time-averaging method to decompose the mean flow 
component and the turbulent component every cycle based 
on the velocity near the compression stroke top dead center 
(TDC). It was assumed that the gas flow can be regarded 
as a steady flow for a short duration in each cycle near the 
compression stroke TDC, but a clear physical definition 
of the averaged time considered to be steady flow is not 
given(16), (17). It was also proposed to use the frequency at 
which the integrated power spectrum of the cycle-averaged 
velocity was 90% or more as the cut-off frequency, however 
the cut-off frequency was considered arbitrary(18), (19). In this 
way, various methods have been proposed for turbulent 
component decomposition, but ambiguity remains in the 
cut-off frequency setting. Therefore, for example, when 
designing an intake port using the measured turbulent 
intensity as the criteria, it may be necessary to rework the 
design because the turbulence is overestimated.

2.2. Time Filtering Method
The authors have proposed a time filtering method 
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control valve (TCV), which is an intake switching device, 
and the reliability of the turbulent analysis method 
was verified from the correlation between the obtained 
turbulence and the combustion characteristics. Finally, the 
time filtering method was implemented in a commercial 
PIV auto analysis tool, and the concept of in-cylinder flow 
enhancement in a hybrid engine was verified. This paper 
reports these details.

made by SUZUKIYUSHI INDUSTRIAL CORPORATION) 
with an average particle diameter of 3 μm was used as the 
tracer and was supplied into the engine from the intake 
chamber located immediately after the throttle. The air 
pressure of the tracer supply device was adjusted to achieve 
a tracer particle concentration that enabled imaging of a few 
particles in the 16 × 16 pixel inspection area for the PIV 
analysis described hereafter.

Figure 4 shows the crank angle range over which 
measurement was performed. The intake valve lift curve, 

Fig. 2   Comparison of turbulent kinetic energy obtained 
by time filtering method and cycle average 
method

3. Construction of Time Filtering Method

3.1. Experimental Technique
3.1.1. Engine specifications

Table 1 shows the main engine specifications, and 
Fig. 3 shows the appearance of the engine. The engine is an 
optical full-stroke single-cylinder engine made by Koyama 
Garage Co., Ltd. It has a bore diameter of 73 mm and a 
stroke of 89.4 mm and is equipped with two intake and two 
exhaust valves. A quartz sleeve is installed between the 
cylinder head and the cylinder block, providing a side view 
of the inside of the cylinder from the intake stroke to the 
compression stroke. The top shape of the extended piston 
can be changed by parts replacement. For optical access 
from below the piston, it can be changed to a flat shape 
with a quartz window that provides a view via a 45-degree 
mirror installed below the extended piston.

3.1.2. Experimental setup
The PIV used for velocity measurement uses a laser or 

other light source to illuminate tracer particles mixed into 
the airstream and obtains the velocity from the amount of 
particle movement in the images captured by a camera. A 
high-repetition double-pulse Nd:YAG laser (LDP-50MQG 
made by Lee Laser, Inc.) was used as the light source, and 
the wavelength of the laser beam was 532 nm. A high-speed 
CMOS camera (APX-RS made by PHOTRON LIMITED) 
was used to capture particle images. SiO2 (Godd Ball B-6C 

Table 1   Engine specifications

Fig. 3   Appearance of optical single-cylinder engine

Fig. 4   Measurement range of in-cylinder flow
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in-cylinder pressure Pcyl, and the intake manifold pressure 
Pintake are added to the figure for reference. The measured 
crank angle was from the intake stroke TDC crank angle 
θ = 360 deg. BTDC to the compression stroke TDC crank 
angle θ = 0 deg. BTDC, and this was measured for multiple 
cycles. The obtained particle images were analyzed using 
the commercial PIV analysis software Koncerto ver1.0 
made by Seika Digital Image CORPORATION. The 
analysis algorithm used the recursive FFT cross-correlation 
method, and the inspection area was varied in three steps 
from 64 × 64 pixels to 16 × 16 pixels, with overlap of 50%. 
Three test conditions were used: Ne = 700 rpm, 1500 rpm, 
and 2000 rpm, all at wide open throttle (WOT).

3.2. Examination of Cut-off Frequency Setting Method
In this section, the time resolution needed for the time 

filtering method is clarified, and the method for setting the 
cut-off frequency and its physical meaning are examined.

Figure 5 shows the layout of the PIV system used in 
the test, and Fig. 6 shows the measurement region and 

analysis area. The laser beam was stretched into a 0.5 mm 
thick sheet by cylindrical lenses, and then irradiated 
from the side of the engine into the cylinder through a 
transparent sleeve. The measurement position was the 
bore center. Imaging was performed with a frame speed 
of 20 kilo frame per second (kfps), an imaging range 
of horizontal 40 mm × vertical 18 mm, and a spatial 
resolution of 0.077 mm/pixel (512 × 256 pixel) . In 
addition, a horizontal 36 mm × vertical 6 mm range at the 
top of the cylinder was used as the analysis area to enable 
turbulent analysis up to the vicinity of the compression 
stroke TDC.

3.2.1. Comparison of time filtering method and cycle 
average method

Figure 7 compares the cycle-averaged velocity 
distribution and instantaneous velocity distribution using 
the in-cylinder flow at θ = 300.1 deg. BTDC in the early 
stage of the intake stroke as an example. This showed 
that the instantaneous velocity distribution and the tumble 
vortex center (red dot) differed in each of the arbitrary six 
cycles shown in Fig. 7(b). In addition, the cycle-averaged 
velocity distribution shown in Fig. 7(a) also differed from 
the velocity distribution in any cycle.

Fig . 8(a ) shows the d i f fe rence in the energy 
decomposed by the time filtering method and the cycle 
average method. The energy E on the vertical axis is the 
mean square value of the u and v velocity components at 
the analysis point. The time filtering method obtained the 
frequency characteristic by the discrete Fourier transform 
every cycle, and the cycle-averaged values were indicated 
in blue. The frequency fc_slope at which the slope changes 

Fig. 5   Layout of PIV system for construction of 
turbulent analysis method

Fig. 6   Measurement region and analysis area for 
construction of turbulent analysis method
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Fig. 7   Comparison of cycle-averaged in-cylinder flow and instantaneous in-cylinder flow for 6 cycles in 
measurement region, Ne = 1500 rpm WOT at θ = 300.1 deg. BTDC

was 360 Hz, and the frequency band higher than that was 
the turbulent component (blue painted area). This turbulent 
component corresponds to the mean square value of the 
mean flow and instantaneous velocity difference shown in 
Fig. 8(b). The frequency characteristic of the cycle average 
method was obtained by the discrete Fourier transform from 
the cycle-averaged velocity and was indicated by the solid 
red line in Fig. 8(a). The turbulent component of the cycle 
average method was the red painted area surrounded by the 
spectra of the time filtering method and the cycle average 

method, and the area surrounded by the black dotted line 
was overestimated compared to the time filtering method. 
This overestimated area is the mean square value of the 
velocity difference between the time filtering method and 
the cycle average method in Fig. 8(b); that is to say, the 
cycle variation of the mean flow component.

3.2.2. Effect of time resolution
The time resolution is thought to be important with the 

time filtering method, so it was analyzed. Figure 9 shows 

Fig. 8   Comparison of energy obtained by time filtering method and cycle average method at analysis point, 
Ne = 1500 rpm WOT
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Fig. 11   Relationship between cut-off frequency at 
changed slope of in-cylinder flow frequency 
characteristic fc_slope and cut-off frequency 
obtained from autocorrelation fc_θ270

Fig. 9   Effect of time resolution on cycle-averaged 
in-cylinder energy spectrum at analysis point, 
Ne = 1500 rpm WOT

Fig. 10   Comparison of spatial-averaged integral time 
scale of in-cylinder flow, τu, τv in analysis 
area and time scale of piston speed, τp. Test 
condition is Ne = 1500 rpm WOT.

the effect of time resolution on the energy spectrum Eu of 
the u velocity component at the analysis point. The time 
resolution was artificially reduced by thinning of the same 
measurement data in the crank angle direction. When the 
time resolution was between around 10 to 2.5 kHz, this 
did not produce a noticeably large effect on the frequency 
where the slope changes. The discrete Fourier transform is 
performed in this analysis, so when a lower time resolution 
is used, frequencies that differ by an integer multiple of 
the Nyquist frequency fN that is half-frequency of the 
true spectrum and the time resolution are viewed as the 
same due to aliasing. That is to say, the spectra for each fN 
interval overlap the true spectrum, resulting in deviation due 
to discretization(21). In this flow field, even when the time 
resolution is lowered from 10 kHz to 5 kHz, the reduction 
in energy of 360 Hz or more is approximately 5%, so the 
effect of aliasing on fc_slope is thought to be small, assuming a 
time resolution of around 5 kHz.

3.2.3. Cut-off frequency setting method
In this section, the integral time scale of in-cylinder flow 

τ, the physical meaning of fc_slope, and the cut-off frequency 
setting are examined.

Figure 10 compares the spatial-averaged integral 
time scale of in-cylinder flow in the analysis area and the 
characteristic time of the piston speed τp. τu was obtained by 
using Eq. (1) to calculate the autocorrelation coefficient Ruu 
from the instantaneous velocity u, and then integrating with 
Eq. (2) until the autocorrelation coefficient Ruu was 0(22). The 
integral time scale of in-cylinder flow τv of the v velocity 
component was also calculated in the same manner.

u(θ )u(θ + ∆θ ) 
1

u(θ )2Ruu (∆θ ) = 	 (1)

τu = Ruu (∆θ)	 (2)

τp was defined as the value obtained by dividing the height 
of the combustion chamber hp from the top of the pent-
roof combustion chamber to the piston top at bore center 
by the instantaneous piston speed up. hp at the TDC was 
15 mm. Thus, on the integral time scale of in-cylinder 
flow, particularly the change in τv relative to the crank 
angle exhibited tendencies close to τp. In this relationship, 
the integral time scale of in-cylinder flow is thought to 
correspond to the relatively large-scale in-cylinder flow 
induced by the combustion chamber and intake port shapes 
and the piston speed. The average of τu and τv at θ = 270 
deg. BTDC, which is in the middle of the intake stroke, is 
used as the integral time scale of in-cylinder flow τ, and its 
inverse fc_θ = 270 and fc_slope are compared in Fig. 11. The data 
of Chapter 4 is also plotted in the figure. As a result, the 
correlation coefficient between fc_θ = 270 and fc_slope was 0.936 
in Chapter 3, and 0.918 overall with the Chapter 4 data 
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added, indicating a high correlation.
From the above, the frequency fc_slope at which the 

slope of the frequency characteristic of the in-cylinder 
flow changes is thought to be correlated with the integral 
time scale of the in-cylinder flow τ and corresponds to 
the relatively large-scale in-cylinder flow induced by the 
combustion chamber and intake port shapes and the piston 
speed. In addition, the cut-off frequency can be uniquely 
determined using the inverse of integral time scale of in-
cylinder flow, fc_θ270 as the cut-off frequency. Unless stated 
otherwise, fc_θ270 is used as the cut-off frequency fc hereafter.

4. Verification of Reliability of Time Filtering 
Method

In this chapter, the time filtering method was applied 
to the intake switching device, TCV, and the reliability 
of the t ime fi l tering method, which is a turbulent 
component decomposition method, was verified based on 
the correlation between the obtained turbulence and the 
combustion characteristics.

Table 2 shows the TCV specifications, and Fig. 12 
shows the schematic diagram. When the lower passage of 
the tumble plate is closed by a flap, air flows through the 
upper passage of the tumble plate, so this specification is 
called upper flow and is noted as UF. Conversely, when the 
upper passage of the tumble plate is closed by a flap, air 
flows through the lower passage of the tumble plate, so this 
specification is called lower flow and is noted as LF. The 
longer the length of the tumble plate LPlate, the closer the tip 
position of the tumble plate to the intake valve stem, and the 
flow into the combustion chamber is thought to have higher 
directivity. Therefore, the distance GPlate from the tip of the 
tumble plate to the intake valve stem is used as the tumble 
plate parameter, and the three specifications of 2 mm, 
25 mm, and 50 mm are provided. The flap and tumble plate 
specifications are noted together hereafter. For example, the 
case of upper flow and GPlate = 2 mm is noted as UF 2 mm.

Figure 13 shows the measurement region and the 
analysis area. The laser sheet beam was reflected upward 
by the 45-degree mirror and irradiated from the underside 
of the engine through the piston window and into the 
combustion chamber. The measurement position was the 
bore center, and the measurement range was a horizontal 
46.6 mm × vertical 24 mm region in the combustion 
chamber. In order to analyze turbulence from ignition by 
the spark plug to the early stages of combustion, the spark 
plug was removed and a dummy plug without the outer 
and center electrodes was installed. The ignition point of 
the spark plug was hidden by the intake valve in the intake 
stroke, so a position offset 4.6 mm to the exhaust side 
(analysis point) was used for the analysis. In addition, when 
performing spatial averaging, the target was the horizontal 
8 mm × vertical 4 mm range (analysis area) where intake 
valve lift did not affect the analysis results. The test 
condition was Ne = 1500 rpm WOT.

Table 2   Specifications of tumble control valve

Fig. 12   Schematic diagram of tumble control valve

4.1. Turbulent analysis of TCV
Figure 14 shows the spatial distributions of the mean 

flow component and the turbulent kinetic energy kf for the 
cases without TCV, TCV UF 2 mm (upper flow), and TCV 
LF 2 mm (lower flow). The cut-off frequency fc was 267 
Hz, 219 Hz and 470 Hz, respectively. The turbulent kinetic 
energy kf was obtained by Eq. (3).

kf = 
1
2 (u'f 2 + v'f 2)	 (3)

Fig. 13   Measurement region and analysis area for 
turbulent analysis with tumble control valve
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Here, u'f and v'f are the turbulent velocity components 
decomposed by the time filtering method. As shown, the 
mean flow velocity of TCV UF 2 mm was faster than 
without TCV, and the vortex center was near the center 
of the combustion chamber. The mean flow velocity of 
TCV LF 2 mm indicated almost the same values as without 
TCV, and there was also no significant difference in the 
distribution. The kf of TCV UF 2 mm indicated higher 
values than without TCV, and the kf near the center of the 
combustion chamber where the vortex center of the tumble 
flow was located indicated particularly high values. On 
the other hand, the kf of TCV LF 2 mm indicated almost 
the same values as without TCV, and there was also no 
difference in the distribution. The reason for this is that, 
as shown in the schematic diagram in Fig. 14, the flow 
into the cylinder from the lower side of the intake port is 
directed to the exhaust side by the intake valve and does not 
contribute to enhancing the tumble flow.

4.2. Estimation of turbulent flame structure
The flame structure with a TCV mounted was estimated 

from the turbulent premixed combustion diagram(23). 
Figure 15 shows the results at θ = 0.4 deg. BTDC, which 

is near the compression stroke TDC. The turbulent intensity 
u' on the vertical axis used the square root of the turbulent 
kinetic energy kf measured in monitoring with the optical 
engine. The laminar burning velocity SL was obtained by 

Fig. 15   Effect of enhancement of in-cylinder flow by 
TCV in analysis area, Ne = 1500 rpm WOT 
at θ = 0.4 deg. BTDC

Fig. 14   Distribution of mean flow velocity and turbulent kinetic energy kf obtained by time filtering method, 
Ne = 1500 rpm WOT in without TCV, upper flow 2 mm and lower flow 2 mm
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Fig. 16   Relationship between combustion duration on 
metal single-cylinder engine and turbulent 
kinetic energy, kf obtained by time filtering 
method at ignition timing on optical single-
cylinder engine, Ne = 1500 rpm IMEP.H = 
1000 kPa

elementary reaction calculations, assuming that the physical 
properties of the fluid were an air-fuel mixture with an 
equivalent ratio of φ = 1.0 and an EGR ratio of 0%(24). The 
fuel composition was surrogate gasoline (primary reference 
fuel: PRF), and the conditions were in-cylinder pressure 
Pcyl = 1270 kPa and in-cylinder gas temperature Tcyl = 532 K. 
The turbulent integral length scale l and the flame thickness 
lF on the horizontal axis were respectively obtained by Eq. (4) 
and Eq. (5).

l = u' × τl	 (4)

lF = νF ⁄ SL	 (5)

Here, τl is the integral time scale of the turbulent intensity 
u', νF was the dynamic viscosity coefficient of the air-fuel 
mixture, and the fuel composition was obtained by the 
physical property estimation method(25).

As shown, the flame structures of without TCV and 
TCV UF 2 mm were both classified as corrugated flamelets. 
The u' and l of TCV UF 2 mm were larger than without 
TCV, so it was plotted slightly to the upper right of without 
TCV. In the corrugated flamelets region, wrinkles form on 
the flame surface, but turbulence is thought to not affect 
the internal structure of the flame, and the wrinkles on the 
flame surface are more pronounced than in the wrinkled 
flamelets region(26). That is to say, turbulence is enhanced 
and the increase in the flame surface area is expected to 
promote combustion. In anticipation of further enhancement 
of combustion efficiency, the turbulent flame structures 
were also calculated for lean burn and massive EGR. When 
the air-fuel mixture was diluted from an equivalent ratio 
of φ = 1.0 to φ = 0.5, SL decreased from approximately 
42.4 cm/s to 11.5 cm/s, and the flame structure changed 
to the thin reaction zones. When the EGR ratio increased 
to 35% at φ = 1.0, SL decreased to 0.35 cm/s and the flame 
structure shifted to the broken reaction zones. These flame 
structures are thought to have local flame quenching due 
to turbulence. That is to say, in the case of these flame 
structures, combustion may not be promoted simply by 
enhancing the in-cylinder flow. Additional measures are 
therefore needed, such as enhancement of ignitability by 
suppressing cycle fluctuation of the mean flow around the 
spark plug, etc.

4.3. Relationship between turbulence and combustion 
characteristics

The effect of the TCV on combustion was confirmed 
using a metal single-cylinder engine with the same 
specifications (hereafter, metal engine). Figure 16 shows 
the relationship between the turbulent kinetic energy kf 
obtained in monitoring with the optical engine and the 
combustion duration obtained in metal engine firing. The 
load of the metal engine was the indicated mean effective 
pressure high-loop (IMEP.H) from the compression stroke 
to the expansion stroke, and was 1000 kPa. The duration 
from ignition to a mass fraction burnt (MFB) of 10% was 
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defined as the early combustion duration θig-MFB10, and kf 
used the value at the ignition timing θig. As shown, when kf 
increased by the TCV, θig-MFB10 decreased accordingly. 
The most effective TCV specifications compared to without 
TCV were UF 2 mm and UF 25 mm. In contrast, the LF 
2 mm specification increased θig-MFB10. The correlation 
coefficient between the turbulent kinetic energy kf and θig-
MFB10 was 0.875, and the kf obtained by the time filtering 
method exhibited correlation with combustion, which 
confirmed the reliability of the turbulent analysis method.

5. Application to Hybrid Engine Development

5.1. Standardization of Analysis Tools
To enhance ease of use, the constructed time filtering 

method was implemented as an in-cylinder flow analysis 
function in the commercial PIV auto analysis tool FtrPIV-
Cruise made by Flowtech Research Inc. This tool features 
the ability to perform a series of processes such as PIV 
measurement setup, PIV analysis, statistical processing 
(turbulent analysis, etc.), and report creation using the same 
tool(27). A function was added to automatically perform 
turbulent analysis and create reports in web browser format 
simply by selecting the time filtering method using the 
graphical user interface (GUI). Simple setup and automation 
with a GUI allow shortening of the work time needed for 
turbulent analysis and report creation by approximately 
30%, which enables timely feedback of verification results 
to engine development.

5.2. Verification of In-cylinder Flow Enhancement 
Concept

The engine specification is an inline 4-cylinder direct 
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injection engine with displacement of 2.0 L for a 2-motor 
hybrid. In order to achieve class-leading fuel efficiency, this 
engine has a compression ratio of 13.9 and is equipped with 
a cooled EGR system. To achieve quick combustion, the 
tumble flow is enhanced by the intake port, and a bowl-in 
piston is adopted that smoothly converts the tumble flow to 
an upward flow by the piston(28).

The intake port and piston shapes were examined 
using computational fluid dynamics (CFD) to enhance 
the in-cylinder flow. In order to verify this in-cylinder 
flow enhancement concept, the in-cylinder flow with 
early development and in-cylinder flow enhancement 
specifications were analyzed by PIV. Measurement was 
performed for 60 cycles at Ne = 2000 rpm WOT with a 
time resolution of 3 deg. BTDC (frame speed 8 kfps). CFD 
analysis used the commercial software VECTIS made by 
Ricardo Software, and the standard k-ε model was applied 
to the turbulence model. Figure 17 compares the cycle-
averaged in-cylinder flow between the early development 
and in-cylinder flow enhancement specifications. The 
velocity of the in-cylinder flow enhancement specification 
obtained by PIV at θ = 180 deg. BTDC was higher than 
that of the early development specification, and the intake 
flow from the intake port was smoothly converted to an 
upward flow. Even at θ = 30 deg. BTDC in the latter half of 
the compression stroke, the velocity of the in-cylinder flow 
enhancement specification obtained by PIV was fast, and 
these tendencies were similar to the CFD analysis results.

Figure 18 compares the turbulent kinetic energy kf 
with early development and in-cylinder flow enhancement 
specifications obtained by PIV. Compared to the early 
development specification, the kf with the in-cylinder 
flow enhancement specification indicated a large value 

Fig. 18   Comparison of turbulent kinetic energy kf with 
early development and in-cylinder flow 
enhancement specification obtained by PIV, 
Ne = 2000 rpm WOT

Fig. 17   Comparison of in-cylinder flow with early development and in-cylinder flow enhancement specification 
obtained by PIV and CFD, Ne = 2000 rpm WOT
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from θ = 60 deg. BTDC onward. In the kf distribution 
at θ = 30 deg. BTDC, the kf with the in-cylinder flow 
enhancement specification tended to be higher than that 
with the early development specification near the center of 
the combustion chamber.

Figure 19 compares the turbulent kinetic energy 
kf with the time filtering method and the cycle average 
method. With the time filtering method, changing from 
the early development specification to the in-cylinder flow 
enhancement specification increased kf by approximately 
21.9%. However, this increase was 24.9% with the cycle 
average method, so the cycle average method estimated kf 
approximately 3% larger.

inverse of the integral time scale of in-cylinder flow as 
the cut-off frequency.

(3)	The time filtering method was used to analyze the 
turbulent characteristics of a tumble control valve, 
which is an intake switching device. The results 
confirmed that the flame structure was classified as 
corrugated flamelets, and combustion promoting 
effects can be obtained by turbulence. There was high 
correlation between the turbulent kinetic energy and the 
metal engine combustion duration, which confirmed the 
reliability of the turbulent analysis method.

(4)	The time filtering method was implemented in a 
commercial PIV auto analysis tool, and the analysis 
tool was standardized to enhance ease of use. This tool 
was then applied to hybrid engine development and 
verified the concept of in-cylinder flow enhancement for 
realizing quick combustion.
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6. Conclusion

A time filtering method that makes use of high time 
resolution by high-speed PIV was proposed as a new 
turbulent component decomposition method, and application 
to engine in-cylinder flow was examined. In addition, the 
time filtering method was implemented in a commercial 
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UF	 Upper Flow
WOT	 Wide Open Throttle
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inverse of integral time scale of the in-cylinder 
flow at crank angle 270 deg. BTDC [Hz]

fN	 Nyquist frequency which is half frequency of time 
resolution [Hz]

GPlate	 Gap from tip of tumble plate to intake valve stem 
[mm]

hp	 Height of combustion chamber from top of pent-
roof to piston surface top at bore center [mm]

k	 Turbulent kinetic energy [m2/s2]
	 (Subscripts f: time filtering method, c: cycle 

average method)
l	 Turbulent integral length scale [mm]
lF	 Flame thickness [mm]
LPlate	 Length of tumble plate [mm]
Ne	 Engine speed [rpm]
Pcyl	 In-cylinder pressure [kPa]
Pintake	 Intake manifold pressure [kPa]
Ruu	 Auto corre la t ion coeff ic ient of u ve loci ty 

component
SL	 Laminar burning velocity [m/s]
Tcyl	 In-cylinder gas temperature [K]
u	 Instantaneous velocity component in x direction [m/s]
u'	 Turbulent intensity [m/s]
u'f	 Turbulent velocity component in x direction 

decomposed by time filtering method [m/s]
up	 Instantaneous piston speed [m/s]
v	 Instantaneous velocity component in y direction [m/s]
v'f	 Turbulent velocity component in y direction 

decomposed by time filtering method [m/s]
x	 Coordinate to bore direction [mm]
y	 Coordinate to stroke direction [mm]
θ	 Crank angle [deg.]
θig	 Ignition timing [deg. BTDC]
νF	 Dynamic viscosity of mixture [m2/s]
τ	 Integral time scale of in-cylinder flow [ms]
	 (Subscripts u: x direction, v: y direction)
τl	 Turbulent integral time scale [ms]
τp	 Characteristic time of piston speed [ms]
φ	 Equivalent ratio [-]

List of Abbreviations

BDC	 Bottom Dead Center
CFD	 Computational Fluid Dynamics
e-fuel	 Erneuerbarer strom - fuel
EGR	 Exhaust Gas Recirculation
fps	 frame per second
GUI	 Graphical User Interface
IMEP.H	 Indicated Mean Effective Pressure High-loop
MFB	 Mass Fraction Burnt
LF	 Lower Flow
PIV	 Particle Image Velocimetry
PRF	 Primary Reference Fuel
SI	 Spark Ignition
TCV	 Tumble Control Valve
TDC	 Top Dead Center (Before TDC: BTDC)
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1. Introduction

In order to control global warming, under a scenario in 
which increases in temperature caused by climate change 
are kept below 1.5ºC, it will be necessary(1) to reduce 
emissions of the greenhouse gas CO2 by at least 45% from 
2010 levels by 2030. The transportation sector accounts 
for approximately 20% of total domestic CO2 emissions, 
and although motorcycles account for only 0.4% of that, 
this amounts to CO2 emissions of 780,000 tons(2), and it 
is important that enhancements are also made to internal 
combustion engines for motorcycles in order to reduce CO2.

In addition to the demand to enhance riding performance 
by increasing maximum power at full load, spark ignition 
(SI) gasoline engines for large motorcycles are also being 
required to reduce CO2 by improving fuel economy through 
enhancements in thermal efficiency at partial load. Here, 
the relationship between maximum engine power and 
fuel economy for the mass-produced motorcycle models 
of Honda is presented. Figure 1 shows the relationship 
between maximum engine power and fuel economy in 
Worldwide-harmonized Motorcycle Test Cycle (WMTC) 

mode. The graph plots data for motorcycles in WMTC mode 
class 3-2, which applies to those models with a top speed of 
at least 140 km/h. As shown by the graph, maximum power 
and mode fuel economy are in conflict with each other. 
Increases in volumetric efficiency and higher engine speed 
are generally used to enhance maximum power. Increasing 
volumetric efficiency requires intake and exhaust resistance 
to be lowered, and it is essential to increase the diameter 
of the intake and exhaust valves, and to increase the bore 
diameter to permit this. Since increasing engine speed raises 
piston speed, it is important to shorten the stroke to keep 
piston speed under control. Accordingly, the tendency for 
an engine for which the aim is to enhance maximum engine 
power is to specify a big bore and a short stroke. However, 
while specifying a big bore and a short stroke is effective 
in increasing maximum power, at partial load this results in 
noticeable reductions in both intake air speed and tumble 
flows formed in the cylinder. This leads to insufficient 
air-fuel mixture formation and reduced turbulence at 
combustion timing, resulting in reductions in combustion 
speed. These factors cause a lowering in thermal efficiency 
at partial load. This means that enhancing both maximum 

Numerical Study on Enhancing Power and Thermal 
Efficiency of Large Motorcycle Gasoline Engine 
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ABSTRACT

A study of combustion methods was conducted using 3D combustion simulation with the aim of enhancing power at full 
load and thermal efficiency at partial load for a big-bore spark ignition gasoline engine for large motorcycles. The effect of 
passive pre-chamber jet combustion on power was confirmed at full load. It was further confirmed that a jet sprayed from the 
pre-chamber into the main chamber caused an increase in turbulent kinetic energy that sped up combustion, and that increasing 
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jet sprayed from the pre-chamber facilitates ignition by coming into contact with the flame surface generated by the earlier 
ignition of the main-chamber side-plug. It was confirmed that this resulted in an increase in indicated thermal efficiency of 
1.7 points at partial load compared to conventional SI combustion.
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performance evaluations did not take into account the 
knocking that can be an issue with actual engines.

In this research, a combustion CFD was built for SI 
engines used in large motorcycles to enable knocking 
detect ion through a detai led elementary react ion. 
Furthermore, combustion CFD was used to analyze the 
combustion mechanism of flame propagation combustion 
for a variety of approaches, such as conventional SI 
combustion, pre-chamber jet combustion, and pre-chamber 
jet 2plug combustion. Performance evaluations of maximum 
power and partial-load thermal efficiency were also 
conducted. This enabled the determination of combustion 
methods that simultaneously enable enhanced maximum 
power at full load and higher partial-load thermal efficiency 
for the reduction of CO2 in conventional SI engines for large 
motorcycles, and the results are discussed in this paper.

2. Issues with Large Motorcycle SI 
Combustion and Increases in Combustion 

Speed

When seeking to enhance thermal efficiency in an 
SI engine, it is generally thought necessary to increase 
theoretical efficiency by raising the compression ratio. 
Because this facilitates the occurrence of knocking, the 
ignition timing needs to be retarded more than the Minimum 
advanced for Best Torque (MBT), which increases time 
loss. Accordingly, to increase thermal efficiency, it is 
important to mitigate knocking and reduce time loss. 

Knocking is closely related to auto-ignition of end 
gases(6), and because the distance to the bore-end gas portion 
is particularly large in big-bore SI engines, knocking is easy 
to induce. To mitigate knocking, it is necessary to complete 
combustion before auto-ignition occurs, and raising 
combustion speed is an effective means of achieving this(7), (8). 
A summary of flame surface behavior in flame propagation 
combustion and mechanisms related to combustion speed 
is shown here in Fig. 3. According to the concept of 
wrinkled laminar flame proposed by Damköhler et al.(9)-(11), 
combustion speed is closely related to the surface area of the 
wrinkled laminar flame, which is amplified by turbulence. 
Consequently, Turbulent Kinetic Energy (TKE) within 
the combustion chamber needs to be increased to increase 
combustion speed. One method of increasing combustion 
speed in SI engines that has been attracting attention is pre-
chamber jet combustion, in which a jet sprayed from the 
pre-chamber can amplify TKE on the main-chamber flame 
surface and increase the wrinkled laminar flame surface area 
to speed up combustion. This has the result of mitigating 
knocking, and enabling the compression ratio to be raised 
and thermal efficiency to be increased(7), (8).

In th is research, the effect of pre-chamber je t 
combustion(7), (8) using a passive pre-chamber was confirmed. 
In the passive type of pre-chamber jet combustion, fuel is 
brought into the pre-chamber by drawing in air-fuel mixture 
from the main chamber, which means that the pre-chamber 

power and partial-load thermal efficiency in a big-bore, 
short-stroke engine requires increases in combustion speed 
to be achieved by techniques other than in-cylinder flow.

The relationship between displacement per cylinder 
and bore for motorcycle models currently in production 
at Honda is shown in Fig. 2. As shown in the graph, this 
research targeted motorcycle models currently in production 
with a bore diameter of 92 mm, which are classified as 
having big-bore engines. These models had achieved(3) 
increases in combustion speed by performing ignition at two 
plugs, one at the side and one in the center of each cylinder, 
and this research sought to realize further increases in 
combustion speed.

A passive pre-chamber was used in prior research 
examples(4), (5) with the aim of increasing combustion speed 
in SI engines for large motorcycles. A passive pre-chamber 
is one that is not equipped with a fuel injection nozzle within 
the pre-chamber and that draws in the air-fuel mixture from 
the main-chamber side. In the examples of prior research(4), (5), 
increases in full-load output power were achieved, but there 
were no reports of enhancements in partial-load thermal 
efficiency. In addition, although those research studies used 
3D combustion simulation (hereinafter, “combustion CFD”), 

Fig. 1   Maximum engine power and fuel economy of 
motorcycles in WMTC mode class 3-2

Fig. 2    Displacement per cylinder and bore of 
motorcycles in mass production model
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Fig. 3   Schematic diagram of wrinkled laminar flame

can easily run short of fuel(12), (13). Moreover, because the 
temperature falls when burned gases in the pre-chamber 
pass through the hole, this creates issues for combustion 
stability at partial load in particular(12). For this reason, it 
is challenging to guarantee enhanced performance over a 
wide operating range from full load to partial load with a 
single combustion specification(13), creating an issue for the 
popularization of pre-chamber jet combustion(12), (13).

ignition performed only in the pre-chamber (pre-chamber 
jet combustion). Figure 5(c) shows a pre-chamber jet 
combustion specification with an additional side plug 
between the exhaust valves, with ignition performed both 
in the pre-chamber and by the side plug (pre-chamber jet 
2plug combustion). The pre-chamber specifications used in 
this research and shown in Fig. 5(d) refer to those obtained 
by the authors in previous research(7), (8) that had the effect of 
enhancing thermal efficiency through knocking mitigation, 
and were set to the same values of 10 holes and a hole 
diameter of 0.5 mm. On the other hand, because the bore 
diameter was increased from 73 mm in the previous research 
to 92 mm for this research, the volume was increased from 
0.5 cm3 to 0.8 cm3 to increase the reach of the jet.

3.2. Computational Techniques and Reproducibility in 
Actual Engine

The combustion CFD software used in this research was 
Convergent Science’s CONVERGE v3.0.19, and an overview 
of the model is provided in Table 1. The flame propagation 
combustion model used in this research is a detailed 
chemical reaction (SAGE)(14), which reproduces combustion 
through the interaction of detailed elementary reactions and 
turbulent diffusion. While this has a high calculation load, 
because the direct combustion chemical reaction is solved 
using an elementary reaction, it is likely that the dependence 
on the model coefficients can be reduced even in cases where 
the specifications and forms of combustion are changed. 
Furthermore, the use of an elementary reaction calculation 
enables the reproduction of knocking caused by auto-ignition 
phenomena driven by low-temperature oxidation reactions, 
which has been reported in examples of previous research 
in which it was applied to SI combustion and pre-chamber 
combustion(4), (15), (16). In addition, an SIP-Gr2.0-S5R(17), (18) 
model that has been confirmed to reproduce regular gasoline 
in elementary reactions with high accuracy was used for the 
fuel elementary reaction formula.

Using this combustion model, the combustion CFD was 
compared to an actual engine. Figure 6 shows a comparison 
of combustion behavior between the combustion CFD and 

Fig. 4   Schematic diagram of evaluation load conditions

3. Combustion Analysis Techniques

3.1. Evaluation Load and Specifications
Figure 4 shows full-load power characteristics for the 

target models, with operating points in WMTC mode class 
3-2 plotted by engine speed and power, and the bubble size 
indicating the frequency of occurrence.

Figure 4 also shows the evaluation load point conditions 
for this research. For the evaluation point for maximum 
power at full load, engine speed was set to 7500 rpm, 
throttle opening to 100%, and excess air ratio to 0.85. For 
the evaluation point for thermal efficiency at partial load, 
engine speed was set to 4000 rpm, which is frequently used 
in WMTC mode, throttle opening to 26%, and excess air 
ratio to 1.0.

Figure 5 shows schematic diagrams of the combustion 
chamber and specifications of the engine used for analysis 
with the aim of increasing combustion speed. Figure 5(a) 
shows the parallel twin SI engine for large motorcycles 
(hereinafter, “conventional SI combustion”) that forms the 
basis of this study. This engine has two plugs, center and 
side, for each cylinder, providing simultaneous ignition 
as well as phased ignition timing control(3). Figure 5(b) is 
based on conventional SI combustion but specified with 
a passive pre-chamber to replace the center plug, with 



	 Honda  R&D  Technical  Review	 2026

− 88 −

CFD software CONVERGE v3.0.19
RANS ζ-fTurbulence model

Rosin-Rammler and Rayleigh-TaylorSpray model
Combustion model SAGE detailed chemical reaction

Ignition model Add energy source to ignition point
Fuel chemical

reaction mechanism
Regular gasoline
SIP-Gr2.0-S5R

Mesh size [mm] 0.125-1.0 (adaptive mesh refinement)
Model parameter Turbulent schmidt number: 0.5

Reaction multiplier: 1.15

Table 1   Calculation software and modelsthe actual engine, for conventional SI combustion under test 
specifications at the evaluation point for maximum power at 
full load and at the evaluation point for thermal efficiency 
at partial load. For combustion CFD using identical model 
coefficients, it was confirmed that in-cylinder pressure and 
heat release rate under full and partial load were within the 
range of cyclic variation in an actual engine.

3.3. Knocking Detection Techniques and Flame 
Surface Analysis Techniques

During the analysis of a variety of flame propagation 
combustion types, techniques using combustion CFD 
for knocking detection  were studied. In previous 
research, it was concluded that knocking detection can be 
performed(19), (20) by using the absolute minimum derivative 
values for heat release rate shown in equation (1) to detect 
sharp declines in heat release rate caused by auto-ignition. 
In this research, the value in equation (1) is referred to 
as the Knocking Detection Index (KDI) and knocking 
detection was verified in combustion CFD.

Knocking detection index (KDI) =  	 (1)

Here, θ is the crank angle [deg.], and Q is heat release [J].

Figure 7 shows combustion CFD heat release rates and 
derivative values for heat release rates under conditions in 
which auto-ignition occurs for conventional SI combustion 
at the evaluation point for maximum power at full load. 
At the time that auto-ignition occurred, it was observed 
that the heat release rate fell back after first rising, and 
the derivative values of the heat release rate fell sharply 
immediately after auto-ignition compared to before auto-
ignition. Furthermore, Fig. 8 shows KDI values when 
changes were made to ignition timing. When combustion 
center of gravity timing (Mass Fraction Burned 50%: MFB 
50%) was advanced gradually from 20 deg. ATDC, the KDI 

(b) Pre-chamber jet
combustion ε12.1

1plug:
Center-plug: pre-chamber

Side-plug: no-ignition

Displacement
Number of cylinders

Bore
Stroke

Compression ratio: ε
Maximum power

Valve system
Fuel injection system

Fuel
Ignition system

(d) Pre-chamber
specifications

Hole number: 10
Hole diameter: 0.5 [mm]

Volume: 0.8 [cm3]

SOHC 4-valve
Port injection (injection pressure: 343 [kPa])

Japanese regular gasoline (research octane number: 91)

75 [kW] / 7500 [rpm] (base)

2
1082 [cm3]

92 [mm]
81.4 [mm]
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2plug combustion ε12.1
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value increased at a constant slope, with the advanced side 
sloping from MFB 50% at 11 deg. ATDC. This shows that 
from MFB 50% at 11 deg. ATDC, a spike in heat release 
occurs due to auto-ignition combustion on the advanced side 
and the KDI value increases. This technique is interpreted 

Minimum
derivative of 
heat release rate:

0
20
40
60
80

100
120
140

3020100 40-10-20

H
ea

t r
el

ea
se

 ra
te

[J
/d

eg
.]

Crank angle [deg. ATDC]

Conventional SI combustion ε10.1

Auto-ignition

Minimum derivative
of  heat release rate:

3020100 40-10-20
-100

-80
-60
-40
-20

0
20
40
60
80

100
120

D
er

iv
at

iv
e 

of
 h

ea
t

re
le

as
e 

ra
te

 [J
/(d

eg
.)2 ]

Crank angle [deg. ATDC]

Conventional SI combustion ε10.1
Auto-ignition

(b) Derivative of heat release rate

(a) Heat release rate

Auto-ignition

Propagation flamePropagation flame

0
20
40
60
80

100
120
140
160
180
200
220
240

201918171615141312111098765 21

Kn
oc

ki
ng

 d
et

ec
tio

n 
in

de
x 

(K
D

I)
[J

/(d
eg

.)2 ]

Mass fraction burned 50% [deg. ATDC]

Conventional SI combustion ε10.1

Knocking limit

=

Fig. 7   Heat release rate and its derivative under 
auto-ignition condition

Fig. 8   Knocking judgement using knocking detection 
index

as resulting in clear changes in combustion behavior before 
and after auto-ignition and, as shown in Fig. 8, calculating 
the intersection enables detection of knocking limit MFB 
50%. From this point, these techniques were applied after 
taking knocking into account, and performance evaluations 
were conducted for each specification.

In addition, when analyzing flame surface behavior, 
because it has the characteristic of peaking at the flame 
front of excessive oxidants of HO2 radicals and the like, 
techniques in which it is used as a marker of flame surface 
position have been proposed(15), (21). In those research studies, 
the flame surface position was observed using a similar 
technique.

4. Results of Combustion CFD Analysis at 
Full-load Power

The specifications used for analysis at full-load power 
were the conventional SI combustion of Fig. 5(a) and 
the pre-chamber jet combustion of Fig. 5(b). In previous 
research by the authors, pre-chamber jet combustion led to 
increased combustion speed that had the effect of mitigating 
knocking, enabling an increase in compression ratio of 1.8, 
and achieving enhancements in thermal efficiency(7), (8). 
This research references those results, specifying that the 
compression ratio was increased from 10.1 in conventional 
SI combustion to 12.1. In addition, for conventional SI 
combustion, the phased ignition of the side plug from 
the center plug was set to 4 deg., the same as for a mass-
produced model.

Figure 9 shows the effects of changes in ignition 
timing on knocking detection using KDI values under 
the respective specifications. For both conventional SI 
combustion and pre-chamber jet combustion, because 
advances in MFB 50% timing resulted in auto-ignition 
occurring and significant changes in the KDI, this was 
used to perform knocking detection. For pre-chamber jet 
combustion, the slope of changes in the KDI value was 
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Fig. 11   In-cylinder pressure and heat release rateFig. 10   Combustion duration and indicated work

significant, and the knocking limit MFB 50% timing was 
retarded by 2.4 deg. 

Figure 10 shows the results of analysis of combustion 
duration and indicated work based on changes in ignition 
timing, with MFB 50% timing on the horizontal axis. The 
conditions under which maximum indicated work was 

obtained are shown by the line with circle markers. For this 
research, combustion duration was defined as combustion 
duration required for Mass Fraction Burned to progress 
from 10% to 85%.

In Fig. 10(a) , when compared at the same MFB 
50% timing of 14 deg. ATDC, combustion duration for 
pre-chamber jet combustion was shortened by 6.2 deg. 
Furthermore, in Fig. 10(b), indicated work for pre-chamber 
jet combustion increased by 5.9% when compared at the 
same MFB 50% timing of 14 deg. ATDC. In addition, for 
conventional SI combustion, advancing ignition timing to 
the knocking limit obtained the maximum indicated work. 
By comparison, pre-chamber jet combustion maximum 
indicated work was obtained before ignition timing at the 
knocking limit. When compared under the conditions at 
which maximum indicated work was obtained, not only 
was combustion duration for pre-chamber jet combustion 
shortened by 4.1 deg., but higher theoretical thermal 
efficiency caused by increases in the compression ratio also 
achieved enhancements in indicated work at full load of 
3.6%.

Figure 11 shows in-cylinder pressure and heat release 
rate under the conditions at which maximum indicated 
work was obtained. The graph confirms that, compared to 
conventional SI combustion, pre-chamber jet combustion 
has high heat release rates and rapid combustion at or 
after TDC. In addition, it was confirmed that, as shown in 
Fig. 12 by the temperature iso-surface around adiabatic 
flame temperature and the cross-sections of the HO2 mass 
fraction, although for conventional SI combustion the 
flame surface advances gradually on the surface of a sphere 
centered on the spark plug, in pre-chamber jet combustion 
the jet sprayed into the main chamber causes the flame 
surface to spread outwards.

Furthermore, Fig. 13 shows average in-cylinder TKE 
behavior. In pre-chamber jet combustion, the sprayed jet 
increased turbulent kinetic energy in the main chamber. 
This resulted in rapid flame propagation combustion, 
enabling an increase in indicated work at full load.

Fig. 9   Knocking limit comparison using knocking 
detection index
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5. Results of CFD Analysis of Combustion at 
Partial Load Point

5.1. Pre-chamber jet combustion
Figure 14 shows the behavior of in-cylinder pressure 

and heat release rate when ignition timing is changed during 
pre-chamber jet combustion using ignition only in the pre-
chamber, comprising the specification shown in Fig. 5(b). 
The graph confirms that for pre-chamber jet combustion 
at partial load, heat release rates were insignificant 
immediately after ignition for all ignition timings, and 
misfires subsequently occurred.

Here, the factors leading to misfires for pre-chamber 

Fig. 13   In-cylinder turbulent kinetic energy

jet combustion are analyzed. Figure 15 shows residual 
gas rates and their distribution in the pre-chamber directly 
before ignition, both under full-load conditions where 
ignition was possible and under partial-load conditions 
that led to misfires. As shown in Fig. 15(a), under partial-
load conditions, residual gas in the pre-chamber increased 
from 12.8% to 23.5%. As shown in Fig. 15(b), residual 
CO2 increased throughout the pre-chamber. Regarding the 
cause, it is thought that because intake flow rates and flows 
are reduced under partial-load conditions, this facilitates 
increases in residual gas in the main chamber, and also 
results in insufficient pre-chamber scavenging.

Furthermore, Fig. 16 shows gas temperatures at the 
inlets and outlets of the pre-chamber holes, and in addition 
to the previously mentioned reductions in combustion 
temperature caused by increases in residual gas under 
partial-load conditions, reductions in temperature caused by 
heat losses when passing through the holes also increased. 
Accordingly, while the maximum temperature for the 
sprayed jet under full-load conditions was 2480 K, under 
partial-load conditions it fell to 2170 K.

In addition, Fig. 17 compares main-chamber gas density 
and the distance reached by the tip of the jet originating 
in the hole outlet (hereinafter, “penetration”). Penetration 
was taken to be the distance reached by HO2. As shown by 
Fig. 17(a), density in the main chamber at the time of jet 
spray, which occurred at -5 deg. ATDC, was 14.8 kg/m3 
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Fig. 18   Jet temperature behavior

under full-load conditions, while this decreased to 6.9 kg/m3 
under partial-load conditions of low volumetric efficiency. 
As can be seen from Fig. 17(b), it was confirmed that 
initial penetration was greater under partial-load conditions 
than it was under full-load conditions. This is thought to be 
due to the low gas density of the main chamber facilitating 
the jet spray.

Additionally, Fig. 18 shows in-cylinder temperature 
distributions after jet spray. Under full-load conditions, 
initial penetration was small, with high-temperature 
gas tending to accumulate in the area around the hole 
outlet, leading to ignition. Conversely, under partial-

Fig. 14   In-cylinder pressure and heat release rate

Fig. 15   Residual gas rate and distribution in pre-
chamber

Fig. 16   Pre-chamber hole inlet and outlet gas 
temperature

Fig. 17   Gas density and jet penetration in main-
chamber

load conditions, the large initial penetration facilitated 
the blending of the jet with the air-fuel mixture in the 
main chamber immediately after jet spray, resulting in the 
temperature of the jet falling during the spreading of the 
jet through the main chamber, and in ignition not being 
achieved. In previous research that analyzed the factors 
leading to a decline in ignitability in pre-chamber jet 
combustion, it was shown that in the case of a strong jet, jet 
temperatures fall due to larger heat losses in the area of the 
holes(22). The phenomenon of the jet spray facilitating the 
drawing-in of main-chamber premix leading to a reduction 
in jet temperatures and to ignition instability was also 
confirmed(22). A similar phenomenon to that of previous 
research was also observed in this research, suggesting that 
reductions in ignitability were caused by these factors.
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Fig. 19   Knocking limit comparison using knocking 
detection index

5.2. Pre-chamber Jet 2plug Combustion
In the previous section, it was clearly shown that, for 

partial loads, pre-chamber jet combustion solely by pre-
chamber ignition under these specifications caused jet 
temperatures to decline and resulted in misfires. To address 
this, techniques to facilitate ignition by first igniting 
the main-chamber side-plug and using main-chamber 
combustion to raise the temperature of in-cylinder gas, then 
performing pre-chamber ignition and spraying the jet were 
studied.

As shown in Fig. 5(c), the specification for this study 
involved the installation of a side-plug in the pre-chamber 
jet combustion main chamber. Regarding the location of 
the main-chamber side-plug at the bore end, there were 
concerns that, due to the use of main-chamber-first ignition, 
the unburned area at the opposite end of the bore would 
experience increased heating time, inducing knocking.

Accordingly, the performance evaluation of pre-chamber 
jet 2plug combustion was performed after changing the 
location of the main-chamber side-plug to a position 
between the exhaust valves, towards the center of the bore.

For phased ignition, conventional SI combustion was 
set to simultaneous ignition using a center-plug and a 
side-plug in the same way as for mass-produced models. 
For pre-chamber jet 2plug combustion, advance studies 
using phased ignition as the parameter were conducted, 
and phased ignition was set with the aim of facilitating jet 
combustion by initiating the jet spray at the point at which 
the flame resulting from the earlier ignition of the main-
chamber side-plug reached the area of the pre-chamber. For 
the load evaluation of the targeted engine, pre-chamber plug 
ignition was set to take place at 10 deg. after ignition of the 
main-chamber side-plug.

The results of knocking detection when changing ignition 
timing for conventional SI combustion and pre-chamber 
jet 2plug combustion are shown in Fig. 19. Because the 
advance of MFB 50% timing resulted in significant changes 
in the KDI value for both, this was used to perform knocking 
detection. For pre-chamber jet 2plug combustion, the slope of 

Fig. 20   Combustion duration, indicated thermal 
efficiency, and heat balance

changes in the KDI value was significant, and the knocking 
limit MFB 50% timing was retarded by 3.9 deg.

Figure 20 shows the results of performance evaluation 
at partial load point. Figures 20(a) and (b) show the results 
of analysis of combustion duration and indicated thermal 
efficiency, with MFB 50% timing on the horizontal axis. 
The conditions under which maximum indicated thermal 
efficiency was obtained for each specification are shown by 
the line with circle markers. When pre-chamber jet 2plug 
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in the main chamber resulted in strong flame propagation 
originating in the jet.

Furthermore, with a focus on behavior up to the point 
at which the jet ignites in the main chamber, Fig. 23 shows 
the distribution of in-cylinder temperatures. The figure 
confirms that the mechanism driving ignition is that of 
the jet sprayed from the pre-chamber contacting the high-
temperature flame surface caused by the earlier ignition of 
the main-chamber side-plug.

In addition, Fig. 24 shows average in-cylinder TKE 
behavior. In conventional SI, in-cylinder TKE declined 

combustion was compared to conventional SI combustion 
at the same MFB 50% timing of 10 deg. ATDC, it was 
confirmed that combustion duration was shortened by 2 deg. 
and indicated thermal efficiency was increased by 2.1 points.

Also, for the heat balance under the conditions in 
which maximum indicated thermal efficiency was obtained 
shown in Fig. 20(c), heat losses increased for pre-chamber 
jet 2plug combustion when compared to conventional SI 
combustion, but the effects of raising the compression ratio 
from 10.1 to 12.1 achieved a 1.7-point  increase in indicated 
thermal efficiency.

Figure 21 shows the behavior of in-cylinder pressure 
and heat release rate under the conditions at which 
maximum indicated thermal efficiency was achieved. As 
shown in the graph, misfires do not occur in pre-chamber 
jet 2plug combustion, and it was confirmed that the ignition 
of the jet into the main chamber was followed by a sharp 
rise in heat release.

In addition, as shown in Fig. 22 by the adiabatic flame 
temperature and the cross-sections of the HO2 mass fraction, 
it was confirmed that for partial loads in conventional SI 
combustion the flame surface advances on the surface of 
a sphere centered on the spark plug in the same way as 
for full loads. On the other hand, in pre-chamber jet 2plug 
combustion, it was confirmed that using pre-chamber 
ignition to spray the jet when flame propagation reaches 
the area of the pre-chamber following the earlier ignition Fig. 21   In-cylinder pressure and heat release rate

Fig. 22   Flame surface behavior
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(4)	At the evaluation point for thermal efficiency at partial 
load, it was confirmed that pre-chamber jet combustion 
using ignition only in the pre-chamber helped prevent 
flame propagation from being maintained in the main 
chamber and resulted in misfires. This indicated that 
it was the result not only of combustion temperature 
declines caused by residual gas in the pre-chamber, and 
jet temperature declines caused by heat losses in the area 
of the holes, but also by temperature declines resulting 
from the spreading of the jet in the main chamber. 

(5)	At the evaluation point for thermal efficiency at partial 
load, for the specification in which compression ratio 
was raised from 10.1 to 12.1, the effects of pre-chamber 
jet 2plug combustion were confirmed by relocating 
the main-chamber side-plug to a position between the 
exhaust valves, towards the center of the bore, and 
igniting the pre-chamber after main-chamber side-plug 
ignition. It was confirmed that ignition of the jet that 
is sprayed from the pre-chamber is made possible by 
contact with the flame surface caused by earlier ignition 
in the main chamber, and that it facilitates combustion 
in the main chamber.

(6)	At the evaluation point for thermal efficiency at partial 
load, it was confirmed that pre-chamber jet 2plug 
combustion resulted in an increase in indicated thermal 
efficiency of 1.7 points compared to conventional SI 
combustion.
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Verification of HC Trap Materials and Catalysts to 
Reduce Exhaust Emissions 

during Cold-start in V6 Engine

	 Hiroki TAKEORI1	 Koji NEMOTO2	 Yuki OKU1

	 Ryohei IKUTOMO1	 Keita NAKAO3	 Toyohiro USUI3

ABSTRACT

In order to reduce emissions immediately after engine cold-start, which is a challenge for conventional three-way catalyst 
systems, an HC trap catalyst was developed that combines new HC trap materials and an HC purification catalyst for efficiently 
purifying the trapped HC. Ag-CHA and Cu-FAU were developed as zeolite HC trap materials that have pore sizes close to the 
HC molecular sizes and can adsorb HC up to higher temperatures by increasing the stability of the exchanged ions that promote 
chemisorption. It was also clarified that arranging the HC purification catalyst layer in the upper layer of the HC trap materials 
is key to effectively purifying the desorbed HC, and that adding an oxygen absorbing and releasing material consisting of 
CeO2 and ZrO2 in a 1:1 ratio to the HC purification catalyst enables purification of the desorbed HC even under stoichiometric 
conditions. A V6 engine with this HC trap catalyst in an underfloor arrangement was able to reduce HC emissions during 
engine cold-start by approximately 50% in the LA#4 mode emission test.

1. Introduction

Automotive exhaust gas regulations, which began in the 
United States in the 1960s, have been gradually tightened 
to the present, and this trend is expected to continue going 
forward. This has been addressed in gasoline engines by the 
invention and evolution of the three-way catalyst (TWC). 
However, as TWC does not manifest purification functions 
until reaching the light-off temperature (the temperature at 
which the purification rate reaches 90%), the exhaust gas is 
emitted without purification from immediately after engine 
cold-start until the TWC light-off temperature is reached. 
As it generally takes several tens of seconds for TWC to 
reach the light-off temperature, technology for purifying 
these emissions during cold-start is key for coping with ever 
tighter emission regulations.

Although lowering the TWC light-off temperature has 
been studied for many years(1)-(4), it is not easy and there 
is a limit to what TWC can do looking ahead to further 
tightening of regulations, so innovative technologies with 
different approaches will be needed. Numerous examples of 

such research have been reported, including an electrically 
heated catalyst (EHC) that promotes early light-off by using 
electric power to heat the catalyst before engine cold-start(5), 
and HC trap catalysts that adsorb (trap) the hydrocarbon 
(HC) components in exhaust gas in materials with pore 
sizes close to the HC molecular sizes such as zeolite at 
the low temperatures during engine cold-start, and then 
desorb and purify the HC after reaching the catalyst light-
off temperature(6)-(11). This HC trap catalyst (HCTC) consists 
of trap materials and an HC purification catalyst as shown 
in Fig. 1, and has a simple structure with the trap layers 
additionally coated on a TWC. This has the advantage of 
not requiring changes to the existing exhaust layout or 
installation of additional systems.

While there have been numerous reports on trap 
materials, the performance is insufficient, and further 
enhancement is needed in anticipation of tighter regulations 
going forward. The authors therefore developed an HCTC 
that can reduce HC emissions from an inline 4-cylinder 
1.5 L turbocharged direct-injection (DI) engine by 
approximately 50% in the LA#4 mode. This was achieved 
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by optimization of zeolites for the exchanged ions to 
maintain adsorption of the various sizes of HC contained 
in exhaust gas up to high temperatures(12). However, large-
displacement V6 engines have a higher exhaust flow rate 
than L4 engines, which increases the treatment amount 
per unit of time. This lowers the purification rate, and the 
slower rise in the exhaust gas temperature also lengthens 
the time until the light-off temperature is reached. As a 
result, emissions during cold-start increase and can account 
for 90% of total emissions(13)-(15). Thus, while HCTC are 
expected to provide a high reduction effect immediately 
after cold-start, performance demands on HCTC are also 
increasing, such as an increased adsorption amount and a 
higher adsorption rate per unit time due to the greater flow 
rate, making it necessary to demonstrate the reduction effect 
of HC traps under such harsh environments. Therefore, 
this study verified the influence and effect of the HCTC 
arrangement in the exhaust layout of a V6 engine.

Fig. 1   HC trap catalyst configuration

(2)	If the trapped HC are not retained until the purification 
start temperature of the co-used HC purification catalyst 
is reached, they may desorb and be emitted without 
purification, necessitating the ability to retain adsorbed 
HC until the purification start temperature or higher.

(3)	The adsorbed HC are purified by the HC purification 
catalyst, but the trap performance or purification 
performance is greatly influenced by how the HC trap 
materials and the HC purification catalyst coexist. This 
makes it necessary to maximize the adsorption and 
purification performance by optimizing the balance 
between the arrangement and amounts of both.

(4)	At the stoichiometric air-fuel ratio (A/F: stoichiometry), 
only the amount of oxygen needed for the three-way 
reaction is supplied, so there is zero oxygen after the 
TWC. This means that when the trapped HC desorbs, 
the condition with insufficient oxygen for purification 
results (A/F: rich), so some method is needed to 
supplement oxygen in order to maintain desorbed HC 
purification performance.
To address these issues, this study approached 

challenge (1) with the concept that the use of zeolites with 
pore sizes close to the HC molecular sizes is expected to 
increase the trapping probability at low temperatures and 
enhance the adsorption rate, making it important to select 
appropriate zeolite materials. An effective approach for 
challenge (2) was thought to be to enhance the adsorption 
force between the HC and the zeolite. Specifically, it was 
thought that desorption could be effectively suppressed by 
chemisorption, whereby ion species are introduced to the 
zeolite to enhance the electrostatic interactions with HC 
that have high electron densities such as those with double 
and triple C-C bonds (= aromatics and olefins). Effective 
approaches for challenges (3) and (4) were thought to be 
optimization of the HC trap material and HC purification 
catalyst layer arrangement and the catalyst coating amount 
to enhance HC purification performance, and the use of 
oxygen storage capacity (OSC) material with oxygen 
absorption and release functionality.

Fig. 2   Direction of enhancement of HC trap material

Substrate

Catalyst 
layer

HC trap 
layer

HCTC
(HC Trap 
Catalyst)

HCTC

ZeoliteZeolite

Rh layerRh layer
Pd layerPd layer

Exhaust gas

Substrate

Catalyst 
layer

TWC

Rh layerRh layer
Pd layerPd layer

Exhaust gas

-100

-80

-60

-40

-20

0

20

40

60

80

100

50 100 250 300200150

Ad
so

rp
tio

n 
ra

te
 [%

]

Temperature [°C]

1: Adsorption increase

Emission reduction
by adsorption

Emission increase 
by desorption

Light-off
temperature

Conventional 
trap

Target profile
TWC profile

2: Reduction of desorption2: Reduction of desorption

2. HC Trap Goals

Consider the goals for increasing the emission reduction 
effect. First is to increase the adsorption amount in order 
to reduce the large emissions amount immediately after 
cold-start. Second is to purify the adsorbed HC without 
desorbing it as much as possible so as not to lessen the 
reduction effect. Third is to maintain the TWC purification 
performance other than immediately after cold-start at the 
same level as the TWC alone. Figure 2 shows the target 
purification characteristics of an HCTC that achieves 
these goals, and the following four points can be given as 
challenges.
(1)	The HC contained in exhaust gas include three types 

with different chemical bonds and structures: paraffins, 
olefins, and aromatics. In addition, each type has 
carbon numbers ranging from 1 to 9, in other words 
a distribution of sizes, which calls for the efficient 
adsorption of these diverse HC.
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Fig. 3   HC Composition in rear part of TWC
Fig. 4   Structure and pore size of each zeolite (cited 

from Database of Zeolite Structures)

3. Trap Materials

3.1. Analysis of HC Composition
First, in any approach to the trap materials, it is 

important to understand what kinds of HC are contained 
in the exhaust gas, so the exhaust gas during engine cold-
start was sampled and gas chromatography was used to 
analyze the HC composition. The detailed method is as 
follows. A sampling pipe was branched at a position 30 
mm from the rear end of the TWC of an inline 4-cylinder 
1.5 L turbocharged DI engine, a Tedlar bag was connected 
a sampling box under depressurization by a pump, and 
exhaust gas was sampled in each interval of 0-20 seconds, 
20-50 seconds, and 50-150 seconds. HC qualitative and 
quantitative analysis was performed by gas chromatography.

Figure 3(a) shows the transition in the composition 
of the HC in the exhaust gas after passing through a TWC 
relative to the time from cold-start, classified into the three 
types of paraffins, olefins, and aromatics. HC here refers to 
non-methane organic gases (NMOG), which is the current 
regulatory criterion in the U.S. state of California. Each 
value is the relative value of the concentration in each 
interval with the total NMOG concentration (ppmC) from 
0-20 seconds set to 100%. This shows that the emissions 
for the 0-20 seconds interval are three times the total for 
the 20-150 seconds interval, which is to say the first 20 
seconds accounts for over 70% of the total. Furthermore, 
Fig. 3(b) shows the emission ratios of each carbon number 
and HC species relative to the total concentration (ppmC) 
in the 0-20 seconds interval. Characteristics of a wide size 
distribution with carbon numbers ranging from 2 to 9, 

and high ratios of C2-C4 small molecule olefins, C7-C8 
aromatics, and C8 paraffins were confirmed.

Based on these results, the direction for enhancing the 
adsorption amount can be classified in terms of molecular 
size into C2-C4 small molecule HC and C7-C8 large 
molecule HC. It was decided to efficiently enhance physical 
adsorption by selecting two zeolites with pore sizes that 
match the respective molecular sizes. Next, regarding the 
direction for suppressing HC desorption, there is a high 
ratio of HC species with double bonds, namely aromatics 
and olefins, so chemisorption using the aforementioned 
exchanged ions is considered effective(6), (10). However, 
exchanged ions have a general tendency to thermally 
degrade, so it is important to consider heat resistance in the 
selection.

3.2. Selection of Trap Materials (Zeolite)
Zeolites that effectively trap the analyzed HC were 

investigated. H-type FAU, BEA, MFI, and CHA zeolites 
made by Tosoh Corporation, as well as these materials 
ion-exchanged with Ag, Cu, Cr, Co, Ni, and Mo, were 
used as HC trap materials. Figure 4 shows the structure 
and pore size of each zeolite used(16). Various zeolites are 
classified by their framework structure, and each is named 
with three uppercase letters. Adsorption performance and 
purification performance were evaluated using a model gas 
prepared by mixing the gases from various cylinders, etc. 
at the specified ratio. The model gas for evaluation was 
mixed by controlling the flow rates of the various cylinders 
and vaporized liquid HC (toluene, isooctane) to achieve 
the composition shown in Table 1, and then flowed into 
the samples as simulated exhaust gas. The gas flow rate 
was set to 25 L/min (equivalent to SV 50,000 h-1), and the 
temperature rise rate was set to 40°C/min. The purification 
rate was calculated using Eq. (1), and the inflow HC 
concentration was set to 1200 ppmC.

(b) Relative ratio of carbon number and group for 0-20 seconds
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Table 1   Gas composition of model gas for evaluation

Fig. 5   Influence paraffin carbon number on adsorption 
rate of various zeolites evaluated with 300 ppmC 
various paraffin and N2 gases

Table 2   Propylene adsorption rate on various 
ion-exchanged FAU

Fig. 6   Propylene adsorption and desorption profile of 
Ag-CHA and Ag-MFI

( )1 − × 100

Adsorption rate [%] = 

Catalyst exhaust HC concentration
Catalyst inflow HC concentration

	(1)

Figure 5 shows the adsorption rate of H-type zeolites 
with various pore sizes for paraffins of each carbon number. 
In order to confirm the relationship between the zeolite pore 
size and the adsorption rate by HC molecular size, zeolites 
with pore sizes close to the molecular sizes of small and 
large HC in the exhaust gas are used, and the pore size in 
order from the smallest is CHA < MFI < BEA < FAU. The 
samples used for measurement were prepared by making 
a slurry of each zeolite powder and coating it onto Φ25.4 
mm × 60 mm (30 cc) cordierite honeycombs which were 
then calcinated for 2 hours at 500°C. Instead of the model 
gas composition in Table 1, this evaluation used the simple 
composition of only a paraffin (one type with a carbon 
number from 3 to 8) at 300 ppmC and nitrogen and was 
conducted sequentially for carbon numbers from 3 to 8. The 
results confirmed that HC with a molecular size close to the 
pore size tend to be more easily adsorbed. Based on this, 

CHA and MFI were selected as candidate zeolites for small-
molecule HC, and BEA and FAU for large-molecule HC.

Next, exchanged ions for promoting chemisorption were 
individually selected for small- and large-molecule HC.

3.3. Selection of Exchanged Ion for Adsorption of 
Small-Molecule HC

First, in order to select the exchanged ion for small-
molecule HC, various exchanged ions were introduced to 
FAU zeolite and the measured HC adsorption amounts 
were compared using propylene, which is a small-molecule 
HC. There have been reports on adsorption with small 
HC molecules using transition metal ions(17), (18), but there 
are few studies on HC trap materials that include heat 
resistance, so this was actually confirmed. Table 2 shows 
the results, with only Cu and Ag confirmed to exhibit 
adsorption performance, with Ag in particular providing the 
highest adsorption performance, so Ag was selected as the 
exchanged ion for small-molecule HC.

The performance of Ag zeolite was then evaluated. 
The heat resistance of exchanged ions is known to 
vary depending on the combined zeolite type(7), and it 
is important to evaluate performance after aging. The 
conditions were set to a temperature (850°C) equivalent 
t o unde r f loo r a r r angemen t , w i th an a tmosphere 
alternating between flows of propylene-oxygen mixed 
gas for 80 seconds and air simulating fuel cut for 20 
seconds, while simultaneously adding water to maintain 
a constant 10 vol%. Figure 6 shows the results of 
evaluating the propylene adsorption performance before 
aging (Fresh) and after aging of Ag-CHA and Ag-MFI, 
which are actual candidate zeolites for small molecules 
with Ag introduced. As shown in Fig. 6(a), fresh Ag-
MFI exhibited higher adsorption performance than fresh 
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Ag-CHA, whereas after aging, the Ag-MFI adsorption 
funct ion disappeared but Ag-CHA maintained i ts 
adsorption function as seen in Fig. 6(b). To analyze 
these factors, changes in the Ag ion and the zeolite 
states were analyzed. Figure 7 shows the Ag ion and 
cluster ratios obtained by ultraviolet-visible absorption 
spectroscopy (UV-Vis) as a physical property after aging. 
Figure 7(a) shows that CHA has smaller variation in the 
ratios before and after aging, whereas Fig. 7(b) shows 
that Ag aggregation progressed on MFI. Previous reports 
confirmed that X-ray diffraction (XRD) also showed 
that CHA exhibited smaller variation in crystallinity 
fluctuation before and after aging(19). This suggests that 
Ag on CHA is more stable, which in turn helps stabilize 
the zeolite structure, enabling retention of adsorption 
functions.

3.4. Selection of Exchanged Ion for Adsorption of 
Large-Molecule HC

Next, focusing on materials for C5 or higher large-
molecule HC, particularly aromatics, exchanged ions 
similar to those in Section 3.3. were introduced to FAU 
zeolite and the HC adsorption amounts were compared. 
Figure 8 shows the adsorption rate measurement results, 

which reveal that Cu alone has unique adsorption 
characterist ics in the temperature range from 150 
to 300°C. Reports thus far of adsorption as HC trap 
materials only concerned adsorption observed with ions 
other than Cu in the temperature range from 50 to 150°C, 
and this specificity of Cu is noteworthy. This adsorption 
characteristic on the high-temperature side is thought 
to be effective for delaying HC desorption, so Cu was 
selected as the exchanged ion for large molecules. This 
adsorption is observed only in the presence of water 
and disappears in its absence; that is, there is known 
to be an action of Cu and water(20). Also, like Ag, Cu is 
compatible with zeolite regarding to heat resistance, so 
the HC adsorption performance before and after aging 
was compared for materials where Cu was ion-exchanged 
with the candidate zeolites for large molecules. Figure 
9 shows the results, and while both materials exhibit a 
second adsorption peak in the fresh state, only Cu-FAU 
retains it after aging. Therefore, to clarify the differences 
in the changes in the ionic state in each zeolite, the focus 
was placed on Cu degradation after aging, and the total 
amount of Cu+ and Cu2+ ions in Cu-FAU and their ratio 
to CuOx were analyzed by electron spin resonance (ESR). 
Identification of each ion was performed by making 
use of the property that the measurable ions differ in 
the presence and absence of water, and it was assumed 
that all the Cu ions in the fresh state and the entire ion 
reduction amount after aging are CuOx. As shown in 
Fig. 10(a), it was confirmed that after aging, 1/3 of 
the Cu was oxidized and 2/3 retained the ionic state. 
Furthermore, the relationship between the Cu ion ratio 
and the second adsorption rate was investigated using 
FAU with various silica-alumina ratios (SiO2/Al2O3 of 
zeolite) and Cu content, and the adsorption rate tended to 
decrease as the Cu ions decreased (and CuOx increased) 
as shown in Fig. 10(b). This is also thought to indicate 
that the ability to maintain adsorption performance after 
aging is related to the Cu ion retention state.Fig. 7   Variation of Ag ion and cluster ratio calculated 

from UV-Vis spectra before and after aging
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Fig. 11   D6R units in CHA and FAU

3.5. Factors Enhancing the Heat Resistance of 
Exchanged Ions

It was found that the aforementioned Ag-CHA and 
Cu-FAU can maintain adsorption functions even after 
aging, and the main factor for this is thought to be that 
the zeolite enhanced the stability of the exchanged ion. 
There are multiple reports on the specific stability of Cu2+ 
ions under hydrothermal aging in CHA(21), (22), and it has 
been concluded from simulation analysis that this is due 
to the more stable interaction between the D6R unit and 
Cu2+ ions in the zeolite framework. In addition, Ag has an 
electron arrangement similar to that of Cu (one electron in 
the outermost s orbital and all 10 electrons in the inner d 
orbitals filled), so the interaction with the D6R unit is also 
estimated to be similar. Figure 11 shows model drawings of 

the CHA and FAU frameworks(16), and it can be considered 
that CHA and FAU both exhibited heat resistance because 
they both have this D6R that stabilized the exchanged ion.

4. HC Trap Catalyst

The Ag-CHA and Cu-FAU selected as the HC trap 
materials were combined with an HC purification catalyst to 
make an HCTC that completes the process from adsorption 
to purification. This attempt aimed to achieve an HCTC that 
makes the most of the adsorption and purification functions.

The catalyst production method was as follows. γ-Al2O3 

made by Sasol Ltd  was used as the Pd support material, 
and ZrO2 and CeO2-ZrO2 made by DAIICHI KIGENSO 
KAGAKU KOGYO CO., LTD. were respectively used as 
the Rh support material and OSC material. Pd and Rh were 
supported on the support materials by an impregnation 
method using salt solutions of each, dried for 12 hours at 
200°C, and then calcinated for 2 hours at 500°C to obtain 
Pd/Al2O3 and Rh/ZrO2 powders. These powders were then 
made into slurries and coated in the specified amounts onto 
cordierite honeycomb similarly to the HC trap layer.

The methods of addressing the HC purification 
catalyst challenges described in Chapter 2 (3) and (4) were 
examined in detail. First, regarding the balance between 
adsorption and purification, the adsorption and purification 
performance vary widely depending on the HC trap layer 
and HC purification catalyst arrangement and amounts. 
For example, coating the HC purification catalyst on the 
upper layer side of the trap may result in either lower or 
higher trap performance. In addition, the coating amount 
increases by the amount of the trap layer compared to the 
currently used TWC, so the gas path narrows, leading to 
a higher gas flow rate (linear velocity) per unit of cross-
sectional area of the gas path. This is expected to increase 
the treatment amount, which in turn may lead to lower 
adsorption and purification performance. The key is how 
much these declines in performance can be suppressed and 
how efficiently the trap effect can be linked to enhancement 
of the reduction rate.

Next is purification during HC desorption. Here, a 
lower HC purification rate due to insufficient oxygen leads 
to an increase in emissions. Use of an OSC material with 
oxygen absorption and release functionality in the TWC to 
compensate for this oxygen deficiency was examined.

4.1. Balance between Adsorption and Purification
4.1.1. Layer arrangement of HC trap materials

First, a layer arrangement that can make advantageous 
use of the HC trap material properties was considered. 
Based on the material properties, Cu-FAU exhibits 
interaction with water, so it should be arranged in the 
upper layer where there is higher probability of contact 
with water, whereas Ag-CHA adsorption is hindered by 
water, so arrangement in the lower layer is considered 
advantageous. Also, considering the ease of diffusion of 

D6R

CHA FAU

Fig. 10   Change in Cu ion after aging 
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Fig. 12   Relationship between layer composition and 
adsorption of Cu-FAU and Ag-CHA and TWC

Fig. 13   Effect of zeolite-TWC arrangement on 
adsorption rate and purification rate

large HC molecules within zeolites, if Ag-CHA, which has 
a pore size smaller than the molecule size, is arranged in the 
upper layer, large HC molecules will be unable to enter the 
zeolite pores, thereby lowering the probability of contact 
with the Cu-FAU arranged in the lower layer. Therefore, 
a layout with Ag-CHA in the lower layer is expected 
to be preferable. Figure 12 shows the HC adsorption 
characteristics as an HC trap layer that combines the 
materials. Here, (a) shows the case with Cu-FAU arranged 
in the upper layer and Ag-CHA in the lower layer, and (b) 
shows the case with the opposite arrangement. As expected, 
case (a) was confirmed to have a better adsorption rate.

4.1.2. HC trap layer and HC purification catalyst layer 
arrangement

Next, the effect of the relative arrangement of the HC 
trap materials and the HC purification catalyst on adsorption 
and purification was compared. Figure 13 shows the 
adsorption and purification profiles when equal amounts of 
HC trap and HC purification catalyst are arranged vertically 
on the honeycomb. The profiles for the TWC alone and the 
HC trap layer alone are also shown for comparison.

Here, the HC purification catalyst layer is 150 g/
L. When the HC trap layer is in the upper layer, a slight 
advantage in adsorption can be confirmed, but the 
purification performance is noticeably lower than the TWC. 
On the other hand, when the HC purification catalyst is in 
the upper layer, there is a slight drop in both adsorption and 
purification, but the impact on purification is less than when 
the HC trap materials are in the upper layer. This drop in 
purification performance when the HC purification catalyst 
is in the lower layer is thought to be largely due to lower 
gas diffusivity and the delayed temperature rise because of 
an inability to receive heat directly from the gas. Therefore, 
in consideration of the total reduction rate, it is important to 
position the HC purification catalyst in the upper layer.

4.1.3. HC purification catalyst coating amount
The HC trap layer described in section 4.1.1. was set to 

200 g/L, which provides the greatest adsorption effect and 

is equivalent to the coating amount of the currently used 
TWC. Therefore, if the HC purification catalyst coating 
amount is equal to that of the TWC, the total will be twice 
the current amount. Together with the height of the zeolite, 
the gas flow path will become quite narrow, leading to an 
increase in the aforementioned linear velocity and adversely 
affecting adsorption and purification. Therefore, guidelines 
for the HC purification catalyst are needed.

Figure 14 shows the relat ionship between the 
HC purification catalyst layer coating amount and the 
adsorption rate, purification rate, and reduction rate with 
the HC trap layer coating amount constant at 200 g/L. Here, 
the adsorption rate, purification rate, and reduction rate 
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Fig. 16   Effect of oxygen concentration on desorbed 
HC purification temperature
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are expressed as relative values with the values at 150 g/
L set to 100. In addition, the total amount of PGM for each 
sample was constant at 185 g/ft3. This figure shows that the 
adsorption rate exhibits a monotonically increasing trend 
as the coating amount decreases, indicating that the coating 
amount of the HC purification catalyst layer in the upper 
layer has a large influence. Meanwhile, the purification 
rate shows an initially rising trend as the coating amount 
decreases, but then turns downward at 100 g/L or less, 
indicating a tendency to have a maximal value. Figure 
15 shows the linear velocity (calculated from the cross-
sectional area of the gas path) and the Pd particle size (by 
the CO adsorption method) relative to the coating amount. 
Here, the linear velocity is observed to decrease together 
with the coating amount, indicating that the reaction 
proceeds more readily. In contrast, the particle size of the 
Pd, which serves as the active site of the reaction, was 
confirmed to aggregate with the increase in the Pd density 
as the coating amount decreases, resulting in lower catalytic 
activation. This suggests that this characteristic has a 
maximal value due to the trade-off relationship between 
these two factors. The above results indicate that it is 
effective to arrange the HC purification catalyst in the upper 
layer and the HC trap materials in the lower layer, and to set 
the HC purification catalyst coating amount to an optimal 
value to achieve the maximum purification rate value.

4.2. Material Selection Based on OSC
Purification of the desorbed HC is described using 

the results in Fig. 16. The vertical axis represents the 
TWC light-off temperature in the model gas performance 
evaluation test, and the horizontal axis represents the 
concentration of oxygen in the model gas. Normally, at 
the stoichiometric A/F, just the precise amount of oxygen 
needed for the purification reaction of the TWC is supplied, 
providing conditions for achieving the greatest purification 
performance. The reference temperature in this figure 
is set to 285°C, which is the light-off temperature of the 
reference TWC under stoichiometric conditions. In contrast, 

the light-off temperature of the HCTC was confirmed to 
be 322°C, which is more than 30°C higher. The factor for 
this is that in the HCTC, although HC that desorbs in the 
light-off temperature range needs to be oxidized together 
with the HC contained in the exhaust gas, it is thought that 
the reaction does not readily proceed due to insufficient 
oxygen supply in actual operation. It was therefore thought 
that by adding oxygen in the model gas by the amount 
needed to purify the desorbed HC, the light-off temperature 
would return to the original level. An equivalent oxygen 
concentration was added and tested in the same manner, 
and the light-off temperature was confirmed to return to the 
same level as the reference TWC. This clearly indicates that 
the issue is insufficient oxygen, which placed the focus on 
how to supplement the oxygen needed for the desorbed HC.

Attention was thus turned to the OSC material, which 
is one of the main components used in TWC. In order to 
maintain the state in the TWC near A/F stoichiometry 
that provides the highest purification rate even in A/F 
fluctuations, the oxygen excess or deficiency at that time is 
compensated by the oxygen absorption and release function 
of the OSC material, thereby suppressing purification rate 
fluctuations(23). This function was also considered to be 
an effective means in this study, and helped to enhance 
the desorbed HC purification performance in terms of 
increasing oxygen supply with the OSC material. The 
approach was the CeO2 ratio in the OSC material. The 
OSC material mainly comprises a composite oxide of CeO2 
and ZrO2, which has two aspects: an oxygen adsorption 
and release function by the valence change of CeO2, and a 
function to enhance heat resistance by crystal stabilization 
of ZrO2. Therefore, the CeO2/ZrO2 ratio was examined 
that enables retention of heat resistance while helping to 
increase the oxygen supply during HC desorption. The 
OSC retention time was used as an indicator of the oxygen 
supply amount. The OSC retention time was evaluated by 
maintaining a flow of 0.5% oxygen (nitrogen balance) for 
5 minutes in the 600°C steady state to fill the OSC material 
with oxygen, and then switching to 1% CO (nitrogen 
balance) to establish and maintain the zero-oxygen state 
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Fig. 17   Relationship between CeO2 ratio, OSC 
retention time, and HC reduction rate

Fig. 18   Effect of HCTC study on temperature 
characteristics 

for 5 minutes. That is, the OSC retention time indicates 
how many seconds the oxygen in the OSC material can 
continue to be supplied to oxidize CO and is defined here 
as the duration until the CO purification rate drops to 50%. 
The blue plots in Fig. 17 show the results of confirming the 
relationship between the CeO2 ratio and the OSC retention 
time and reveal that the OSC retention time was longest at 
a CeO2 ratio of 50%. The reason is thought to be that when 
the CeO2 ratio is above this level, the ZrO2 ratio drops, 
promoting thermal degradation of the CeO2. Conversely, 
when below this level, the lower CeO2 ratio means that less 
oxygen can be supplied. Furthermore, a similar tendency 
was confirmed in the relationship between the CeO2 ratio 
and the HC purification rate (Fig. 17, 2nd vertical axis, 
brown plots, purification rate in the interval from 200 to 
400°C). In other words, it was indicated that increasing the 
amount of oxygen supply extends the OSC retention time 
and is effective for purification of desorbed HC.

Figure 18 compares the performance before and after 
optimizing the HC purification catalyst coating amount and 
the CeO2/ZrO2 ratio of the OSC material based on the above 
results. It was confirmed that the decline in adsorption and 
purification performance can be suppressed by setting the 
HC purification catalyst coating amount within the range 
that has both the smallest impact on adsorption and the 
lowest catalyst degradation, and by setting the CeO2 ratio in 
the OSC material to maximize the desorbed HC purification 
rate.

5. Emission Reduction Effects in a V6 Engine

Figure 19 shows the HC trap system of a V6 engine 
based on the results of the above HC trap material and 
HCTC examinations. One TWC is placed close-coupled to 
the exhaust outlets of the three cylinders on each side, so 
there are no changes in the close-coupled layout, and the 
TWC installed underfloor in a conventional V6 engine is 
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replaced with the HCTC. The following purification scheme 
was devised based on this arrangement. In the 0-20 second 
interval, the exhaust gas passes through the unlit close-
coupled TWCs but is adsorbed by the underfloor HCTC. In 
the 20-50 second interval, the close-coupled TWCs light-
off, but the HC trap layer in the HCTC continues to retain 
the initially adsorbed HC. Then, in the 50-150 second 
interval, the gas flowing in from the engine is purified 
by the mostly activated TWC. Meanwhile, the adsorbed 
HC begins to desorb from the HC trap layer, but the HC 
purification catalyst layer of the HCTC is also activated, 
enabling purification of the desorbed HC.

5.1. Emission Test
The arrangement characteristics and the reduction 

effects in the final form were verified with an actual 
engine. The engine was a V6 3.5 L DI engine with LEV III 
certification gasoline used as the fuel. An identical TWC 
(PGM 140 g/ft3, aging equivalent to close-coupled (with 
only the temperature changed to 950°C in the previously 
described aging conditions), honeycomb cell density 600 
cell/inch2, cell wall thickness 3.5 mil, and capacity 0.85 L 
was installed close-coupled to each bank. A TWC (PGM 
185 g/ft3, aging equivalent to underfloor arrangement, 
honeycomb cell density 400 cell/inch2, cell wall thickness 
3.5 mil, and capacity 1.0 L) was arranged underfloor as a 
reference, and evaluation was performed by replacement 
with the HCTC. The exhaust gas test was conducted in the 
LA#4 (cold-start) mode, and the HC used NMOG.

5.2. Characteristics of HC Trap Material and HC 
Purification Catalyst Arrangement

First, the effects of the optimal arrangement and 
volumes of the HC purification catalyst and the HC 
trap materials, which are the HCTC components, were 
compared in an actual engine. Figure 20 shows the 
comparison results (the HC purification catalyst is noted as 
CAT). Here, the vertical axis represents the reduction rate 
based on the emission values from 0 to 300 seconds with 
a TWC as the underfloor unit. Note that all arrangements 

used the same HC purification catalyst layer and HC trap 
layer coating amounts. First, at a volume of 1.0 L and an 
arrangement with the HC trap layer in the lower layer and 
the HC purification catalyst layer in the upper layer, a 36% 
reduction in emissions was observed compared to the TWC 
alone. Furthermore, arrangements with the HC purification 
catalyst on the front side and the HC trap materials on 
the rear side (1.0 L volume each) and vice versa were 
examined with the objective of lowering the impact of each 
coat on gas diffusion, and showed reductions of 39% and 
44%, respectively. In particular, the latter showed an 8% 
reduction compared to the vertical arrangement, suggesting 
that a front and rear arrangement can effectively lessen 
the impact on diffusion. Furthermore, the arrangement 
with the HC purification catalyst and HC trap materials 
arranged vertically on a 2.0 L honeycomb provided the 
highest reduction effect of 48%. This is considered to be 
the contribution of the effect to lower the linear velocity 
because the larger volume resulted in thinner coats, and the 
effect that the greater length in the gas flow direction had 
on easing the adsorption and purification conditions.

5.3. Demonstration of HC Trap System Effects
An actual engine was used to verify the purification 

scheme of an exhaust system with an underfloor 2.0 L 
HCTC, which provided the best purification performance 
based on the above examinations of trap materials, trap 
catalysts, and arrangement. As a result, Fig. 21 shows that 
total NMOG emissions were reduced by 48% compared to 
the emissions using only TWC, and the profile over time in 
Fig. 22 exhibits a large early reduction effect as intended. 
As it was previously reported(12) that adding an underfloor 
HCTC to a close-coupled 2-bed TWC arrangement in a 1.5 
L turbocharged engine achieved reduction effects of 51%, 
the reduction effects of an underfloor HCTC arrangement 
have now been demonstrated in multiple engines.

These results showed that an emission reduction rate 
of around 50% could be achieved during the period from 
0 to 300 seconds in either engine, and demonstrated the 
effectiveness of the HC trap concept in this study from 
materials to system.

Fig. 20   Relative reduction rate of various arrangement 
and volume HCTC with V6 engine
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6. Conclusion

Research on an HC trap system with high reduction 
effects revealed the following.
(1)	Increased stability of the exchanged ions that promote 

chemisorption is key to adsorbing HC up to high 
temperatures. Use of CHA zeolite with Ag ions 
introduced for the small-molecule HC trap and FAU 
zeolite with Cu ions introduced for the large-molecule 
HC trap enables increasing the adsorption and retention 
temperature to around 200°C.

(2)	Use of OSC material consisting of CeO2 and ZrO2 in a 1:1 
ratio enables purification of the desorbed HC even under 
TWC stoichiometric conditions.

(3)	The greatest HC purification performance can be 
achieved by positioning a TWC catalyst containing 
OSC material in the uppermost layer as a catalyst for 
purification of trapped HC, Cu-FAU in the middle layer, 
and Ag-CHA in the lowermost layer.

(4)	An underfloor HCTC arrangement is highly effective 
not only in an L4 engine but also in a V6 engine, and 
reduced NMOG by 48% in the LA#4 mode test.
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ABSTRACT

When producing highly stylized exterior designs for automobiles, conventional manufacturing processes can cause surface 
distortions on the outer body panels, which require countermeasures in order to meet specifications. To address this issue, 
we have developed a new development-stage simulation technology. This technology integrates design, manufacturing, and 
materials factors to predict the potential for a design to be achieved without visible distortions.

We began by proposing a digital development concept that predicts distortions throughout all the plant manufacturing 
processes (stamp forming, spot welding, and paint curing) based on models made prior to the production of vehicle body design 
drawings. We then created a simulation technology to analyze the distortions that accumulate throughout all the manufacturing 
processes, and verified it on actual vehicles.

The technology was then integrated into the development operational rules for new models. This made it possible to reduce 
reworking due to distortions occurring in plants that had resisted resolution for many years, and thereby enable efficient 
production of stylized surface designs.

1. Introduction

In recen t years , au tomobi le deve lopment has 
increasingly focused on using digital development 
environments to shorten development times as well as 
initiatives to increase performance and quality(1). Within this 
scenario, in body development, design specifications from 
drawings are being turned into numerical requirements, 
and management baselines for manufacturing processes are 
being established. In terms of performance, CAE is being 
used for rigidity, crashworthiness, strength and durability, 
and NVH. In manufacturing processes as well, CAE is used 
for individual processes, including stamp forming, welding, 
and painting, and in body development, MBD and digital 
twin simulation analysis technologies are continuing to 
evolve.

However, the distortions that are detected in the 
quality control and inspection processes that determine 
the final style quality of outer body panels are the result 
of the accumulated deformations and distortions from 
the manufacturing processes that are based on design 
specifications. The sensitivity and interactions of the 

influencing factors in each process are not well understood. 
In vehicle body design, as models evolve, exterior styling, 
light weight, safety, and functionality are being enhanced 
and specifications diversified. In manufacturing, there 
are advances in electric vehicle production technologies 
and the reduction of factory environmental impacts, while 
manufacturing conditions differ from one plant to the 
next. In terms of vehicle body materials, the use of high-
strength, lightweight materials and recycled materials is on 
the increase, and materials specifications are diversifying. 
As a result of this growing diversification of requirements, 
factors impacting outer panel distortions are becoming more 
numerous and complex. Thus, conventional reporting(2)-(6) 
and existing technologies are proving insufficient to address 
the issue.

In order to achieve highly stylized exterior designs for 
automobiles, therefore, we utilized a digital development 
environment to link factors relating to the design, 
manufacture, and materials of outer panels in automobile 
development, and developed CAE technology to predict 
surface distortions on outer panels.

Technical Paper

1 Material Research Center
  E-mail: toru_furusawa@jp.honda
2 Honda Motor Co., Ltd.



	 Honda  R&D  Technical  Review	 2026

− 110 −

2. Development Goals

Our goal is to forecast and terminate, at the design stage, 
the occurrence of outer panel distortions by developing an 
integrated simulation technology that would encompass 
vehicle body materials, parts, and all manufacturing 
processes.

First, by developing CAE technology to analyze 
accumulated stresses and distortions from manufacturing 
processes based on design specifications (stamp forming, 
spot welding, and paint oven curing), it will be possible 
to predict changes in distortion over time in the actual 
processes.

Next, by conducting simulations within the baseline 
conditions and ranges of variation of the vehicle body 
materials, design specifications, and manufacturing 
processes, reasons for occurrence will be identified and 
specifications and conditions established that will not result 
in visible distortions.

3. Technology

3.1. Developing an Integrated Simulation Technology 
that Encompasses All the Vehicle Body Materials, 
Parts, and Manufacturing Processes

3.1.1. Approach to resolving outer panel surface 
distortions

(1)	Influencing factors on outer panel surface distortions
Figure 1 illustrates the process leading to the detection 

of distortion in vehicle body panels. In vehicle body 
development, designers create a model layout that meets 
the required specifications and produce drawings. A 
prototype is then fabricated using manufacturing processes 
from stamp forming and spot welding to painting and 
assembly. From this, the manufacturing conditions that 
will become the baselines are determined. However, if 
distortions are visually detected in the exterior inspection 
process, manufacturing conditions need to be reset, and 
parts redesigned. In particular, distortions often occur at the 
surface of the T-intersection of the upper center pillars, on 
the lower sidesill, and the area around the roof panel arch. 
These are surfaces that tend to accumulate and concentrate 
stresses in response to external forces in the manufacturing 
processes, such as deformation of parts during processing, 
thermal stresses, or torsion. It is believed that when loads 
exceed the material’s yield point, parts are subject to plastic 
deformation, which in turn causes outer panel surface 
distortion.

Although specifications that reflect countermeasures for 
past occurrences have been integrated into drawings, and 
verification performed on prototype vehicles, it has not been 
possible to predict occurrences in advance. The reasons for 
this are thought to be the application of unprecedented shape 
specifications in the pursuit of more advanced exterior 
styling for new models, and differences in production 
technologies and equipment between factories. There are 

hundreds of factors that impact panel surface distortion 
on actual vehicle bodies, including panel gaps at welding 
points and residual stresses that cannot be measured except 
with CAE analysis can have a large impact, but are not 
checklist items in production engineering management for 
conventional manufacturing processes. These factors were 
therefore added as analysis items.
(2)	Evaluating distortions accumulated throughout all 

processes
Figure 2 illustrates the distortion evaluation process. 

Depending on the model being developed, the design 

Fig. 1   Surface distortion in automotive body panel 
manufacturing

Fig. 2   Evaluation approach of surface distortion 
criteria for outer panels during development 
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Fig. 3   Integrated simulation approach along manufacturing processes

shape and size of the outer panels differ, as do the design 
specifications for the inner panels and the stiffeners 
between them. In addition, the equipment specifications 
and processing conditions vary from plant to plant. Within 
the production process, in the steps from delivered metal 
sheets to parts and vehicle body processing, the shape and 
dimensions of the outer panels change, and residual stress 
and distortions accumulate.

To predict these changes, simulation evaluations were 
performed based on baseline factors that affect distortion 
within each process and within ranges of variation. 
Next, the curvature distribution was determined for 
outer panels both with and without distortion, and the 
curvature difference between them was used as an index 
to evaluate the amount of distortion in the outer panels. 
The amount of distortion detectable by visual inspection 
has been accumulated as correlation data relative to 
the curvature difference(7). Therefore, it was possible 
to compare the curvature difference of the distortion 
amount found in simulations to past data, which in turn 
enables the setting of specifications to mitigate distortion 
occurrence.

3.1.2. Developing an end-to-end integrated simulation 
method

Conventionally, CAE solvers specialized for each 
manufacturing process (stamp forming, welding, and paint 
curing) are used, and integrated analysis methods that 
link all processes have not been available. Here, a method 
was established to extract and transfer data that could 
accommodate differences in analysis settings (meshes, 
node data formats) between processes. Also, factors that 
impact outer panel surface distortion were reflected as input 

data for the CAE analysis method. Figure 3 illustrates the 
manufacturing process steps and digital linking between 
processes using simulations. For factors against which 
distortions are especially sensitive, evaluations were 
performed from the baseline level to the ranges of variation 
in conditions at factories around the world, and the details 
are as follows.
(1)	Target of analysis

As representative parts, the upper part of the center 
pillar, sidesill, and roof sections were chosen as targets for 
outer panel surface distortion analysis. 

For the analysis, CAE models were needed that 
reflected past design know-how and design data from 
design requirements (baseline dimensions, curvature radius 
at baseline lines, step dimensions at gaps and offsets, bead 
surface rigidity, buckling strength, etc.). Here, the mesh 
sizes and joint modeling used in vehicle performance CAE 
analysis were repurposed, and analysis performed without 
the need for additional man-hours to create new models.
(2)	Materials specifications

The materials constituting the outer panel parts and 
joints include steel sheets, aluminum sheets, joint bonding 
agents, sealers, and so on. The material properties that are 
entered into the analysis have varied stress-strain charts 
and temperature dependencies, according to the strength 
and composition of the base material. The analysis results 
also vary greatly according to the sheet thickness standard 
value and the upper and lower limits of tolerances. 
Therefore, an in-house materials database(8) was used, based 
on accumulated and detailed measurements of material 
properties.
(3)	Stamping process

In the outer panel stamp forming process, molding 
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processes such as draw-and-form molding have a larger 
impact on distortions than cutting and bending processes 
such as trimming, restriking, bending, piercing, and 
cutting. Here, JSOL Corporation’s JSTAMP was used. 
As an explicit solver, the simulator was used to calculate 
plastic distortions and sheet thickness reduction ratios 
when drawing and forming flat sheets. Changes in steel 
sheet yield strength caused by plastic distortion are a 
key factor in outer panel surface distortions that occur 
due to compression stresses. Thus, the analysis reflected 
plastic distortions caused by process hardening. The 
impact of self-weight was also reflected, and the analysis 
results carried over to the analysis of the next process of 
welding.
(4)	Welding process

The outer panel welding process specifications 
include a large number of conditional parameters, such 
as equipment specifications, welding specifications, 
clamp specifications, and so on. Factors among these 
that contribute to distortion are the position of fixing 
jigs, sheet gaps at spot-welding points, and the effect of 
residual stress propagation resulting from the spot weld 
order. These factors are as determined under production 
engineering requirements. Here, the implicit solver Visual-
Assembly, produced by ESI Japan, was used and loaded 
with the welding clamp locations, spot welding order, and 
sheet gap parameters. The data for residual stress at the 
spot-welding points, distortions, and deformation shapes 
were carried over to the analysis of the next process, that 
of paint oven curing.
(5)	Paint oven curing process

In the outer panel painting process, the vehicle upper 
body is suspended on a cart and moved over 100 m 
through a series of curing ovens (electrodeposition oven, 
intermediate coat oven, topcoat oven, and repair oven), the 
entire process requiring more than one hour. During this 
time, the temperature is increased up to about 200°C above 
the normal temperature to bake and cure the paint, before 
cooling again. The outer panels that directly face the high-
temperature jets from the wall nozzles inside the curing 
ovens heat up first. The inner parts heat up more slowly as 
a result of the circulating hot air. The inconsistent thermal 
expansion caused by the heat difference between the 
outer and inner panel is a factor in distortion. However, 
performing thermal fluid analysis with CFD requires large 
amounts of computational time, making it impractical for 
the given development schedules. To shorten computation 
times, the heat transfer analysis solver THESEUS-FE from 
ARRK Engineering GmbH was used to model thermal 
fluid heat transfer coefficients and heat radiation. 3D 
models were first created that reflect the specifications of 
the different curing ovens at each plant, making it possible 
to recreate actual paint curing conditions and thereby 
grasp the spatial distribution and changes over time of 
the vehicle body temperature. From the analysis results, 
temperature profile data for each mesh node of the vehicle 

body model were output and used in the next process 
as input load data for the final structural analysis of the 
vehicle body.
(6)	Structural analysis reflecting manufacturing history

Since the distortions from the manufacturing processes 
discussed in (1) to (5) are cumulative, it is necessary for 
CAE analysis to carry over the history from each process. 
Therefore, a script was created that brought together the 
data formats from all the analysis files formats; namely, 
the .d3 plot file from the stamp process, the M01 file 
from the welding, and .odb files from the paint curing and 
final structural analysis. The implicit solver Abaqus, from 
Dassault Systèmes SE, was used for the stress analysis of 
the final vehicle body structure.

In this way, the accumulated distortions of the vehicle 
body design specification DPM, input materials properties, 
and manufacturing processes (stamp forming, spot welding, 
and paint curing) were linked as factors to create an 
integrated simulation that encompasses all development 
processes.

3.1.3. Verification approach and measurement method 
construction

On actual manufacturing lines or verification-purpose 
lines, a prototype vehicle was used to measure factors 
relating to distortion, and the results compared to the 
simulation for verification.
(1)	Verification environment

The verification experiments were conducted at the 
Yorii Plant, which is a global baseline standard for plants. 
An SUV Type 1 model with a large outer panel surface 
area was used as the prototype vehicle to represent a model 
progressing through the line.

The Yorii Plant mass-production stamp equipment was 
used for the stamping process. The welding process was 
performed on the Yorii Plant verification prototyping line 
and was equivalent to mass-production welding. For the 
painting process, the vehicle was passed through the curing 
ovens on the mass-production line.
(2)	Measuring conditions

In order to clarify the amount of distortion within 
and between the processes, the 3D forms, engineering 
strain (hereafter, “strain”), sheet gaps, and temperature 
changes were monitored over time, and the correlations 
between the timing and location of plastic distortion 
occurrences verified. Figure 4 shows the verification 
method. Non-contact 3D shape measurements were taken 
before and after each manufacturing process to determine 
the detailed deformation behavior of the actual vehicle. 
In the welding process, the gaps, and the changes in 
the gaps, between the outer and inner panels were 
measured with feeler gauges during clamping, welding, 
and unclamping. To ascertain the amount of distortion 
continuously over time between the welding and paint 
curing processes, three-dimensional deformations 
were measured from surface-distributed distortions 
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Fig. 4   Verification test methods for vehicles in factory

Fig. 5   Measurement method of stamping strain 
(scribed circle)
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detected with optical fibers. In the paint curing process, 
thermocouples were placed on the outer and inner panels, 
as well as the stiffeners located between them, in order 
to evaluate the impact on distortion of temperature 
differences between the inner and outer panels. During 
these measurements, the optical fibers and thermocouple 
measuring instruments, and the data loggers were 
positioned inside specially fabricated heat-resistant 
boxes, enabling measurement of changes in temperature 
and distortions over time at approximately 200°C within 
the vehicle curing ovens.

3.1.4. Verification results by manufacturing process
(1)	Stamp process

Side panel deformation during stamp forming was 
measured using a scribed circle as shown in Fig. 5 (the 
distortion was calculated from the changes in the long and 
short axes before and after deformation). The reduction 
ratio of the sheet thickness was also measured. Figure 6 
shows a comparison of the results for the actual measured 
sheet thickness reduction ratio and the simulation of 
section 3.1.2.(3). The difference between reduction 
ratios was found to be less than 6.6%, indicating good 
correlation.

(2)	Welding process
With regard to changes to strain due to the spot-

welding order, which has a large impact on outer panel 
surface distortion, Fig. 7 shows a comparison of the 
results between the measurements from the optical 
fibers and the simulation described in section 3.1.2.(4). 
The welding spot timing and the changes in strain were 
found to correlate well at the roof, roof side, and sidesill 
evaluation locations.
(3)	Paint oven curing process

For the painting process simulation described in 
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Fig. 8   Comparison of temperature results between 
simulation and measurement during paint 
oven process

section 3.1.2.(5), Fig. 8 shows a comparison between the 
calculated and measured sidesill outer panel temperatures, 
under the temperature conditions and inlet flow rate of 
the electrodeposition curing process at the Yorii Plant. It 
was found that the temperature profiles correlated well. 
Figure 9 shows the difference in temperature between the 
sidesill outer panel and the stiffeners on the inner side at 
those locations, as well as the strain measurements made 
using optical fibers. It was shown that the maximum 
absolute value for strain variation coincided with the 
largest temperature difference. From this, it was inferred 
that plastic deformation occurs when the stress caused 
by thermal expansion differences during manufacturing 
exceeds the yield stress.
(4)	Structural analysis verification reflecting manufacturing 

history
To verify the effectiveness of distortion analysis 

reflecting manufacturing history, the actual measured 
displacement from the initial sidesill design surface 

to the post-paint curing state was compared to the 
simulation results. This comparison is shown in Fig. 10. 
Compared to the actual measurement (a), simulation 
(b) , which does not consider cer ta in par ts of the 
manufacturing history, showed much less deformation. 
On the other hand, in simulation (c), which considers 
the entire manufacturing history, the same deformation 
in the negative direction (indentation) was visible in the 
same location in both the measurements and simulation, 
indicating good correlation.

Next, Fig. 11 shows a comparison of the sidesill 
d i s tor t ion amount over t ime, be tween the ac tua l 
measurement taken using optical fibers during paint oven 
curing and the calculation. The stress value obtained by 
multiplying the measured strain value and the modulus 
of elasticity of the outer panel steel sheet material 
was plotted on the vertical axis, showing the region 
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Fig. 12   Comparison of curvature difference results on 
sidesill

Fig. 14   Simulation comparison results of curvature 
difference on roof panel

where plastic deformation occurred as yield strength 
was exceeded. Distortion grew as heating began, and 
measurements showed that plastic deformation occurred 
after several minutes. In the simulation results, the 
simulation that did not consider the paint oven curing 
process showed that stress was within yield strength 
and no plastic deformation occurred. On the other 
hand, when the manufacturing history was taken into 
account, the results showed the same tendency as the 
measurements, where yield strength was exceeded and 
plastic deformation occurred.

As the above shows, this simulation method, which 
integrates the manufacturing processes, was able to predict 
both the timing of plastic deformation and the amount 
of distortion that is shown in the measurements, thereby 
confirming its utility.

3.2. Predicting Feasibility Using Integrated Simulations 
to Establish Specifications to Suppress Outer 
Panel Surface Distortion

Simulations were run for specifications aimed at 
suppressing strain that occurs under various conditions 
that impact outer panel surface strain distortion of the 
roof, sidesill, and upper center pillar of a vehicle model. 
In order to determine the feasibility of specifications, 
base conditions and variation ranges were compared for 
panel thickness and outer panel surface curvature in the 
design specification, differing thickness reduction ratios 
in the stamp forming process, panel gaps at welding spots 
during the welding process, and heating rate in the paint 
curing process. Figure 12 shows that for the sidesill, the 
impact of sheet thinning during stamp forming and panel 
gaps during welding was relatively minor. However, 
when comparing the base condition with the upper-limit 
condition for heating rate during paint curing, a significant 
difference was observed. Here, when measurements were 
made on actual panels, the results showed that under the 

baseline heating rate for paint curing, the same as used 
in the simulation, no distortions occurred. On the other 
hand, when the upper-limit condition was exceeded, 
the distortion exceeded the criteria, correlating with the 
simulation results.

At the same time, Fig. 13 shows that a comparison of 
the simulation results (a) with the measurement results 
(b) showed a similar distribution trend in the curvature 
differences of the distortion. From these results, it was 
possible to reassess the range of variation and apply the 
optimal heating rate to the manufacturing conditions.

Next, we performed simulations for the roof panel. 
Figure 14 shows that under the baseline conditions, 
distortion increased during welding, but the effect of the 
paint curing process was relatively small. Also, an analysis 
of the upper-limit of welding condition variation showed 
that distortions increase, but that even adding paint curing 
conditions at the upper-limit of the range had only a small 
impact. This indicated that the welding process had the 
greater impact on distortion.
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As shown in Fig. 15, the larger the gap between panels 
at the spot-welding points, the greater the deformation 
of the rectangular structure. It is thought that this causes 
excess stress on the roof surface and thus distortion to 
occur. By modifying the welding conditions and reflecting 
the optimized manufacturing condition, it was possible to 
suppress these outer panel surface distortions.

It was also found that the dominant factors that cause 
outer panel surface distortions vary depending on the parts 
involved.

From the above, it was possible to predict the feasibility 
of specifications by referencing the design specifications 
for the outer panels of a vehicle and taking into account the 
accumulated distortion from each manufacturing process. 
It also became clear that the sensitivity to and interactions 
of influencing factors differ depending on the component 
or part, and an end-to-end integrated simulation method is 
effective for suppressing occurrences of distortion among 
the complex conditions of an entire vehicle.
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4. Conclusion

In order to achieve highly stylized exterior designs 
for automobiles, we developed a simulation to predict, at 
the design stage, the occurrence criteria for outer panel 
surface distortion. By incorporating this technology into 
the development management steps for new models, we 
were able to end the need for reworking in response to 
outer panel surface distortion occurring at plants around the 
world, and thereby increase design development efficiency.
(1)	We developed a CAE technology that carries over 

accumulated distortion and stress data, enabling end-
to-end evaluations of vehicle body materials, design 
specifications, and manufacturing processes (stamp 
forming, spot welding, and paint curing).

	 The results of verifications on actual vehicles enabled us 
to predict the occurrence timing of plastic deformation.

(2)	Using the integrated simulation method that we 
developed, we were able to understand the mechanisms 
under which different factors have large impacts on 
distortion, depending on the outer panel part. By 
optimizing design specifications and manufacturing 
conditions that constitute these factors, we were able to 
suppress the occurrence of distortion.

https://www.nvidia.com/en-us/learn/learning-path/digital-twins/#source=solr
https://www.nvidia.com/en-us/learn/learning-path/digital-twins/#source=solr
https://www.nipponsteel.com/en/tech/report/pdf/122-14.pdf
https://www.nipponsteel.com/en/tech/report/pdf/122-14.pdf
https://doi.org/10.11351/jsaeronbun.53.821
https://doi.org/10.1016/j.mfglet.2024.09.032


Development of Evaluation Method for Automotive Outer Panel Surface Distortion Using Curvature Difference and Application to Body Design

− 117 −

Development of Evaluation Method for Automotive 
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Difference and Application to Body Design
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	 Shigeru TAKAMI2	 Masao UCHIYAMA2	 Yoshinori TANAKA2

ABSTRACT

A quantitative evaluation method that correlates with human visual inspection is important in helping to predict outer panel 
surface distortion that may occur in the development phase of the automobile manufacturing process. This study proposes a 
quantitative evaluation method for distortion using curvature difference, in order to determine specifications through predictive 
simulations in the development phase. Curvature refers to the rate of change of the slope of a curved surface. The degree 
of distortion can be quantified by defining the difference in curvature between the standard shape and distorted areas as the 
curvature difference. The proposed method achieved reliable correlation between outer panel surface distortion and visual 
evaluation. Therefore, by incorporating curvature difference as one criterion in design phase simulations, it can be utilized as a 
consistent evaluation index from development to the manufacturing site. This paper reports the details and effectiveness of this 
evaluation method.

1. Introduction

Initiatives using digital development environments 
to shorten development periods and enhance quality and 
performance in automobile development are currently 
accelerating. In body development, these initiatives 
include defining specification requirements through 
design drawings, establishing control standards in the 
manufacturing process, and conducting simulations for 
a wide range of performance criteria such as rigidity, 
crash safety performance, strength, durability, and NVH 
(noise, vibration, harshness). Simulations have also been 
introduced to manufacturing processes such as press 
forming, welding, and painting, while developments 
in model-based development (MBD) and digital twin 
technology are further advancing simulation technology 
for body development. The authors previously developed 
a simulation technology capable of predicting outer panel 
surface distortion(1) by having design, manufacturing, 
and materials departments cooperate and handle factors 
related to outer panels in an integrated manner. However, 

visual evaluation is a key element of distortion inspection 
at manufacturing sites, and the remaining issue was that 
dimension-based prediction results from simulations 
did not match on-site visual judgments in some cases. 
This made it necessary to develop a method capable of 
quantitatively evaluating distortion without relying on 
visual evaluation, and to incorporate that method into 
simulations.

Human vision is sensitive to disturbances in surface 
smoothness and continuity, as well as discontinuous and 
sudden changes in curvature. For example, the sense of 
incongruity when the reflection of light changes in an 
unnatural manner, or when a continuous image bends, is due 
to the sudden change in curvature that negatively impacts 
the smoothness perceived by humans(2), (3). Especially on 
glossy surfaces such as automotive outer panels, even 
slight unevenness can change the reflection of light, greatly 
impacting visual evaluation. Past methods for quantification 
and evaluation of distortion are listed below, but each faces 
challenges, and they have not been put to practical use in 
Honda body development.

Technical Paper
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(1)	Evaluation based on dimensional differences through 
non-contact 3D measurement(4)-(6)

While this method is able to capture fine surface 
waviness with high precision, correlation between visual 
evaluation of light waviness and bending by the human eye 
and evaluation by non-contact 3D measurement has not 
been demonstrated, making it a challenge to set distortion 
amounts that match visual evaluation.
(2)	Evaluation using curvature(7), (8)

Similar to the evaluation method in (1) above, the 
distribution of surface distortion is quantitatively evaluated 
by measuring the 3D shape of the outer panel surface 
and calculating the surface curvature and changes in 
the curvature. However, due to their design, the design 
surfaces representing the final product shapes described 
in the product drawings addressed in this paper inherently 
have large curvatures or changes in curvature. Therefore, 
small changes in the curvature due to outer panel surface 
distortion become buried in the curvature of the original 
design surface, making it a challenge to extract only the 
curvature of distorted areas as extreme values.
(3)	Line-scan measurement using a profiler

Differences in the height of the surface over a certain 
measurement length are continuously measured using 
contact or non-contact surface profilers, and utilized to 
quantify the surface distortion. However, measurement as 
a surface is not possible, making it a challenge to evaluate 
wide areas such as actual panels.

Therefore, the goal of this study was to develop a new 
quantitative evaluation method in which the prediction 
results of outer panel surface distortion simulations match 
on-site visual evaluation.

2. Development Goals

To evaluate outer panel surface distortion, it is 
necessary to establish criteria to serve as judgment 
standards, and this calls for quantification of outer panel 
surface distortion. This paper focuses on a quantification 
method that examines the difference in curvature between 
the design surface and the outer panel surface after 
deformation in the body manufacturing process. The 
reason that humans are able to visually perceive distortion 
is that the reflection changes unnaturally, the result of 
a sudden change in curvature partway along a smooth 
transition in curvature. Therefore, it was thought that 
areas with distortion could be effectively extracted by 
identifying the difference between the original curvature 
and the curvature that contains distortion. First, human 
visual evaluation was correlated with the calculated 
curvature difference values for actual vehicle outer panels. 
Next, the design specifications were investigated in 
simulations, using the quantitative index established based 
on this correlation as criteria. Lastly, validity was verified 
by comparison with actual vehicles manufactured using 
design specifications that are effective against distortion.

Fig. 1   Example of distortion extraction using 
curvature difference 

3. Method for Quantification of Outer Panel 
Surface Distortion

The principle of using curvature difference to quantify 
outer panel surface distortion is described below. When a 
certain curve on the xy coordinate plane is represented as 
y = f (x), the x direction curvature κ is defined by Eq. (1). 
Labelling the curvature of the design surface as κ1 and the 
curvature of the surface that contains distortion as κ2, the 
difference between the two given by Eq. (2) is defined as 
the curvature difference Δκ.

κ = f ''(x)
(1+ f '(x )2)3/2	 (1)

κ κ κ= ‒1 2∆ 	 (2)

Figure 1 shows an example using a simple curve. 
Figure 1(a) is the curve intended by the design, and 
Fig. 1(b) is a curve distorted in one area compared to the 
design curve. The two curves are nearly indistinguishable 
on the graphs. Next, Fig. 1(c) and (d) respectively show 
the curvature distribution of both curves, and here too, 
the presence of distortion cannot be determined from the 
curvature distributions. However, when the difference in 
curvature distribution is obtained and plotted as shown in 
Fig. 1(e), the extreme value of the difference in curvature 
distribution appears at the distortion location. If it can be 
demonstrated that the calculated curvature difference results 
and human visual evaluation are correlated, this would 
enable quantitative evaluation.
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Fig. 2   Curvature difference calculation flow

Fig. 3   Example of dimensional difference and curvature difference in measurement data

4. Proof of Principle Using Actual Vehicles

4.1. Method for Calculating Curvature Difference 
Using Actual Vehicle Measurement Data

The curvature difference of the outer panels of actual 
vehicles was calculated to investigate the correlation 
between quantitative values based on the curvature 
difference of outer panel surface distortion and visual 
evaluation. This paper used optical scanning by GOM 
GmbH (measurement device: ATOS 5X) to measure the 
3D shape data of actual vehicles. The data was output as 
random mesh data with an average mesh size of 1 mm. 
Figure 2 shows the curvature difference calculation flow. 
To calculate curvature difference from the outer panel shape 
data, the overall process was divided into four steps.

・Step 1: Acquisition of 3D mesh data
The panel surface to evaluate distortion was arranged 

parallel to the xy-plane as data on an xyz-axis 3D coordinate 
system, and the design data was converted from CAD data 
to mesh data.

Optical scanning measurement data was used as the 3D 
data of the actual vehicles.

・Step 2: Conversion to equal-interval mesh data
x and y coordinates were spaced at equal intervals on the 

random mesh data, and linear interpolation was performed 
for the z coordinates corresponding to those xy coordinates.
・Step 3: Calculation of curvature difference

The first and second derivatives in the x-direction of 
the design and measurement data were calculated using 
the central difference method, and the curvature κ1 of 
the design data in the x-direction and the curvature κ2 of 
the measurement data in the x direction were calculated. 
Finally, the difference between curvature κ1 and curvature 
κ2 was obtained and used as the curvature difference Δκ.

As described hereafter in Section 4.2., this paper 
focused on the roof panel, roof side, and side sill to confirm 
the correlation between visual evaluation and curvature 
difference. Therefore, the longitudinal direction of each 
area was aligned with the x-axis, and in consideration of 
past situations where distortion appeared, evaluation was 
performed only for the x-direction.
・Step 4: Mapping of curvature difference

The calculated curvature difference values were 
visualized by mapping to the mesh data coordinates set in 
step 2. In order to intuitively grasp the tendencies of the 
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Fig. 4   Example images of visual evaluation points

Table 1   Visual evaluation scoresdeformation, the signs of the curvature difference were 
defined as positive in the convex direction and negative 
in the concave direction relative to human vision, and 
displayed using a color map.

Figure 3 shows the results of calculating and color 
mapping the dimensional difference and curvature 
difference of an actual roof panel. The displacement in 
the z-axis positive direction at the center of the roof panel 
can be confirmed in (a), but there are cases where areas 
with large dimensional difference may not be visually 
recognized as distortion. This is because while the 
dimensional difference indicates the displacement between 
the design and measurement data, local deformation and 
waviness resulting in visual unnaturalness also exist as 
small displacement, and that small displacement becomes 
buried, making it a challenge to capture. In contrast, 
the waviness at the roof edges is clearly extracted in the 
curvature difference (b), and was confirmed to be consistent 
with the distortion areas in the photograph (c). This showed 
that curvature difference is highly correlated with visual 
evaluation, and is an effective evaluation index close to 
visual inspection.

4.2. Verif icat ion of Correlat ion between Visual 
Evaluation and Curvature Difference

To confirm the correlation between visual evaluation and 
curvature difference, verification was conducted using five 
sample vehicles prepared with varying degrees of distortion. 
The prepared vehicle types included two sedans and three 
SUVs with large outer panel areas prone to distortion. For 
visual evaluation, the points where the curvature difference 
values are extreme values were extracted in advance for 
the three areas of the roof panel, roof side, and side sill, as 
shown in the examples in Fig. 4. Those points were visually 
scored using the 10-point scale shown in Table 1, and a 
score of 6 or more was defined as borderline acceptable for 

Evaluation points 

Evaluation points 

Roof panel 

Side sill 

Roof side 

Score Judgement Reactions

10 EXCELLENT No distortion

9 VERY GOOD Undetectable even by experts 

8 GOOD Detectable by experts

7 ACCEPTABLE Recognized but acceptable by 
experts 

6 BORDERLINE Acceptable but noticeable if 
customers pay attention 

5 UNACCEPTABLE Detectable by customers 

4 UNACCEPTABLE Complaint

3 POOR Strong complaint

2 VERY POOR Repair request

1 N/A Rejection

a mass-produced product. Evaluation was conducted in an 
inspection environment with fluorescent lights arranged 
at equal intervals to facilitate detection of distortion by 
changes in light reflection. 55 expert inspectors scored 
the extracted points, and the average value was used as 
the score. These scores were compared with the curvature 
difference values at each point to confirm the correlation.

Figures 5, 6, and 7 show the respective confirmation 
results for the roof panel, roof side, and side sill. The 
vertical axis of the graphs represents the visual evaluation, 
and the horizontal axis represents the curvature difference. 
The relationship between the average value of the visual 
evaluation scores and the curvature difference at the points 
shown in Fig. 4 is plotted for each vehicle type. Regarding 
the side sill in Fig. 7, the sedan models use resin garnish 
parts, so these were not evaluated, and only the SUV plots 
are shown.

The results clearly show a tendency in which the lower 
the visual evaluation score, the greater the absolute value of 
the curvature difference for any outer panel area, confirming 
the expected correlation. The acceptable criteria range 
differed for each of the roof panel, roof side, and side sill, 
which is thought to be due to differences in the curvature of 
the design for each area. When the curvature of the design 
surface is small, that is to say a smoother surface, it is easier 
to visually detect distortion even if the curvature difference 
is small. Conversely, when the curvature of the design 
surface is large, it may be a challenge to visually detect 
distortion even in case of a large curvature difference. Based 
on this result, human vision and a quantitative index of 
distortion in actual vehicles can be correlated by setting the 
range of curvature difference resulting in a visual evaluation 
score of 6 points or more as the criteria for distortion. These 
criteria enable comparison using simulations, as well as 
investigation of potential factors in the event of issues, and 
accurate predictions when making design changes.
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Fig. 5   Correlation between visual evaluation scores 
and curvature difference of roof panel

Fig. 6   Correlation between visual evaluation scores 
and curvature difference of roof side

Fig. 7   Correlation between visual evaluation scores 
and curvature difference of side sill

These criteria were established to cover the outer panels 
of a wide range of existing models, and are considered 
capable of accommodating even the development of new 
models. However, efforts are needed to further enhance 
accuracy by accumulating more detailed data in preparation 
for the appearance of greatly differing designs as bodies 
evolve going forward.

5. Application to Simulation

Figure 8 shows an example of the design process for 
reducing distortion in the roof of the 2022 model year 
CR-V. The roof edges have spot welds between the body 
frame and the roof panel, making these locations relatively 
susceptible to distortion. Figure 8(a) and (b) compare the 
results of curvature difference calculated by predictive 
simulations of outer panel surface distortion based on two 
design proposals: a first design and a resistance-enhanced 
design. In the first design (a), welding of the weld flanges 
resulted in displacement and distortion in the visible area 
of the roof, and the curvature difference in the red areas 
did not meet the acceptable criteria. As the design for 
enhancing resistance (b), the dimensions of the two cross-
sectional shapes of the visible surface and the vertical face 
were considered within the range that does not negatively 
impact other design requirements such as press formability, 
functionality, and aesthetics. For the visible surface, the 
curvature was reduced and the rigidity was increased. For 
the vertical face, a two-step shape was established and the 
dimensions were set so that deformation in welding does 
not easily extend to the design surface. As a result, the 
curvature difference values were confirmed to be within the 
acceptable criteria.

Figure 9 shows the curvature difference measurement 
results for the actual vehicle roof. The design with enhanced 
distortion resistance (b) was confirmed to fall within the 
acceptable criteria range.

The above results show that by quantifying distortion 
using curvature difference, it is possible to demonstrate 
congruity between predictive simulations of outer panel 
surface distortion in the design phase and the actual body.

Fig. 8   Design process to reduce distortion in roof
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6. Conclusion

Curvature difference was used to establish a quantitative 
index correlated with human vision in order to achieve 
a quantitative evaluation method for distortion, which is 
needed to develop simulation technology for body outer 
panel surface distortion. Establishment of a calculation 
process that enables the calculation of differences in 
curvature between actual measurements and simulation 
mesh data made it possible to verify specifications using 
simulation data. This calculation process can be used 
together with predictive simulations of outer panel surface 
distortion in actual development sites, and will enable the 
development of technology for enhancing the efficiency of 
vehicle body development.
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1. Introduction

Automobile side mirrors are parts used to understand 
the situation to the rear of the vehicle. As they are mounted 
on the exterior of the body, their part shape can disrupt the 
surrounding airflow at high speeds, potentially causing 
the mirror to vibrate and reduce rear visibility. Therefore, 
computational fluid dynamics (CFD) is used to predict 
performance and examine shapes to help minimize the 
potential impact of this flow. While the evolution of graphics 
processing units (GPU) continues to shorten CFD calculation 
times, it still requires around three days to calculate the flow 
velocity (three velocity components) around the side mirror, 
the surface streamlines, and the surface pressure distribution.

The side mirror shape affects the vibration of the mirror 
surface, and also impacts the styling. To achieve a good 
balance between functionality and styling, designers and 
styling designers should ideally be able to discuss matters 
on the spot. CFD calculations currently take time, however, 
making it necessary to take designs back and conduct 
performance predictions. Due to the inability to reconcile 
the optimal shape determined by designers as well as the 
design desired by styling designers during that period, 
inconsistencies in direction often lead to reworking, which 
becomes a bottleneck for shortening the development period.

To address this issue, it was thought that if there was 
a tool capable of performing prediction in a short time of 
around five minutes, designers and styling designers would 

be able to repeat trial and error while viewing the prediction 
results, enabling determination of a shape with good balance 
during meetings.

Active research is underway on surrogate models based 
on deep learning as a method for performing prediction in a 
short time, and many reports have indicated its effectiveness 
in shortening prediction times(1).

Surrogate models using deep learning generally adopt 
an architecture based on CNN autoencoder (CNN-AE) 
that combines a CNN encoder and CNN decoder that use 
convolutional neural networks (CNN) as shown in Fig. 1(2). 
However, CNN-AE is known to have the disadvantage 
that detailed information is lost as noise in the encoding 
(compression) process for feature extraction, resulting in 
blurred shape outlines. This is addressed by converting 
shape data to a signed distance function (SDF) for input 
to the CNN encoder. SDF is a function that provides 
geometric information about a shape and includes codes for 
calculating the distance from a certain point or determining 
which points are inside and which are outside the model 
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Side Mirrors Using Pix2Pix GAN
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ABSTRACT

To examine the design direction of side mirrors in the early stages of development, a Pix2Pix GAN deep learning model 
was used to develop an easy-to-operate tool that enables prediction of flow fields with sufficient accuracy in a short period of 
time and output of the results. In addition to a shorter prediction time with a deep learning model, further time reduction was 
achieved by omitting the signed distance function for shape recognition that has a high computational load. The tool was also 
developed to maintain prediction accuracy even with a small amount of training data. Furthermore, output of fluid physical 
quantities required for verification on the tool operation screen was minimized, allowing performance of the process from input 
to output solely by button operations, making it easy to use for designers.
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with outputs corresponding to arbitrary inputs.
Pix2Pix GAN is a further extension of cGAN and is 

widely used as an image generation algorithm. By learning 
the relationship between a pair of images, it can generate 
another image that reflects that relationship based on a 
single image. 2D images are commonly used as conditional 
inputs, but to predict the spatial flow velocity (three 
velocity components) and pressure around a side mirror, 
the architecture is extended to three dimensions and STL-
format 3D data is used instead of conditional images. 
While there is a case of using 3D expansion for brain tumor 
segmentation by Cirillo et al.(6), there are no known cases of 
application to fluid prediction. Thus, a generator that inputs 
voxel data of shapes and outputs fluid physical quantities 
was used. Furthermore, a major feature of Pix2Pix GAN 
is the use of U-Net proposed by Ronneberger et al.(7) as 
the generator. Figure 4 shows the architecture used in this 
study, which is an extension of the U-Net CNN layer to 
three dimensions. U-Net is an architecture consisting of an 
encoder and a decoder. Features extracted by the encoder 

Fig. 4   Extension of U-Net to 3D

surface. While this enhances accuracy, there is also the 
disadvantage that time is needed to calculate the distances 
for all points every time in both training and inference.

It is also generally known that data on the order of 
103 is needed to provide sufficient accuracy in development 
of deep learning models, and Akasaka et al. conducted 
research with a similar condition(1). This presented a 
challenge for this study, as using CFD results to prepare this 
order of training data would take some five months.

An additional challenge is that the display method 
and operability need to be considered when designers 
use prediction tools. Since discussion time is limited, it 
is more important to be able to swiftly and easily display 
only the information needed for consideration, rather than 
confirming events from multiple perspectives.

To address these challenges, this study examined the 
following three points. First, to shorten the prediction time, 
the use of deep learning and the feasibility of omitting SDF 
were examined. Second, a deep learning model capable 
of providing prediction accuracy with a small amount of 
training data was investigated. Third, minimization of the 
outputs required for verification and an operation screen 
that enables operation solely by button operations were 
investigated to help prevent designer operations from 
becoming complicated.

2. Selection of Deep Learning Model and 
Development of Prediction Tool

To address the above challenges, the optimal deep 
learning model was selected and pre-checked, and a 
display screen that enables easy output by designers was 
investigated.

2.1. Shorter Prediction Time
To shorten the prediction time, this study also applied 

a surrogate model based on deep learning. Pix2Pix 
Generative Adversarial Networks (Pix2Pix GAN)(3) was 
adopted as that deep learning model, and further speeding 
up by omitting SDF was also examined. Figure 2 shows 
the GAN that forms the basis of that algorithm. GAN is 
a generator training method proposed by Goodfellow et 
al.(4), and consists of generator and discriminator neural 
networks. The generator generates data using random noise 
as the input, and the discriminator judges whether that data 
is real or fake. Training proceeds by having the generator 
and discriminator compete to enhance the quality of the 
generated data (adversarial training). As a result, GAN are 
characteristic in that training continues until sharp outputs 
are achieved, as opposed to CNN-AE, which may produce 
blurred shape contours.

An extension of GAN is the conditional generative 
adversarial network (conditional GAN: cGAN) shown in 
Fig. 3 proposed by Mirza et al.(5) This enables specification 
of conditional inputs to the generator, making it possible 
to enhance the prediction accuracy by training a generator 

Fig. 2   GAN
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are restored to the original-size image by the decoder, 
and the skip connection between the encoder and decoder 
enables transmission of detailed information to the decoder 
layers of the same resolution without the loss of any data. 
With this architecture, spatial information and resolution 
details that tend to be lost by the encoder can be transmitted 
directly to the decoder, enabling retention of even fine 
features that might be lost in the CNN-AE encoding 
process. It was examined whether use of these GAN and 
U-Net would enable shortening of prediction times while 
maintaining prediction accuracy, even without use of SDF.

Figure 5 shows the architecture examined in this study. 
The inference part used a Pix2Pix GAN. A method that 
omits the SDF that was required before inference in CNN-
AE and inputs the voxel representation of the shape data 
directly to the generator was examined while verifying the 
prediction accuracy.

2.2. Provision of Prediction Accuracy with a Small 
Amount of Training Data

Typically used CNN-AEs are trained with small data 
units called mini-batches, but as they are unable to consider 
the entire data distribution, a large amount of training data 
is needed to obtain high accuracy.

In contrast, Pix2Pix GAN is an effective deep learning 
model that can achieve high prediction accuracy even 
with a small amount of training data. The reasons given 
for this are that adversarial training enables the generative 
model to grasp the entire data distribution(4), and the U-Net 
employed in the generator enables high-accuracy prediction. 
The combination of these factors enables training of the 
generator to achieve high prediction accuracy using less 
data than for CNN-AE.

This study set target values for prediction accuracy and 
the number of training data in order to verify the prediction 
accuracy with a small amount of training data. As the 
accuracy of CFD using Reynolds-averaged Navier-Stokes 
(RANS) is about ±10%, the target prediction accuracy 
was set to a discrepancy of ±10% or less. The pressure 
coefficient Cp of the side mirror is in the range of ±0.3, so 
this target was set to ±0.03 or less, and the target relative 
to the mainstream velocity of 38.8 m/s was set to ±3.8 m/s 
(±13.6 km/h). The target amount of training data was set to 

100 or less.
Accuracy was verified using the mean squared error 

(MSE) given by Eq. (1).

MSE = (Yi − Yi)
2

i =1n

n1 	 (1)

Here, Yi and Ŷi  respectively indicate the CFD results and 
the results estimated by the prediction tool, and n indicates 
the number of voxel points.

From this equation, the accuracy targets are an MSE of 
750 or less for pressure, and 14.4 or less for velocity.

2.3. Verification of Accuracy Using 2D Images
In developing this tool, the validity of the Pix2Pix GAN 

prediction accuracy was verified in advance by comparing 
Pix2Pix GAN with the CNN-AE developed by Guo et al. 2D 
velocity distribution images calculated for various shapes 
using the general-purpose CFD software ANSYS Fluent by 
Synopsys Inc. were used as the training data. Table 1 shows 
the learning conditions. CNN-AE used 32,500 images as 
training data, and also converted them to SDF. Pix2Pix GAN 
used 2,000 images selected randomly from among those 
32,500 images as training data, and omitted SDF. Figure 6 
shows scooter-shaped binary data as an example of input in 
prediction, and the SDF calculated from that data. Figure 7 
compares the prediction results of the flow velocity Ux 
component (horizontal direction in the figure) under these 
conditions. Both CNN-AE and Pix2Pix GAN produced 
images of the scooter shape and the velocity distribution 

Fig. 5   Proposed architecture

Table 1   Deep learning conditions 

Fig. 6   2D input image
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Fig. 7   Comparison between CNN-AE and Pix2Pix GAN
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Fig. 8   Mapping from spatial distributions to surfaces

around the scooter with little blur similar to CFD. Both were 
also able to qualitatively reproduce the relative velocities and 
corresponding areas. This result indicated that by adopting 
Pix2Pix GAN instead of CNN-AE, the amount of training 
data can be reduced and the flow velocity near the body 
within the flow field can be predicted even without SDF.

2.4. Achievement of an Operation Screen Enabling 
Easy Output

Since the operation screen needs to be easy to operate 
for designers, it was designed so that all operations can 
be performed using only buttons. The buttons needed to 
perform all operations from loading the input STL data 
to output of the prediction results are arranged in order, 
enabling performance of all operations on a single screen. 
The outputs were narrowed down to the cross-sectional 
velocity distribution and the fluid information (surface 
pressure distribution, flow velocity distribution, and 
streamlines) for the side mirror surface shown in Fig. 8, 
making it easy to select and display the desired data using 
only button operations.

Fig. 9   Deep learning model for pressure distribution

that judgment. Training was also performed similarly for 
the 3D spatial velocity distribution (X, Y, and Z directions). 
For reference, this model is capable of predicting spatial 
pressure and spatial velocity using only the generator when 
given the STL data of an unknown side mirror shape.

3.2. Generation of Training Data by CFD
The training data used CFD results for a vehicle equipped 

with side mirrors. Since application to various mirror 
sizes is assumed, the body with the largest mirror size was 
selected in order to encompass all mirror sizes. Eleven shape 
parameters representing the shape, position, and size features 
of the side mirror were set as shown in Fig. 10. Three 
levels were set for each shape parameter, and 101 cases 
of combinations were generated based on randomized 
design of experiments. Parametric data generation used the 
commercially available morphing tool DEP MeshWorks by 
Detroit Engineered Products, and CFD used ANSYS Fluent.
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Fig. 10   CFD model creation for training data
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3. Training for Side Mirror Prediction

Training to predict the pressure and flow velocity 
distributions around the side mirror was conducted using 
the tool described in Chapter 2.

3.1. Training Process
Figure 9 shows the training process for spatial pressure 

distribution in the proposed Pix2Pix GAN model used in 
this study. First, the voxel representation of the side mirror 
shape was applied to the generator as conditional input data. 
Here, a pair consisting of the spatial pressure distribution 
predicted by that generator and the side mirror shape, and 
a pair consisting of the CFD result (true values) and the 
side mirror shape were generated. Next, the discriminator 
performed real/fake judgment using those two pairs as 
input, and then adversarial training was conducted based on 
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Table 3   Analysis conditions 

Turbulence model Realizable k-ε
Speed 140 km/h (38.8 m/s)
Density 1.205 kg/m3

Viscosity coefficient 1.8075e-5 Pa-s

Fig. 13   Training data space for deep learning

Fig. 12   Example of pressure distribution results using 
CFD

400 mm
(200 Voxels) 400 mm

(200 Voxels)

400 mm
(200 Voxels)

Fig. 14   Side mirror voxel model as noise and 
condition label

voxels were arranged at 2-mm intervals within that cube. 
Conversion to the voxel data for the mirror shape shown in 
Fig. 14 used the vtkSelectEnclosedPoints algorithm from 
the open-source The Visualization Toolkit (VTK) library.

Figure 15 shows an example of a spatial pressure field 
used as training data. Conversion from CFD mesh to voxels 
was performed by substituting the average value of the 
10 closest CFD mesh points to the center of each voxel.

3.4. Learning Conditions and Learning Time
Table 4 shows the learning conditions, with 80 of the 

prepared 101 cases used as training data. A single NVIDIA 

Table 2   Mesh conditions 

Number of mesh 50 million
Vehicle surface mesh size 4 mm

Circumference 8-16 mm
Boundary layer mesh 2 mm x 1 layer

Fig. 11   Mesh placement

Fig. 15   Example of pressure distribution as training 
data

Table 2 shows the CFD mesh conditions, and Fig. 11 
shows the mesh placement. A hexahedral mesh was used 
as the overall base, and a single-layer boundary-layer 
mesh was positioned to reproduce only the surface shape. 
Table 3 shows the CFD analysis conditions. The turbulence 
model used RANS. Figure 12 shows an example of the 
CFD results.

3.3. Extraction of Training Data
Compared to the CFD results for the overall vehicle, the 

data volume was reduced, and speedup was achieved while 
enhancing the shape resolution of the side mirror model 
by narrowing down the prediction space that uses deep 
learning to the area around the side mirror. The specific 
prediction space that uses deep learning was a 400 mm cube 
encompassing the side mirror as shown in Fig. 13, and 

Velocity Pressure
Optimizer Adams Adams

Epoch 1000 1000
Batch size 1 1

Learning rate 2×10-4 2×10-5

Table 4   Machine learning conditions 
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(a) CFD

(b) Prediction

Negative pressure areas
due to acceleration

Negative pressure areas
due to acceleration

Positive pressure area
due to stagnation

Positive pressure area
due to stagnation

Surface
pressure, Pa

938.11

41.84

-854.42

-1750.68

-2646.95

(a) CFD

(b) Prediction

Separation areas

Separation areas

Acceleration area

Acceleration area

Velocity
magnitude, m/s

55.79

0.10

37.23

18.66

74.35

Fig. 16   Comparison of predicted and CFD pressure 
distribution

RTX A6000 GPU was used for training, and training took 
approximately 190 hours.

4. Verification of Prediction Tool Accuracy 
and Effect of Prediction Tool

Verification was conducted for the predicted results of 
spatial pressure distribution and spatial velocity distribution 
obtained using this tool, and the time-shortening effect when 
executed on the created operation screen was also confirmed.

4.1. Spatial Pressure Distribution Prediction Results
Figure 16 compares the CFD results and the surface 

pressure distribution obtained by projecting the inferred 
results of spatial pressure distribution onto the surfaces. 
Although the resolution decreases and unevenness 
appears in the pressure distribution due to the effects of 
voxelization, the locations where the pressure increases and 
decreases qualitatively matched the CFD results. 

Figure 17 shows the MSE of the predicted spatial 
pressure distribution. The horizontal axis represents the 
ID number assigned to each mirror shape, and the MSE is 
plotted on the vertical axis. The white circles indicate the 
MSE for 80 cases of training data in the developed deep 
learning tool, and the black circles indicate the MSE for 
21 cases of verification data. The MSE was about 160 for 
the overall training data, and 330 for the overall verification 
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Fig. 17   MSE of inference of pressure distribution

Fig. 18   Comparison of predicted and CFD velocity 
distribution

data, both of which were within the accuracy target of 10% 
or less. However, the MSE for the most severe case was 
841, which slightly exceeded 10%.

4.2. Spatial Flow Velocity Distribution Prediction 
Results

Figure 18 compares the CFD results and the surface 
flow velocity distribution and streamlines obtained by 
projecting the inferred results of spatial flow velocity 
distribution onto the surfaces. Mirror vibrations originate 
from the surface velocity distribution and the direction of 
the streamlines, which are impacted by factors such as flow 
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Table 5   Computer specifications 

have been narrowed down, and all operations can be easily 
performed using only buttons.

4.4. Calculation Time
Table 5 shows the specifications of the equipment used 

for each calculation when evaluating the prediction tool time. 
Additionally, Fig. 21 shows the overall workflow of this 
prediction tool. Prediction work previously that took 52 hours 
with CFD could be performed in approximately 100 s.

Fig. 19   MSE of inference of velocity distribution Fig. 20   Graphics of user interface

Fig. 21   Workflow of proposed system and total time

separation. From this perspective, the prediction results are 
generally consistent with the CFD results.

The above results show that the developed prediction 
tool provides sufficient accuracy even with 80 training data.

Figure 19 shows the MSE for the predicted spatial flow 
velocity distribution of each mirror shape. The MSE was 
about 0.1 for the overall training data (80 cases) and about 
1.0 for the overall verification data (21 cases). Converted 
to velocity, the MSE for the overall verification data was 
about ±1 m/s, which was within the accuracy target of 10% 
or less. The MSE for even the most severe case was 4.9 
(velocity ±1.1 m/s), which was also within 10% or less. 
These results show that sufficient accuracy can be provided 
when utilizing this tool, even with a small amount of 
training data.

4.3. Operation Screen
Figure 20 shows the operation screen created in this 

study. The buttons for the steps from loading the input STL 
to outputting the results are arranged in order, enabling 
operation on the same screen. The required output displays 
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4.5. Summary
From the above, use of the developed prediction 

tool enables designers to make design decisions while 
exchanging opinions in real-time with styling designers.

Furthermore, continuing discussions will promote 
deeper exploration and refinement of ideas and stimulate 
both parties with differing perspectives, which can be 
expected to lead to the creation of various ideas.

5. Conclusion

This study used Pix2Pix GAN to develop a tool with the 
following characteristics for predicting flow fields around 
side mirrors.
(1)	In addition to shorter prediction times using a deep 

learning model, the contributions of the GAN and U-Net 
architectures, which are characteristics of Pix2Pix GAN, 
achieved further time reduction by omitting SDF, which 
has a high computational load. This enabled completion 
of the entire process from loading STL data to results 
display in approximately 100 s.

(2)	Generative models that use adversarial training are able 
to grasp the entire data distribution, enabling predictions 
with a smaller amount of data compared to conventional 
methods that are trained with mini-batches. As a result, 
predictions of pressure and flow velocity were within 
±10% of the CFD results, even with the small amount of 
80 training data.

(3)	By minimizing the display of fluid physical quantities 
required for verification and indicating the functions on 
the buttons, a display screen was created that enables 
designers to easily select all operations using only 
mouse controls.
This method is useful for users who find it  challenging 

to collect training data, and for users who are about to 
begin introduction and development of such systems. It is 
anticipated that, going forward, this method will also be 
widely utilized in other prediction tools.
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1. Introduction

Under the slogan “Fun For Everyone. Honda - The Joy 
of Mobility for Everyone,” Honda continues to provide 
adapted vehicles in order to help physically disabled drivers 
and drivers involved in caregiving services enjoy mobility 
and social activities(1).

Adapted vehicles can be broadly classified into driving 
aids vehicles and wheelchair accessible vehicles. Driving 
aids vehicles have driver assistance devices that enable 
drivers with lower limb disabilities to operate the gas 
pedal and brake with their hands, or drivers with upper 
limb disabilities to operate the steering wheel with their 
feet. Figure 1 shows an example of a driving aids vehicle. 
Wheelchair accessible vehicles are equipped with elevating 
seats and wheelchair ramps to reduce the labor required 
to assist wheelchair users in and out of the vehicle. An 
example is shown in Fig. 2.

Honda introduced their first driving aids vehicle in 
1976, a sedan equipped with devices to assist people with 
upper limb disabilities in driving. It introduced a wheelchair 
accessible kei car in 1995.

Figure 3 shows sales volumes of adapted vehicles in 
Japan. The market for adapted vehicles grew more than 
tenfold between fiscal years 1994 and 2004, peaked in fiscal 
year 2014, and then began to shrink with each subsequent 
year. The market is currently less than 30,000 units. 

Although the adapted vehicle market is small compared to 
the approximately 4 million passenger cars sold in Japan, 
automakers have brought many different models to market. 
This suggests that automakers value the social responsibility 
side of their businesses adapted vehicles represent and that 
they strive to emphasize the value of adapted vehicles, even 
though such value cannot be measured by sales volume or 

Fig. 1   Adapted vehicle with hand control device

Fig. 2   Adapted vehicle with rear ramp
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ABSTRACT

With a goal of contributing to the enrichment of customers’ social lives through adapted vehicles, the authors studied a 
method for quantitatively expressing the effectiveness of the vehicles in order to understand their effect and communicate 
their value. Effectiveness was defined as the degree of each customer’s engagement in their individual social activities after 
continued use of the adapted vehicle, with engagement determined using a scale based on customer responses to 17 5-point 
questions. The authors then used this scale to statistically verify a predictive value for the degree of involvement in social 
activities. The questionnaire was given to physically disabled drivers and drivers involved in caregiving services. The results 
indicated that highly accurate predictions could be made for both groups, with accuracy rates of 0.825 and 0.846, respectively. 
This confirmed that the scale developed for this study can quantitatively express the effectiveness of adapted vehicles.
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Fig. 3   Domestic sales volume of adapted vehicles

activities and a person’s willingness to participate in such 
activities, and with social capital at the individual level(4)-(9). 
For that reason, the authors viewed the effectiveness of 
adapted vehicles as the impact on society and customers 
resulting from business activities. The authors then used the 
introduction of adapted vehicles to the market as a substitute 
for this business activity and laid out the impacts of adapted 
vehicles over time. The results are shown in Table 1 as a 
logic model.

The columns in Table 1 represent the initial, mid-term, 
and long-term outcomes over time after market launch. 
The rows represent the local community and beneficiaries 
impacted by adapted vehicles.

Beneficiary 1 represents drivers with upper or lower 
limb disabilities who use driving aids vehicles. The impact 
of the driving aids vehicle was assumed to be that using 
the vehicle would enable unassisted excursions, social 
participation, and independence.

Beneficiary 2 represents drivers of wheelchair accessible 
vehicles who transport individuals in their care, such as 
relatives. The impact of the wheelchair accessible vehicle 
was assumed to be that using the vehicle would reduce 
mental and physical burdens and enable both caregiving and 
social participation.

Beneficiary 3 represents individuals receiving care 
who are passengers in wheelchair accessible vehicles. The 
impact of the wheelchair accessible vehicle was assumed 
to be that its use would reduce mental and physical burdens 
and increase opportunities to interact with society. 

The local community represents the area in which the 
beneficiary lives. The impact of providing adapted vehicles 
was assumed to be that it would foster social capital by 
increasing the number of people who find it easier to move 
around and get in and out of vehicles and by revitalizing 
individual action and society. It was considered that, beyond 
the positive changes in human behavior, the result would be 
a virtuous cycle of social revitalization and individual well-
being.

After examining Table 1, the authors defined the 
effectiveness of adapted vehicles as “the degree of 
activation of the customer's individual social activities 
before and after the use of an adapted vehicle.” This would 
enable surveys to be conducted at individual companies, 
with the potential for quantification through customers who 
purchased adapted vehicles. 

2.2. Quantification of Effectiveness
The authors proposed the Vitality scale to quantify the 

degree of activation of the above-mentioned social activities 
of individuals.

Vitality can be measured using a questionnaires on 
changes in the behavior and awareness of individuals 
directly affected by adapted vehicles. Table 2 lists the 
items covered in the questionnaires. 

Respondents answered each question on a 5-point scale. 
The meaning of each numbered response was as follows: 1. 

sales revenue alone.
Driving aids vehicles are considered to provide value to 

customers with upper or lower limb disabilities by enabling 
them to act autonomously when they use these vehicles. 
Wheelchair accessible vehicles are also considered to give 
value to customers who provide care and transport to those 
they care for, and value to those receiving care by easing 
their mental and physical burden, providing increased 
freedom to carry out their daily activities and expanding 
opportunity in their lives.

Additional product enhancement and development 
is required for adapted vehicles to continue providing 
customers with the value. This requires information on the 
effect that adapted vehicles provide, but the scarcity of such 
information makes it challenging to understand the actual 
situation. For that reason, a suitable survey instrument 
needed to be developed.

To understand the effect adapted vehicles provide, 
qualitative perceptions of that effect need to be expressed 
in concrete terms so that there is no gap with the customer's 
perceptions. This is also desirable in that it could help to 
understand customer needs, enhance products and services, 
and communicate the value of adapted vehicles. This is due 
to growing interest in ESG management and the increasing 
importance of quantitatively disclosing the effectiveness of 
corporate activities for society(2).

Therefore, the authors attempted to define and quantify 
the effectiveness of adapted vehicles and to verify their 
usefulness in conjunction with previously proposed scales 
for measuring life satisfaction.

2. Study of Measuring Methods

2.1. Definition of Effectiveness of Adapted Vehicles
The effects of a company’s business activities can be 

expressed over time using a logic model(3). Additionally, 
individuals’ life satisfaction and happiness have been found 
to be positively correlated with participation in social 
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Beneficiary
classification

Local community

(1) More people can move by
car. 

(2) More people find getting
in and out easier.

More people participate in social
activities.

Social capital is fostered.

Beneficiary 1 (1) Able to go out by oneself. (1) Achieve social participation
and independent living.

Beneficiary 2 (2) Reduced mental and
physical burden.

(2) Balance personal activities
and caregiving.

(2) Continue social participation
to utilize individual abilities.

Beneficiary 3 (2) Able to move around for
daily needs.

(2) Increased opportunities to
interact with society.

People are revitalized. Society is revitalized.

Initial outcomes Mid-term outcomes Long-term outcomes

Vi
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(1) Actions become voluntary

Questions:
Which of the following did you experience?

1 Increased shopping frequency.
2 Increased participation in lessons and clubs.
3 Increased participation in local festivals and events.

4 Increased participation in entertainment such as
theater and sports events.

5 Increased opportunities to go out for a change of
pace.

6 Increased frequency of meetings with friends and
acquaintances.

7 Increased frequency of meetings with relatives and
family.

8 Increased contact with neighbors.
9 Increased number of new acquaintances.

10 Income has become more stable.
11 More options to earn income.
12 More ability to be considerate of others.
13 Increased interest in new things.

14 Increased opportunities to feel moved with others
(or to want to feel moved).

15 Increased motivation to take action.
16 Increased emotional ease and peace of mind.
17 Increased moments of joy (or wanting to feel joy).

Correlation coefficient R Level
Very high

High

Moderate

Fair

Low

1.0 0.7R

0.7 0.5R

0.5 0.4R

0.4 0.3R

0.3 0.2R

0.2 R 0.00 Very low

Strongly agree; 2. Somewhat agree; 3. Neutral; 4. Somewhat 
disagree; and 5. Strongly disagree. A response of 1 or 2 
was counted as an increase in opportunities to participate 
in social activities and was given a score of 1 point, while 
a response of 3 or more was counted as no change and was 
given a score of 0 points. The degree of activation towards 
social activities was then quantitatively evaluated based on 
the total score (out of 17).

2.3. Verification Method
2.3.1. Scale for comparative verification

Three scales were used for comparison against Vitality: 

the Philadelphia Geriatric Center Morale Scale (PGC)(10)-(12), 
the Satisfaction With Life Scale (SWLS)(13), (14), and the 
Organisation for Economic Co-operation and Development 
Subjective Well-Being - Subjective Assessment of Life in 
General (OECD)(5).

These are well-known scales to quantify subjective life 
satisfaction and happiness.

2.3.2. Correlation analysis
Four online questionnaires (PGC, SWLS, OECD, 

and Vitality) were administered to the Beneficiary 1 and 
Beneficiary 2 groups, who use adapted vehicles. 

Since the PGC is a questionnaire for people 65 years 
of age and older, the PGC responses were used with 
Beneficiary 1 and 2 individuals aged 65 or older.

A total of 118 individuals responded. Of these, 23 of 
the Beneficiary 1 group were 65 or older and 23 of the 
Beneficiary 2 group were 65 years or older, while 36 of 
the Beneficiary 1 group were 64 or younger and 36 of the 
Beneficiary 2 group were 64 or younger.

The correlations between PGC, SWLS, and OECD 
against Vitality were determined from the score of 
each scale as found from the questionnaire results. The 
evaluation criteria for social surveys(15) shown in Table 3 
were used to determine the correlations.

Table 3   Interpretation of correlation coefficient R

Table 1   Outcome stages of logic model

Table 2   Vitality questionnaire
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Fig. 4   Diagram of standard sigmoid function

2.3.3. Predictive value validation method
A total of five online questionnaires were administered: 

the PGC, SWLS, OECD, and Vitality questionnaires 
about changes in individual behavior and awareness, and 
a questionnaire about increased involvement in social 
activity. To ask about the facts concerning whether there 
was increased social activity, as a direct measure, the 
authors used a representative question on social activities, 
namely whether “participation in volunteering, NPOs, and 
civic activities has increased”(4).

The target survey respondents were the same as in the 
correlation analysis. However, the questionnaire results 
described in the previous section were used for PGC, 
SWLS, OECD, and Vitality. The authors used logistic 
regression analysis to verify whether the scores from each 
scale derived from the online questionnaire results could 
predict responses regarding “whether there was increased 
participation in volunteering, NPOs, and civic activities.” 
based on the scores obtained by each scale.

The software R version 4.5.0(16) was used to calculate 
and analyze scores from the scales, and a prediction model 
was developed using “whether they had opportunities to 
participate in volunteering, NPOs, and civic activities” 
as the dependent variable and scores for Vitality, etc. as 
explanatory variables. The logistic curve representing the 
prediction model is the standard sigmoid function shown in 
Eq. (1) and a typical curve is shown in Fig. 4.

qi = 
1

1 + e -zi
	 (1)

Here, qi is the incidence rate and e is the natural 
logarithm. The variable zi is a linear predictor consisting 
of the sum of n explanatory variables xn, partial regression 
coefficients βn, and constant term β0, as shown in Eq. (2).

zi = β0 + β1 x1 + β2 x2 + ··· βn xn	 (2)

A prediction model that forms a monomial in which 
each score value is substituted into x1 in Eq. (2) was 
verified.

2.3.4. Method of verifying proposed scale accuracy
To verify the accuracy of the Vitality model, 196 

individuals from the Beneficiary 1 group and 319 
individuals from the Beneficiary 2 group, for a total of 
515 individuals, completed two online questionnaires on 
Vitality and “whether they had opportunities to participate 
in volunteering, NPOs, and civic activities.” Of the 515 
individuals, the responses of 59 individuals in Beneficiary 1 
group and 59 individuals in Beneficiary 2 group were based 
on the results of the online questionnaire described in the 
previous section.

First, between-group differences between those who had 
increased opportunities to participate in social activities and 
those who experienced no change were compared to see 
whether Vitality could be used to determine whether social 
activities had increased or not based on the results of this 
online questionnaire. Next, the authors verified the accuracy 
of the prediction model using the additional 397 individuals 
as training data.

3. Results and Discussion

3.1. Correlation Analysis
The correlation coefficients between Vitality and the 

three existing scales of PGC, SWLS, and OECD are shown 
in Table 4 for each Beneficiary group. The results show 
a weak correlation between Vitality and OECD, but little 
correlation with the other scale indicators. Therefore, the 
authors considered that Vitality can be treated as a scale 
independent of the existing scales.

3.2. Predictive Value Validation
Table 5 shows the data obtained from logist ic 

regression analysis. p-values of less than 0.05 are 
considered statistically significant. No individuals in the 
Beneficiary 2 group aged 65 or older who responded to 
PGC had increased opportunities to participate in social 
activities, so these were excluded from the analysis. 

The PGC p-value for the Beneficiary 1 group and 
the SWLS and OECD p-values for the Beneficiary 2 
group exceeded 0.05 and thus were not statistically 
significant. This suggests that these scales are inadequate 
for distinguishing increased opportunities for social 
participation for the Beneficiary 1 and Beneficiary 2 groups 
overall.

On the other hand, Vitality was statistically significant 
for both the Beneficiary 1 and Beneficiary 2 groups, 
indicating that this scale can distinguish “whether there was 
an increase in opportunities to participate in volunteering, 
NPOs, and civic activities” and can quantify the degree of 
activation of an individuals’ social activities.

Figure 5 shows the logistic curves for each scale and 
the Beneficiary 1 group. The horizontal axis of the graph 
shows the score for each scale, and the vertical axis shows 
the results from the questionnaire on “whether there was 
an increase in opportunities to participate in volunteering, 
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Indicators
R for Vitality

Beneficiary 1 Beneficiary 2
PGC 0.11 -0.058
SWLS 0.16 -0.12
OECD 0.25 -0.098

Table 4   Correlation coefficient R between Vitality and 
existing indicators

Table 5   Logistic regression statistics

Items Estimate
(β0, β1)

Standard
error z value p value

(Intercept)
PGC score
(Intercept)

SWLS score
(Intercept)

Subjective happiness value
(Intercept)

Vitality

Beneficiary 1

Beneficiary 2

(Intercept)
SWLS score
(Intercept)

Subjective happiness value

PGC

SWLS

OECD

Vitality

SWLS

OECD

Vitality
(Intercept)

Vitality

-7.924
0.5718
-2.999

0.09952
-3.290
0.3208
-4.116
0.3430
-1.337

-0.01302
-1.261

-0.05803
-4.721
0.3591

5.810
0.5773
1.024

0.05028
1.020

0.1368
1.021

0.09196
1.114

0.05514
0.9454
0.1383
1.262

0.1069

-1.36
0.990
-2.93
1.98

-3.33
2.35

-4.03
3.73

-1.20
-0.236
-1.33

-0.368
-3.74
3.36

0.173
0.322
0.003
0.048
0.001
0.019

p < 0.001
p < 0.001

0.230
0.813
0.182
0.713

p < 0.001
p < 0.001

NPOs, and civic activities.” An increase is scored as 1 and 
no change is scored as 0, with responses plotted using a 
circle mark. Equation (1), the logistic curve, is shown as a 
solid line, with the constant terms from Table 5 denoted 
as β0 and the partial regression coefficient as β1 for Eq. (2), 
substituting the score from each scale for x1. Examining 
Fig. 5(a) with Vitality as the explanatory variable, the 
logistic curve shows an S-shape, and the incidence rate 
qi exceeds 0.5 for scores between 10 and 15. Logistic 
regression analysis rounds the incidence rate to a binary 
classification, enabling the user to distinguish whether 
there was an increase in opportunities to participate. Such 
a distinction could be made in Fig. 5(c) SWLS and (d) 
OECD, but not in (b) PGC.

Next, Figure. 6 shows the results for the Beneficiary 
2 group. The logistic curve shows that only Vitality in 
Fig. 6(a) could distinguish whether there was an increase 
in opportunities to participate, indicating that it is possible 
to quantify the degree of activation of individuals’ social 
activities.

3.3. Verifying Proposed Scale Accuracy
3.3.1. Beneficiary 1 group

The authors compared Cohen’s d with Cliff’s delta, 

which can handle non-parametric data, to see if there is a 
between-group difference between those who had increased 
opportunities to participate in volunteering, NPOs, and 
civic activities because they had obtained an adapted 
vehicle and those who experienced no change in the 
Beneficiary 1 group. Table 6 shows that the between-group 
difference is large according to both indicators, enabling 
clear determinations of whether an increase in participation 
opportunities occurred.

Figure 7 shows a histogram of Beneficiary 1's Vitality 
and whether there was an increase in opportunities for 
participation. A comparison of the two groups shows a large 
between-group difference, as indicated by the fact that the 
modes are on opposite sides, left and right.

Next, Table 7 uses a confusion matrix to show the 
results of verification of Vitality prediction accuracy. The 
table shows actual data and predictions based on Vitality, 
treating an increase in participation opportunities as positive 
and no change as negative. The threshold to judge Vitality 
as positive is when the incidence rate qi is at least 0.5 on the 
logistic curve shown in Fig. 5(a). The number of accurate 
answers for 137 questionnaire respondents was 113, so the 
model had an accuracy rate of 0.825 and a recall rate of 
0.868.

The accuracy of Vitality predictions was also verified 
using the Area Under the Curve (AUC) indicator, which is 
used to evaluate the performance of classification models 
created by machine learning. The results are shown in 
Fig. 8. The AUC is the area bounded by the Receiver 
Operating Characteristic (ROC) curve consisting of the 
false positive and true positive rates, with a value between 
a minimum of 0.5 and a maximum of 1.0. Larger numbers 
indicate greater accuracy, and a value of 0.8 or higher is 
considered indicative of a good model. The fact that the 
AUC for Vitality is 0.848 means that the model was able to 
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Table 6   Calculation results of Cohen’s d and Cliff’s 
delta

Increase or no increase in 
participation opportunities in 
volunteering, NPOs, and civic 
activities

Index Cohen’s d Cliff’s delta
Effect size

Between-group difference

95%
confidence

interval

Lower limit

Upper limit

-1.90

Large

-2.60

-1.19

-0.81

Large

-0.92

-0.55

accurately quantify the effectiveness of adapted vehicles for 
Beneficiary 1 group.

3.3.2. Beneficiary 2 group
The accuracy of the Vitality model for the Beneficiary 2 

group was verified in the same way as the Beneficiary 1 
group in the previous section. The model’s accuracy rate 

(c) OECD logistic curve
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Fig. 6   Logistic curve for Beneficiary 2Fig. 5   Logistic curve for Beneficiary 1

was 0.846, the recall rate was 0.856, and the AUC was 
0.925.

Therefore, the effectiveness of adapted vehicles for the 
Beneficiary 1 and Beneficiary 2 groups could be accurately 
quantified by Vitality.
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Table 7   Confusion matrix of Vitality in Beneficiary 1 
with increased participation in volunteering, 
NPOs, and civic activities

Prediction
Nonparticipation Participation

Actual
Nonparticipation 92 10

Participation 14 21
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Fig. 7   Histogram of Vitality and increased participation 
opportunities in volunteer, NPOs, and civic 
activities in Beneficiary 1

Fig. 8   ROC curve and AUC for Beneficiary 1

4. Conclusion

This paper has proposed a definition and a scale for the 
effectiveness of adapted vehicles in continually providing 
customers with the joy of mobility, and reached the 
following conclusions.
(1)	The authors defined the effectiveness of adapted 

vehicles as “the degree of activation of the customer's 
individual social activities before and after the use of an 
adapted vehicle.”

(2)	The degree of activation of social activities can be 
quantified by “Vitality,” which is obtained from the 
results of a 17-item questionnaire.

(3)	The proposed Vitality is a scale independent of existing 
scales.

(4)	This paper statistically verified that Vitality is an 
effective scale that can distinguish increases in 
opportunities to participate in social activities, and that 
it makes this distinction more easily than existing scales.
Going forward, Vitality will be used to understand effect 

and develop products. 
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Retraining-free Customizable End-to-end Automatic 
Speech Recognition
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ABSTRACT

In this paper, the authors propose a method of customizing automatic speech recognition models using editable term lists to 
increase recognition accuracy for phrases registered at the discretion of the user. The proposed method adds a text encoder and 
cross-attention layer to the conventional Connectionist Temporal Classification/Attention-based automatic speech recognition 
model to detect registered terms in speech signals. To increase registered term recognition accuracy, the authors propose an 
inference algorithm that integrates the probability of detected registered words and Connectionist Temporal Classification. 
Results of their evaluation using the in-house Japanese-language dataset and the English-language Librispeech corpus showed 
that using the proposed method lowered the character error rate and the word error rate for registered terms.

1. Introduction

The development of deep learning has helped to 
advance automatic speech recognition technology. In 
particular, in recent years, end-to-end automatic speech 
recognition (E2E-ASR) models, a method that estimates 
text sequences directly from speech input, have achieved 
great increases in performance(1). These dramatic increases 
in performance have led to the incorporation of ASR into 
many applications, including smart speakers, car navigation 
systems, meeting minutes transcription systems, and the 
Honda Communication Assistance System(2), (3).

E2E-ASR uses a single neural network to convert 
input speech signals directly into a text sequence, unlike 
conventional systems that include multiple components such 
as an acoustic model, lexicon, and language model. Neural 
networks are optimized using deep learning to mitigate 
error accumulation between components in conventional 
systems. A typical ASR model comprises an encoder that 
encodes the input speech and a decoder that converts the 
encoded speech features into a text sequence. Previously, 
various decoders have been proposed, such as Connectionist 
Temporal Classification (CTC)(4), (5), Recurrent Neural 
Network Transducer(6), (7), and attention mechanism(8), 

(9). Hybrid systems combining these methods have also 
been proposed(10), (11), among which CTC/Attention-based 
E2E-ASR is one of widely used methods due to its high 
performance(10).

The performance of ASR using deep learning, however,  
tends to be highly dependent on the training data, making 

it a challenge to correctly recognize words and phrases that 
rarely appear in the training data. For example, technical 
terms and personal names are often incorrectly recognized 
because they rarely appear in training data. However, such 
words may be important keywords for certain users, and 
their misrecognition may greatly reduce user satisfaction. It 
is possible to enhance recognition performance by collecting 
training data that includes such words and retraining the 
neural network. However, frequent retraining is not possible 
because human resources and high-performance GPU 
servers are required for collecting training data, annotating, 
and training neural networks. Therefore, a retraining-free 
ASR model customization method is needed.

Other research has approached this need by proposing 
customization methods that can register any word(12), 

(13). These methods add a cross-attention layer(14) to the 
decoder, enabling detection of registered terms with any 
parts of speech without retraining. Furthermore, to increase 
registered term detection accuracy, methods to introduce 
auxiliary branches(13), (15) and auxiliary loss functions in the 
cross-attention layer have been proposed(16). These methods, 
however,  do not explicitly use auxiliary branches or 
auxiliary losses during inference, limiting how much their 
performance with registered terms can be increased.

2. Aims of the Research

This paper proposes a method to customize E2E-ASR 
models utilizing user-editable term lists without retraining. 
The proposed method detects registered terms in speech 
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signals by adding a text encoder and cross-attention layer 
to a CTC/Attention-based E2E-ASR model (Fig. 1)(10), 
similar to the conventional customization method(16) (Fig. 2). 
Unlike the conventional customization method(16), however, 
to further increase registered term recognition accuracy, this 
paper proposes an inference algorithm that increases the 
probability of detected registered terms and integrates the 
output probabilities with a CTC decoder. The aims of this 
research are as follows.
•	 Enhance registered term recognition performance by 

increasing the probability of registered terms detected 
during inference.

•	 Enhance overall recognition performance by integrating 
output probabilities using the CTC decoder during 
inference. 

•	 Conduct a detailed analysis of performance with a 
Japanese-language dataset. 

This paper extends earlier research(16). Specifically, 
in respect to the preceding research(17), the researchers 
integrated the output probabilities using a CTC decoder 
and conducted a new detailed performance analysis with a 
Japanese-language dataset. 

3. Conventional Model (CTC/Attention Model)

The CTC/Attention model(10), a conventional ASR 
model, is shown in Fig. 1. The CTC/Attention model has 
an audio encoder, an attention decoder, and a CTC decoder. 
The attention decoder and the CTC decoder share an audio 
encoder. Given an audio feature sequence X = [x1, ..., xL] 
of length L, posterior probability Patt (y | X) and Pctc (y | X) 
of text sequence y = [y1, ..., yS] of length S are respectively 
estimated. The decoders and audio encoder are trained 
jointly, and the output probabilities of the two decoders are 
integrated during inference. This approach could stabilize 
learning and enhance performance during inference. The 
following section describes each component in detail.

3.1. Audio Encoder
A conformer is used for the audio encoder(7), and 

converts the audio feature sequence X to a hidden state 
vector H = [h1, ..., hT] ∈ RT×d of length T as follows.

H = AudioEnc(X) 	 (1)

where d is the dimensions of the hidden state vector.

3.2. Attention Decoder
A transformer decoder is used as the at tent ion 

decoder(14). When given the hidden state vector H extracted 
by the audio encoder shown in Eq. (1) and the text sequence 
y0:s-1 = [y0, ..., ys-1] up to one frame previously, the attention 
decoder estimates the posterior probability P(ys | y0:s-1, X) of 
the sth token ys as follows.

Patt (ys | y0:s 1, X) = AttDecoder (y0:s 1, H )	 (2) Fig. 1   Overall architecture of CTC/Attention model

By repeating Eq. (2) for s = 1, ..., S, the posterior probability 
of text sequence y is formulated as follows.

Patt (y | X Patt (y | ) =  y
S

s=1

0:ss 1, X  )	 (3)

Cross entropy loss is introduced to the above.

L logatt Patt (y | X)	 (4)

3.3. CTC Decoder
The CTC decoder comprises one linear layer(4), (5). As 

Fig. 1 shows, the CTC decoder uses the hidden state vector 
H output by the audio encoder to estimate the posterior 
probability Pctc (y | X) of text sequence y, as shown below.

Pctc (y | X) = CTC(H)	 (5)

The CTC loss shown below is introduced to the above 
output.

L logctc Pctc (y | X)	 (6)

3.4. Joint Training and Joint Decoding
The CTC/Attention model is optimized to minimize loss 

by joint training using the weight λ shown below for the 
loss function defined in Eqs. (4) and (6).

L )(1  Latt + Lctc	 (7)

Additionally, to enhance performance during inference, 
the output probabilities of the attention decoder and CTC 
decoder are integrated using the weight µ shown below.
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Fig. 2   Overall architecture of proposed method

 = (1 – µ) att + µ ctc,	 (8)

att = log Patt (y | X), 	 (9)

ctc = log Pctc (y | X), 	 (10)

where α, αatt, and αctc are the respective output probabilities 
of the integration probability, attention decoder, and CTC 
decoder.

Conventional CTC/Attention models do not assume 
external input such as term lists, so these models cannot be 
customized after training, and it is a challenge to accurately 
recognize words that do not appear in the training data.

4. Network Structure of the Proposed Model

The overall structure of the proposed model is shown 
in Fig. 2. In addition to the conventional CTC/Attention 
model, the proposed method has a text encoder for inputting 
term lists and adds cross-attention to the attention decoder 
(green parts in Fig. 2). The text encoder encodes a list of 
terms that can be edited at the discretion of the user, and the 
cross-attention layer detects registered terms in the input 
speech.

When given an audio feature sequence X and a term 
list B = {b0, b1, ..., bN}, the extended attention decoder 
estimates the posterior probability Pext (y | X, B) of a text 
sequence y of length S and the posterior probability Pidx (n 
| X, B) of index n = [n1, ..., nS] of the detected registered 
terms (Fig. 2). The following section discusses each 
additional component.

4.1. Text Encoder
A transformer encoder is used as the text encoder(12). 

The transformer encoder consists of an embedding layer, 

a transformer block, a mean pooling layer, and an editable 
term list B = {b0, b1, ..., bN}. bN denotes the text sequence 
of the Nth registered term (e.g. [morning, assembly]). b0 
is a dummy word used when there is no registered term in 
the speech signal. The term list B is input to the embedding 
layer and transformer block and converted into a token-by-
token feature sequence G ∈ R(N+1) × Imax × d as shown below.

G = Transformer(Embedding(B))	 (11)

Imax is the maximum length of a word in the term list (e.g. 
Imax = 2 if [morning, assembly] is the maximum length). It 
is then converted into a feature V = [v0, · · · , vN ] ∈ R(N + 

1) × d representing the features of the whole word using the 
mean pooling layer.

V = MeanPool(G)	 (12) 

4.2. Extended Attention Decoder
The extended attention decoder uses the hidden state 

vectors H and V extracted by the audio encoder and text 
encoder shown in Eqs. (1) and (12) to estimate the posterior 
probability Pext (y | X, B) of the text sequence and the index 
probability Pidx (n | X, B) of the detected registered term(12).

4.2.1. Text sequence probability
When given the hidden state vectors H and V extracted 

by the audio encoder and text encoder shown in Eqs. (1) and 
(12), and the text sequence y0:s-1 up to one frame previously, 
the decoder estimates the sth token ys as follows.

Pext (ys | y0:s 1, X, B) = ExtDecoder(y0:s 1, H, V )	 (13)

By repeating Eq. (13) for s = 1, . . . , S , the posterior 
probability of text sequence y is formulated as follows.

Pext (y | X, B Pext (y | ) =  y
S

s=1

0:ss 1, X, B )	 (14)

Cross entropy loss is introduced to the above.

Lext Plog ext (y | X, B)	 (15)

4.2.2. Registered term index probability
Writing the input and output of the cross-attention layer 

of Fig. 2 as U and Uʹ, respectively, the cross-attention layer 
is defined as follows.

U' = Softmax
LN(U)VT

V + U
d

	 (16)

The term Softmax in Eq. (16) is the inner product of the 
input feature sequence U = [u1, …, us] and the term list 
feature sequence V = [v0, …, vN], so it indicates their degree 
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Fig. 3   Joint decoding algorithm

of similarity; that is, it can be interpreted as the probability 
of the index sequence n = [n1, …, ns] of registered terms in 
the input speech, as shown below.

= Softmax
LN(U)V T

d
Pidx (n | X, B) 	 (17)

The index with the highest probability is a registered term 
contained in the speech. For example, if two words (1: 
morning assembly, 2: PR) are registered in the term list and 
the utterance y = [do PR at morning assembly] is spoken, 
the index sequence of registered terms (n = [0, 2, 0, 1, 1]. 
n = 0 [no-phrase]) is used for tokens that are not registered 
terms. Registered term index loss using cross entropy is 
introduced to the above output.

L logidx Pidx (n | X, B)        	 (18)

5. Model Training and Inference Methods

5.1. Training Method
The proposed method is optimized to minimize the loss 

by multi-task learning using the weights λ and γ shown 
below for the loss function defined in Eqs. (6), (15), and (17).

L ) ( Lext +  Lctc + Lidx	 (19)

During training, any word can be registered to the 
term list during inference, whereas a term list is randomly 
created from ground truth for each batch during training. 
This random selection is intended to allow the model to 
accommodate a wide range of words and phrases.

5.2. Inference Algorithm
To further enhance recognition performance, this paper 

proposes a new inference algorithm. Specifically, for the 
posterior probability Pext (y | X, B) of text sequence y 
estimated by the extended attention decoder, (1) the index 
probabilities Pidx (n | X, B) of registered terms are integrated 
(red part of Fig. 3), and (2) the output probabilities by 
the CTC decoder are integrated (blue part of Fig. 3). The 
proposed algorithm is shown in Fig. 3.
(1)	 First, the extended attention decoder calculates the 

probability αext of each sth token based on Eq. (4) 
(line 5). Next, the sth registered term index ns is 
estimated using Eq. (8) and the argmax function 
(line 6). If a registered term is detected (ns ≠ 0), the 
output probability of the tokens in the registered 
term is increased based on the weight αbonus (line 9). 
For example, if the detected registered term is bn = 
[morning, assembly], the output probability of the 
tokens [morning] and [assembly] is increased.

(2)	 Then, the output probability αctc of the CTC decoder 
is calculated using CTC prefix scoring(10). However, 

since term list B is not input to the CTC decoder (Fig. 
2), the probability of registered terms is not calculated. 
In other words, only if no registered terms are detected 
(ns = 0), output probabilities are integrated using the 
weight μ (line 16).

6. Evaluation Experiment

6.1. Experimental Conditions
The input audio feature X is an 80-dimensional mel 

filter bank with a window length of 512 samples. A mel 
filter bank represents a time-frequency characteristic using a 
mel scale that is modeled on human auditory characteristics. 
The audio encoder consists of two convolutional layers, a 
256-dimensional linear projection layer, and 12 conformer 
blocks. The text encoder includes an embedding layer and 
six transformer blocks and has a mean pooling layer in the 
final layer. The extended attention decoder comprises an 
embedding layer, six transformer blocks, and a linear layer. 
The CTC decoder consists of one linear layer. The weights λ 
and γ during training as shown in Eq. (19) were respectively 
set to 0.3 and 1.0. The parameters αbonus and μ during 
inference, as described in Section 5.2, were respectively set 
to 1.0 and 0.3.

An in-house dataset (Japanese) and the Librispeech-100 
corpus (English)(18) were used for evaluation. The in-
house dataset consists of 93 hours of in-house speech 
data including meeting and morning assembly scenarios, 

hyps = {<sos>:1.0}; end_hyps = {};
for s = 1 to maxlen do

ext hyps = {}
for l hyps do

ext = log Pext (ys | y , X, B)
Argmax(P ( | y , X, B))

if 0 then
for token bn do

ext[token] ext [token] + bonus
end for

end if
for ys Top-kbeam( ext) do

Add = l ys and the score ext to ext hyps
ctc = CTCPrefixScore( , H)

if = 0 then (“no-bias”)
ext_hyps[ ] = ctc + (1 – ext

else
ext_hyps[ ] = ext

end if
if ys = <eos> or len( ) = maxlen then

Add to end_hyps
end if

end for
end for
hyps = Top-k(ext hyps)

end for
return Top-1(end_hyps)

Algorithm 1 Decoding algorithm
1:
2:
3:
4:
5:
6:
7:
8:
9:

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
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26:
27:
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Table 1   Experimental results on in-house dataset

Table 2   Performance analysis on in-house dataset

the Corpus of Spontaneous Japanese(19), and a database 
developed by the Advanced Telecommunications Research 
Institute International(20). The proposed method was 
evaluated based on character error rate (CER), CER for 
registered terms (B-CER), and CER for other (U-CER). 
The objective of the proposed method is to increase B-CER 
while minimizing the increase in U-CER and overall CER. 
With Librispeech-100, word error rate (WER), U-WER, and 
B-WER were used.

6.2. Verification with Japanese Dataset
Table 1 shows the evaluation results when N = 203 

words or phrases are registered in the term list. The 
baseline was a conventional non-customizable CTC/
Attention model(10) (A1). Results were also compared with 
conventional customization methods(15), (21) (B1, 2). Unlike 
the proposed method, these methods do not explicitly 
use the probability of registered terms detected during 
inference. For the proposed method, the researchers also 
tested the impact of excluding the inference algorithms 
(registered term index probabili ty integration and 
probability integration by CTC decoder) described in 
Section 5.2. (C2, 3).

First, the proposed method was compared with the 
baseline and conventional customization methods (A1, B1, 
and B2 vs. C1). C1 decreased B-CER (CER for registered 
terms) by 11.71 points compared to baseline, although 
U-CER (CER for other than registered terms) increased 
by 0.06 points. As a result, overall CER decreased by 1.40 
points. The proposed method also showed a decrease in both 
overall CER and B-CER over conventional customization 
methods(15), (21).

Next, this paper discusses the impact of excluding 
registered term index probability integration and probability 
integration by CTC decoder. As shown in C2 and C3, 
excluding registered term index probability integration 
increased the B-CER by 1.96 points, and excluding 
probability integration by CTC decoder increased the 
U-CER by 0.97 points. This confirmed that their exclusion 
is effective for enhancing recognition performance for 
respective registered terms and other words.

6.2.1. Performance analysis
Registered terms were then classified into words written 

in katakana, the alphabet (such as acronyms written with the 
alphabet), kanji, and English, and the recognition accuracy 
was analyzed. Words written with multiple character types 
were classified according to the type of character they 
used the most. For example, “CFD 計算 ” was categorized 
as written with the alphabet, because it uses mostly 
alphabetical characters. Words in the alphabet category are 
those pronounced as readings of the alphabetic characters, 
such as “PR,” whereas words in the English category are 
those pronounced otherwise, such as “sketch.”

Table 2 and Fig. 4 show the recognition accuracy for 
each category of registered terms, as well as examples of 

typical inference results. In inference results examples 1 
to 3, the registered terms were correctly recognized by the 
proposed method, while in example 4, the registered term 
was not correctly recognized. Table 2 shows that for words 
where each character and its pronunciation are uniquely 
determined, such as in the katakana and alphabet categories, 
the recognition accuracy was over 80%, whereas the 
recognition accuracy for the English category was clearly 
low, just 29%. In particular, the recognition accuracy of 
English words like “sketch” and “cascade,” which are 
commonly written in katakana, was far lower.

This can be attributed to the fact that the words 
registered during training were selected at random. The 
cross-attention layer added to the text encoder and the 
extended attention decoder in the proposed method (C1) is 
trained to detect the pronunciation of registered words from 
the input speech. This may have resulted in insufficient 
training for words with uncommon combinations of spelling 
and pronunciation.

ID Model CER
[%]

U-CER
[%] 

B-CER
[%]

A1 Baseline 9.85 8.17 21.86
B1 NEA-ASR [21] 9.75 8.11 21.90
B2 Intermediate DB [15] 9.28 8.23 16.93
C1 Proposed method 8.45 8.23 10.15
C2 C1 w/o index probability 8.65 8.19 12.11
C3 C2 w/o CTC integration 9.78 9.16 14.54

Class Accuracy
[%] Examples

Katakana 86
Alphabet 84 CFD, PR

Kanji 64
English 29 SKETCH, CASCADE

Fig. 4   Typical inference results

Reference:
1. Baseline: 

Proposed (C1) : 

Reference: 
2. Baseline:  

Proposed (C1) : 

Reference:
3. Baseline:  

Proposed (C1) : 

Reference: SKETCH
4. Baseline: 

Proposed (C1) : 

Boldface: Registered phrase
Red: Incorrectly recognized characters
Blue: Correctly recognized characters
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Fig. 5   Robustness to term list size

Table 3   Experimental results on Librispeech-100 h

Fig. 6   Registered phrase detection

6.2.2. Scalability verification
In actual use cases, the number of words registered to 

a term list tends to increase unless users explicitly delete 
registered terms. Figure 5 shows the effect of term list size 
on B-CER (CER for registered words). In this experiment, 
we compared B-CERs when no words were registered to 
the term list (N = 0), when words appropriate to the use case 
were registered (N = 203), and when unnecessary words 
were added (N = 500 to 2000).

When no words were registered to the term list (N = 0), 
there was no decrease in B-CER, whereas when appropriate 
words were registered (N = 203), B-CER decreased. As the 
number of words unnecessary for the use case in question 
increased, the B-CER gradually increased (N = 500 to 
2000). It was confirmed, however, that the proposed method 
is robust to increases in term list size, since it maintained a 
sufficient decrease effect in B-CER compared to the case 
where no words are registered to the term list (N = 0).

6.3. Verification with English Dataset
Next , the researchers evaluated a case of N = 

100 words regis tered in a term l is t as an Engl ish 
dataset (Librispeech-100), since English has different 
characteristics from Japanese. Since Japanese is an 
ideographic language and English is a phonetic language, 
it is important to evaluate languages like these that have 
different characteristics. Table 3 shows the effectiveness 
of the proposed method, registered term index probability 
integration, and probability integration by CTC. A similar 
trend was observed for the English evaluation results for 
Japanese. The proposed method decreased the B-CER and 
thus decreased the overall WER compared to the baseline 
(A1 vs. C1). The B-WER and U-WER decreased when 
registered term index probability integration and probability 
integration by CTC decoder were excluded, thus confirming 
the effectiveness of these methods in enhancing the 
recognition performance in each case (C1 vs. C2, 3).

Additionally, Fig. 6 shows the registered term index 
probabilities estimated by the cross-attention layer based 
on Eq. (8). The horizontal axis shows the input speech 
utterances, and the vertical axis shows the registered words. 
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ID Model WER
[%]

U-WER
[%]

B-WER
[%]

A1 Baseline 8.59 5.87 30.71
C1 Proposed method 5.76 4.10 19.30
C2 C1 w/o index probability 6.49 4.83 19.98
C3 C2 w/o CTC integration 7.53 5.27 25.92

These utterances included the registered words “legality” 
and “legislature.” Figure 6 confirms that the proposed 
method can accurately detect registered words from the 
input speech.

The above confirmed that the proposed method is 
effective for languages with different characteristics (e.g. 
Japanese and English).

7. Conclusion

In this paper, the authors propose a method of 
customizing E2E-ASR models using editable term lists 
to increase recognition accuracy for phrases registered 
at the discretion of the user. In the proposed method, 
a text encoder and cross-attention layer are added to a 
conventional CTC/Attention-based E2E-ASR model to 
detect registered terms in speech signals. Additionally, to 
further increase registered term recognition accuracy, this 
paper proposes an inference algorithm that increases the 
probability of detected registered terms and uses probability 
integration with a CTC decoder. Results of an evaluation 
using an in-house dataset (Japanese) and the Librispeech 
corpus (English) demonstrated that the proposed method 
lowered the character error rate and the word error rate for 
registered terms.
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Enhancement of Water Resistance by Methanation 
Catalysts with LDHs Structure

		  Hideaki YONEDA1	 Kazuki YANAGISAWA1

		  Yohei IIJIMA1	 Junpei YOSHIDA1

ABSTRACT

In order to enhance the efficiency of the synthetic methane production process, the authors developed an innovative catalyst 
that converts synthesis gas (syngas) obtained from the co-electrolysis reaction of water vapor and CO2 into methane, and 
studied the allowable proportion of water vapor in the source gas, i.e., water resistance. Evaluation of the activity using the 
continuous-flow method showed that NiAl-LDHs utilizing layered double hydroxides exhibited higher catalytic reactivity for 
the generation of methane from syngas consisting of CO and H2 at 0.1 MPa and 300°C. In addition, the authors experimented 
with the methane conversion reaction of syngas containing water vapor, which is an issue in the synthetic methane production 
process, when combined with a co-electrolysis reactor. The results showed that when up to 20% water vapor was present, CO 
conversion and CH4 selectivity were equivalent to cases without water vapor, and the catalyst exhibited enhanced performance 
compared to the conventional metal-supported catalysts.

1. Introduction

The conversion of carbon dioxide (CO2) into valuable 
chemicals continues to attract much attention in terms of 
supporting the separation, capture, and effective utilization 
of carbon dioxide(1). Among the approaches tried, the 
production of synthetic methane as a gas fuel is attracting 
attention in Japan and abroad. In Japan, the Ministry of 
Economy, Trade and Industry is leading a methanation 
project, while gas companies and automobile-related 
companies have also undertaken efforts(2).

There are three main methods of synthetic methane 
generation: one method produces methane from biogas-
derived CO2, and the other two are Power-to-Gas (P2G) 
methane production (methanation) technologies. The first 
P2G process is the Sabatier reaction, shown in Fig. 1(a), 
which uses as feedstock CO2 recovered from the atmosphere 
or factory exhaust gases and hydrogen (H2) obtained by 
electrolyzing room-temperature water to produce methane 
in a catalytic thermochemical reaction. The second process, 
called innovative methanation, is shown in Fig. 1(b). 
Here, a mixture of synthesis gas (syngas), i.e., carbon 
monoxide (CO) and H2, is obtained by co-electrolysis, 
which is a simultaneous electrolytic reaction of CO2 and 
higher-temperature water vapor (H2O). Then, using this 
syngas as feedstock, methane is produced by a catalytic 

thermochemical reaction(3). In this study, the authors 
investigate innovative methanation, which has the potential 
to produce methane very efficiently while consuming little 
energy outside of the reaction pathway(4).

As a concrete example of innovative methanation, the 
system shown within the dashed lines of Fig. 2 has been 
investigated(4). To generate the end product methane, the 
system consists of a co-electrolysis reactor with stacked 
solid oxide electrolysis cells (SOEC), which are expected 
to provide higher electrolysis efficiency, upstream and a 

Technical Paper

1 Innovative Research Excellence, Power Unit & Energy
  E-mail: hideaki_yoneda@jp.honda

Fig. 1   Comparison of methane synthesis processes
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thermochemical reactor (methanation reactor) downstream 
to effectively utilize the heat generated by the methanation 
process, thereby converting the syngas obtained from the 
co-electrolysis reactor to methane. 

2. Achieving Higher Methane Production Efficiency

2.1. Synthetic Methane Production Process
In a co-electrolysis reactor, the reactions in Eqs. (1) and 

(2) occur simultaneously at the fuel electrode to generate 
CO, H2, and oxygen ions (O2-) from the source gas and 
electrons (e-).

CO2 + 2e- CO + O2-	 (1)

H2O + 2e- H2 + O2-	 (2)

In addition, the water gas shift reaction shown in Eq. (3) 
occurs in parallel as a side reaction.

CO + H2O CO2 + H2	 (3)

At the oxygen electrode, oxygen (O2) is generated from 
O2- as shown in Eq. (4).

O2- 1/2O2 + 2e-	 (4)

During methanation using syngas as feedstock, 3 moles 
of H2 are needed for 1 mole of CO, as shown in Eq. (5). 
The CO:H2 ratio adjustment should ideally be achieved by 
controlling the electrolytic reaction in the co-electrolysis 
reactor and the flow rates of CO2 and H2O at the inlet.

CO + 3H2 CH4 + H2O	 (5)

2.2. Methanation Operating Challenges
The co-electrolysis reactor consists of multiple 

stacked solid oxide electrolysis cells, and when the 
source gas passes through the stacked cells, gas that 
comes in contact with the cells is converted to CO and 
H2 through electrolytic reaction. In other words, source 
gas that does not come in contact with cells does not 
react and is discharged out of the reactor as unreacted 
gas. To help prevent cell damage due to over-voltage 
occurring, for example, when the source gas is depleted, 

5% to 20% of the source gases (CO2 and H2O) in use 
are often passed through during the syngas generation 
process . Therefore , gas that has not been passed 
through and converted also remains in the syngas as an 
unreacted residual component(5)-(7). Water vapor, the H2O 
in the above residual component, is usually separated 
and removed before it gets to the methanation reactor 
because it is a factor that reduces catalytic activity. In the 
innovative methanation process as studied in the past, the 
proportion of water vapor in the generated gas after the 
co-electrolysis reactor was assumed to be 16% to 19%, 
and a drain was installed before the methanation reactor 
to cool, liquefy, and separate the water vapor, thereby 
reducing the proportion to 5% to 6%, after which the 
gas was fed into the methanation reactor(8). The energy 
consumption associated with separation was estimated to 
be up to 58 kW, accounting for several percentage points 
of system energy efficiency. This study sought to develop 
a reliable water-resistant catalyst suitable for innovative 
methanation systems, thereby reducing the energy needed 
to separate the water vapor in the residual component, as 
well as reducing the overall process size and cost.

3. Catalyst Development Goals

There are three performance requirements for 
methanation catalysts, and two of the three concern the 
reaction shown in Eq. (5). The first is conversion, which 
indicates the proportion of the source gas CO that is 
converted to methane and other substances. The second is 
selectivity, which indicates the proportion of the converted 
material that is converted to the target product, methane. 
The CO conversion and CH4 selectivity should be higher 
because the generated synthetic methane is to be used again 
as gas fuel. In addition, in methanation, H2O is present 
around the catalyst as a byproduct of methanation, as shown 
in Eq. (5), as well as in the unreacted portion from the co-
electrolysis reactor at the earlier step, and the CO obtained 
from the co-electrolysis reactor is converted back to CO2 
by the water gas shift reaction in Eq. (3). As a result, CO2 
entering the process is emitted from the process without 
being converted to valuable chemicals. Therefore, the third 
performance requirement for the catalyst in this study was 
that the catalyst should have a higher tolerance to water 
vapor contamination (water resistance), so that the water 
gas shift reaction does not occur even if water vapor is 
contained.

In summary, the fo l lowing three performance 
requirements should be met.
(1)	Higher CO conversion
(2)	Higher CH4 selectivity
(3)	Higher tolerance to water vapor contamination (water 

resistance)
In conventional methanation catalysts, Ni-based 

catalysts prepared by the coprecipitation method or 
impregnat ion method are widely used because of 

Fig. 2   Co-electrolysis methanation system via syngas
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Fig. 3   LDHs structure model

their lower cost, higher activity, and higher methane 
selectivity(9). The activity of catalysts prepared by the 
impregnation method usually depends on the basic 
properties of the carrier and on the preparation method. 
Various carriers such as SiO2, ZrO2, γAl2O3, and CeO2 
have been studied(10). However, the porous structure of 
these carriers makes them susceptible to H2O adsorption, 
which covers the active sites of the catalyst and reduces 
its activity. Therefore, H2O needs to be separated and 
removed upstream of the methanation reactor by a drain 
or other means. In this study, the authors focused on the 
structure of layered double hydroxides (LDHs), usually 
called hydrotalcites, which already contain H2O. LDHs 
have a two-dimensional layered structure, as shown 
in Fig. 3(11), and it is well known that there is a great 
diversity of structures, including the metal cation ratios 
that can be prepared, various interactions of the layers 
composed between host and guest, and higher specific 
surface area(12). Furthermore, since each layer of LDHs 
contains H2O molecules and the H2O adsorption sites 
are already buried, the catalyst has water repellency; 
that is, there is no adsorption when new water vapor is 
introduced, which is considered to be an advantage over 
conventional supported catalysts. In addition, because 
the structure of the LDHs results in much more highly 
dispersed Ni nanoparticles containing more reducible 
Ni species (Ni2+ to Ni0) than conventional Ni-γAl2O3 
catalysts (where a small amount of nickel ions support 
the formation of mixed oxides with alumina in the form 
of Ni3+)(13), the authors believed this would increase the 
number of reaction sites and increase CO2 conversion 
and CH4 selectivity. Therefore, LDHs are expected 
to be applied to hydrogen generation reactions and 
photoelectrochemical water oxidation processes and as 
functional catalysts(14), (15).

In this study, the LDHs catalyst developed by the 
authors, which uses Ni as the active metal, is compared 
to catalysts prepared by conventional coprecipitation 
and impregnation methods, and the performance and 
characteristics of the LDHs catalyst and its effect on the 
system are described. 

4. Experimental Method

4.1. Catalyst Preparation
4.1.1. Preparation of Ni coprecipitation catalyst

A Ni-based coprecipitation catalyst was prepared using 
the following procedure. Ni(NO3)2・6H2O was dissolved in 
distilled water, and the resulting solution was dropped into 
a beaker together with Na2CO3 solution (1 mol/L, room 
temperature) at a slow rate of 2 mL/min. At this time, the 
pH value of the mixture was maintained at 8.5 at 80°C. The 
precipitate was then allowed to stand at room temperature 
for 24 hours, followed by filtration and washing to 
completely remove residual Na2CO3 from the precipitate. 
The precipitate was then dried at 60°C in air for 12 hours. 
Finally, it was heated at 2°C/min and maintained at 550°C 
for 4 hours for calcination.

4.1.2. Preparation of Ni supported catalyst
The catalyst in which Ni was supported by carriers with 

the impregnation method was prepared using the following 
procedure. Commercially available carriers (SiO2, γAl2O3, 
ZrO2, CeO2) were calcinated at 550°C for 4 hours to remove 
surface impurities, and Ni was introduced into the prepared 
carriers by the wet impregnation method. Ni(NO3)2・
6H2O was dissolved in deionized water and impregnated 
uniformly onto the carrier. Each catalyst was prepared so 
that the weight of Ni was 20 wt% of the total. The resulting 
mixture was then exposed to a vacuum at room temperature 
for 1 hour and then dried at 60°C in air for 12 hours. 
Finally, it was heated at 2°C/min and maintained at 550°C 
for 4 hours for calcination. 

4.1.3. Preparation of NiAl-LDHs
To achieve higher dispersion of Ni nanoparticles and 

increase the reaction sites, NiAl-LDHs were synthesized 
by a hydrothermal method using urea. First, 2.18 g of 
Ni(NO3)2∙6H2O and 0.94 g of Al(NO3)3∙9H2O were dissolved 
together in 60 ml of deionized water. Separately, 6 g of urea 
was dissolved in 60 ml of deionized water. Each solution 
was stirred at room temperature for 30 minutes at a stirring 
speed of 300 rpm, and then the two solutions were mixed 
and stirred for another 5 minutes. The mixture was then 
sealed in two 100 ml Teflon-coated stainless-steel autoclaves, 
heated at 3°C/min, and maintained at 120°C for 12 hours. 
The mixture was allowed to stand without stirring during this 
period. Then, the prepared precipitates were washed with 
200 ml of deionized water each time by centrifugation until 
the pH of the solution was neutral. The resulting product was 
dried at 60°C in air for 12 hours. Finally, to help prevent the 
dried catalyst from losing its structure due to bonding with 
oxygen, it was heated at 2°C/min in a nitrogen atmosphere 
and calcined at 500°C for 4 hours.

4.2. Catalyst Characterization 
4.2.1. Specific surface area

The specific surface area of the prepared catalysts 
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Fig. 4   Reaction devices diagram of fix-bed reactor

Fig. 5   Comparison of specific surface area

Fig. 6   XRD measurement result of NiAl-LDHs

was measured by N2 physisorption using a Micromeritics 
3Flex specific surface area and microporous gas adsorption 
analyzer. Prior to measuring, all samples were pretreated 
at 250°C for 10 hours under vacuum to remove surface 
contaminants.

4.2.2. Structural analysis by X-ray diffraction
To confirm the crystal structure of the prepared catalysts, 

X-ray diffraction (XRD) measurements were taken using a 
Rigaku RINT 2400 system X-ray diffractometer.

4.3. Evaluation of Catalyst Activity
Catalytic activity was evaluated by the continuous-flow 

method in a fixed-bed reactor with an inner diameter of 8 
mm, as shown in Fig. 4. The catalyst was loaded into the 
reaction tube according to the following procedure. First, 
an appropriate amount of quartz wool was put in, then a 
mixture of 2 g of quartz sand and 0.25 g of catalyst prepared 
to a particle size of 400 to 850 µm was poured in. Then, 2 
g of glass beads were added to preheat the gas during the 
reaction, and finally quartz wool was put on the top surface.

The catalyst was reduced with H2 at 40 ml/min for 8 
hours at 400°C prior to the reaction. After maintaining at 
300°C for 8 hours at 0.1 MPa, 20 mL/min, H2/CO = 3.0, the 
activity of each catalyst was measured.

The gases generated were detected by three on-line gas 
chromatographs equipped with a Shimadzu Corporation 
GC-2014AT thermal conductivity detector (TCD) and 
GC-2014AF flame ionization detector (FID). The TCD 
measures CO2 upstream and H2 downstream, respectively, 
while the FID measures CO and hydrocarbons.

CO conversion was calculated based on Eq. (6), CH4 
and CO2 selectivity on Eqs. (7) and (8), and CH4 yield 
on Eq. (9). Ar in Eq. (6) is used as an internal standard 
substance. Here, Eq. (6) is the proportion of CO converted 
to valuable products, Eq. (7) is the proportion of CH4 to 
total converted hydrocarbons and CO2, and Eq. (8) is the 
proportion of CO2. Equation (9) shows the proportion 
of the reactants from which the target product CH4 was 
obtained. 

× 100       CO conversion [%] =
Area AreaCO

Ar
CO
Ar

in

Area CO
Ar

in

out( ) ( )
( )

	 (6)

× 100       CH4 selectivity [%] = n (Total hydrocarbon + CO2)
n (CH4) 	 (7)

× 100       CO2 selectivity [%] = n (Total hydrocarbon + CO2)
n (CO2) 	 (8)

n: [C-mol/h]

CH4  yield [%] = CO conversion × CH4  selectivity × 100
	 (9)

5. Experiment Results and Discussion

5.1. Specific Surface Area, XRD Measurement Results
Results for the specific surface area of the prepared 

catalysts are shown in Fig. 5. The specific surface area of 
NiAl-LDHs was lower than that of 20 wt% Ni/SiO2, but 
was comparable or higher than that of the other carriers.

XRD results for the prepared NiAl-LDHs are shown in 
Fig. 6. The positions of the peaks at 37°, 43°, and 62° are 
attributed to the Ni oxide NiO on the LDHs, and the clear 
presence of the peaks indicates that Ni-based LDHs have 
been prepared.

500

Sp
ec

ifi
c 

su
rfa

ce
 a

re
a 

[m
2 /g

]

400

300

200

100

0

20
 wt%

 Ni/C
eO

2

Ni/c
op

rec
ipit

ati
on

20
 wt%

 Ni/S
iO2

NiAl-L
DHs

20
 wt%

 Ni/ γ
 Al2O

3

20
 wt%

 Ni/Z
rO

2

[2θ/degrees]
20 40 60 80

In
te

ns
ity

 [a
.u

.]



	 Honda  R&D  Technical  Review	 2026

− 150 −

Table 1   Results of methane synthesis processes

5.2. Catalytic Activity
A comparison of CO conversion, selectivity, and yield 

of NiAl-LDHs with catalysts with different carriers using Ni 
is shown in Table 1. First, other than NiAl-LDHs, 20 wt% 
Ni/SiO2 performed more effectively than other catalysts, 
with 99.5% CO conversion, 93.7% CH4 selectivity, and 
93.2% CH4 yield. However, CO2 was also generated in 
addition to CH4. On the other hand, NiAl-LDHs achieved 
100% CO conversion, 99.8% CH4 selectivity, and the 
highest yield of 99.8%. NiAl-LDHs showed greater activity 
than 20 wt% Ni/SiO2 despite having lower specific surface 
area, indicating that it is a reliable catalyst for methanation.

5.3. Reaction Characteristics
Syngas methanation characteristics were evaluated 

for NiAl-LDHs at different temperatures. The reaction 
conditions other than temperature were the same as in 
the catalytic activity experiment. The results for different 
temperatures are shown in Fig. 7. Both CO conversion and 
CH4 selectivity were lower at temperatures below 250°C, 
while CO conversion reached 100% at 275°C, and CH4 
selectivity reached 100% at 300°C. In general, methanation 
reactions often show higher reactivity at temperatures from 
250°C to 500°C(10), (12) and pressures from 0.1 to several 
MPa for Ni-based catalysts, but lower temperatures and 
higher pressures are advantageous for exothermic reactions. 
With the NiAl-LDHs developed in this study, the reaction 

temperature is comparable to those values, while the above 
results were obtained at a reaction pressure of 0.1 MPa. 
This confirms the advantageous properties of higher activity 
at lower temperatures and lower pressures and the ability to 
reduce pressurization energy.

5.4. Impact When There Is Water Contamination of 
the Source Gas

Under the same conditions as in the catalytic activity 
experiment, the proportion of water vapor supplied in the 
syngas was calculated based on Eq. (10). 

Water vapor proportion [%] = (FH2O (gas) + Fsyngas)
FH2O (gas)

	 (10)

As shown in Fig. 8, the CO convers ion of the 
benchmark 20 wt% Ni/SiO2 decreased as the proportion of 
water vapor increased, and the CO conversion decreased to 
50% when the water vapor content was 20%. On the other 
hand, the CO conversion of NiAl-LDHs remained close to 
100% even when the water vapor proportion increased from 
20% to 65%. As shown in Fig. 9, at water vapor proportions 
up to 20%, the CH4 selectivity of LDHs was equivalent to 
that when no water vapor contamination was present, and 
started to gradually decrease after a water vapor proportion 
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of 20%. When the water vapor contamination reached 
65%, CH4 selectivity was 55%. CO2 selectivity increased 
as CH4 selectivity decreased, suggesting that a water gas 
shift occurred when the NiAl-LDHs exceeded the allowable 
moisture proportion. These results indicate that the catalyst 
is more water resistant than conventional supported 
catalysts and  that the allowable proportion of water vapor 
in the source gas is 20%.

The use of the NiAl-LDHs developed in this study 
could help to eliminate the need to remove residual water 
vapor from the source gas, potentially reducing energy 
consumption by up to 58 kW.

methanation reactor, thereby increasing process efficiency 
and reducing process costs.
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6. Conclusion

NiAl-LDHs were developed as a thermo-chemical 
catalyst to generate methane from syngas to increase the 
efficiency of the synthetic methane production process, and 
the following results were obtained.
(1)	NiAl-LDHs exhibited 100% CO conversion and almost 

100% CH4 selectivity at 0.1 MPa and 300°C. Among 
the catalysts used for comparison, 20 wt% Ni/SiO2 had 
about the same CO conversion as NiAl-LDHs, but the 
NiAl-LDHs had higher CH4 selectivity and CH4 yield 
than even those of 20 wt% Ni/SiO2.

(2)	Comparing NiAl-LDHs and 20 wt% Ni/SiO2, a Ni based 
catalyst used for comparison, in terms of the allowable 
proportion of water vapor in the source gas showed 
that the CO conversion and CH4 selectivity of 20 wt% 
Ni/SiO2 decreased immediately when there was water 
vapor contamination, whereas NiAl-LDHs maintained 
its activity without decrease at up to 20% water vapor 
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Editorial Afterword
Thank you for reading the Honda R&D Technical Review 

Vol. 38 to the end. I would like to express my heartfelt 
gratitude to everyone that made this issue possible, including 
the contributing authors, the people who supported the 
publication process, and everyone involved in the many peer 
review meetings. We can all be proud of the hard work we’ve 
done.

This is my second year participating in the peer reviews 
for this publication. Many of the papers and technology 
descriptions were outside of my own field of technical 
expertise, and the level of technology was extremely high, so 
it took time for me to fully understand each of the papers. In 
gaining this understanding, I have striven to make the articles 
easier and more pleasurable to read. Of course, members of the 
review committee and area specialists were also involved in the 
process, and the result is a Honda R&D Technical Review that 
offers depth to specialists while presenting content that people 
outside of the field can also understand. I believe that many 
people read the papers with great interest.

I myself have been involved in research and development 
at Honda since joining the company more than 30 years ago, 
and I have always been mindful of trends or principles that 
can be found in test results. In product development and R&D, 
there is always some kind of pattern or principle waiting to 
be discovered, regardless of the scale or breadth of the work. 
Such discoveries can lead to all manner of improvements, 
such as to performance, quality, or efficiency. When you find 
principles in your work that you think can be applied more 
broadly, I urge you to submit a paper to the Honda R&D 
Technical Review. While it may take some time, the resulting 
sense of achievement will surely more than make up for the 
effort.

I look forward to receiving more research results in the 
future, and dream of the day that people will say, “that Nobel 
Prize-winning technology first appeared in the pages of the 
Honda R&D Technical Review.”

Toru KITAMURA
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