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ABSTRACT
This paper deals with a design method for layout of controls

based on the equivalent inertia of human-vehicle systems. In this
method, both the human and the object are modeled as articulated
rigid bodies, and the posture of the human, the configuration of
the vehicle, the contacts between the human and the vehicle, and
the constraints on the human and on the vehicle are respectively
defined prior to the analysis. The equivalent inertia of the human-
machine system is then calculated at any prescribed points on the
object taking the contacts and the constraints into consideration.
Finally, optimization is carried out by choosing design variables
and by employing the indices of equivalent inertia as the objective
function. In this paper, layout designs of a steering wheel and an
accelerator pedal optimized by using newly defined effective and
ineffective equivalent inertia indices, are compared with subjective
layout evaluated by human drivers. The results show the effec-
tiveness of this method to design user-friendly layout for various
physical sized drivers.

1. INTRODUCTION

Studies undertaken in order to design the layout for the system op-
erator in human-machine systems have been conducted from an
ergonomic perspective [1]. These studies evaluated movement and
posture using computer generated models of the human body, fo-
cusing on the movable range and the angle of the joints [2]. How-
ever, the evaluation did not take account of interactions with the
objects and, therefore, cannot be used to derive generic indices
or design methods that can be applied in various situations in the
same manner.

In addition, studies based on the manipulability, a well-known
concept in robotic engineering, are also being undertaken. Tanaka
et al. [3] proposed a manipulability ellipsoid based on the torque-
exertion characteristics of the human body obtained from experi-
ments. However, these studies are based on the human operation
only, and do not consider the contact between the human and the
object or the constraint conditions.

As is well known, the muscles, the only actuators in human
body, contain muscle spindles and Golgi tendon organs that can
detect changes in position, velocity and force of the muscle. It
is also known that muscle possesses variable viscoelasticity [4].
Thus, in these studies it is important to consider the equivalent
impedance characteristics of the human-machine system as well
as the force-exertion characteristics.

In this paper, we propose a new method for designing the lay-
out based on the equivalent impedance characteristics of a human-
machine system. The authors previously proposed a method for

deriving the equivalent inertia of a human-machine system tak-
ing the contact between the man and the machine and the con-
straints imposed by the system into consideration [5]. Further-
more, the authors have also developed a prototype system for an-
alyzing the equivalent impedance characteristics taking into ac-
count the viscoelasticity of muscle [6]. Here we describe an op-
timization method for layout design of a human-machine system
using equivalent inertia indices. Specifically, we conduct subjec-
tive judgements by drivers with regard to the layout of the steering
wheel and the accelerator pedal, and then compare the results with
calculations made using the objective function in order to verify
the credibility of our objective function. Finally, it is shown how
effective the method is for drivers of a range of physical sizes.

2. LAYOUT DESIGN METHOD

2.1. Modeling of the human and the object

Fig. 1 shows the framework of the proposed layout design method.
First of all, a human-machine system model consisting of a human
body and objects is configured using a computer. Here the human
body and the objects are modeled together as a multibody system.
Specifically, each part of the human body, such as the upper arms
and the forearms, and each part of the object are dealt with as rigid
bodies. The mass, center of gravity and the moment of inertia of
each rigid body are then defined. Also, the positions of character-
istic points (markers) on each rigid body are defined using coor-
dinate systems to describe the center of the joints, and the contact
and constraint positions. This paper deals with only holonomic
constraints.

Fig.1(a) shows the coordinate systems used for modeling the
human-machine system. A coordinate system,Σh, constitutes a
generalized human coordinate systemqh, which describes the hu-
man’s movements.Σe constitutes a contact point coordinate sys-
tem,Xe, which describes the points on the human that make con-
tact to the objects.k is the number of contact points. In a similar
way,Σm constitutes a generalized coordinate system,qm, describ-
ing the movement of the objects andΣc constitutes a contact point
coordinate system,Xc, describing the positions on the objects at
which contact is made to the human.Σtr describes the contact
transmission virtual coordinate system between the human and the
object withntr degrees of freedom [7]. When contact is made be-
tween the human and the object, the three coordinate systems,Σe,
Σtr, andΣc are coincident with each other and no slipping occurs.
The reference point,re, where the equivalent inertia is evaluated
is in theΣr and can be defined at any point on the object.Σ0 is
a global coordinate system. Here neither the human nor the object
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Figure 1:Framework of the proposed layout design method based on equivalent inertia of human-machine systems.

is singular postures andnh ≥ 6, ne = nc ≥ ntr, nm ≥ 6.

2.2. Setting contact and constraint conditions

Next, configurations and constraint conditions are defined. The
posture of the human-machine system can be expressed byq =ˆ
qT

h0, qh
T , qT

m0, qm
T
˜T ∈ <n, n = nh +nm +12. qh0 ∈ <6 and

qm0 ∈ <6 are variables to transform fromΣ0 to Σh and toΣm,
respectively. Because the contact points between the human and
the object,Xe ∈ <ne andXc ∈ <nc always coincident with each
other, the following equation holds true.

Jeq̇h − Jc ˙qm = 0, (1)

whereJe ∈ <ne×nh is the Jacobian matrix fromΣh to Σe, and
Jc ∈ <nc×nm is the Jacobian matrix fromΣm to Σc. Please note
thatrank(Je) = rank(Jc) = re ≤ ne = nc = 6k.

A set ofm (m ≤ n− 2 re) components out ofn elements of
q is defined as a variablex ∈ <m for determining a layout, and an
appropriate initial value is substituted for this variablex. There-
fore, by formulating the following equation, consisting of indepen-
dent conditional expressions, the number of which is expressed as
n−m− 2re, it is possible to calculate a unique posture,q, for the
human-machine system.

ΦL(q) = 0 (2)

Concerning contact points between the human and the object, the
number of which is expressed ask, the contact constraint matrix
[8] H ∈ <ntr×6k, ntr = re =

Pk
i=1ntriis defined as follows:

H = block diag.{Hi}. (3)

Hi ∈ <ntri
×6, (i = 1, 2, ..., k) is the contact constraint matrix

at each contact point under the condition that1 ≤ ntri ≤ 6. If the

constraints on the human the vehicle are expressed byΦh andΦm

respectively, the following equations can be established as

Ghq̇h = 0, (4)

Gmq̇m = 0, (5)

whereGh ∈ <ch×nh andGm ∈ <cm×nm are Jacobian matrices
of Φh andΦm respectively.

2.3. Calculating equivalent inertia [5]

Fig.2 illustrates a relationships between force and acceleration in
a human-machine system. The inertia tensor of the humanMh ∈
<nh×nh in Σh can be defined by configuration, mass, center of
mass, and moment of inertia in each body segment. Here, by us-
ing Ph ∈ <nh×nh , orthogonal complementary projection ofGh,
PhGh

T = 0, the constrained inertia matrix [9]M ′
h ∈ <nh×nh

and the constrained Jacobian̄Je ∈ <ne×nh can be obtained as
follows:

M ′
h = Mh + PhMh − (PhMh)T , (6)

J̄e = JePh. (7)

Based on coordinate transformation of tensors, the equivalent in-
ertiahM ′

m ∈ <nm×nm in Σm can be obtained as

hM ′
m = JT

c HT (H hM ′
e
−1HT )−1HJc, (8)

hM ′
e = (JeM

′
h
−1J

T
e )−1. (9)

In the same manner as be done with equations (6) and (7), by using
orthogonal complementary projection ofGm, PmGm

T = 0, we
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Figure 2:Force/acceleration relationships in a human-machine system[5]

have

Jr = JrPm, (10)
hmM ′′

m = hm M ′
m + hmM

′
m, (11)

hmM
′
m = Pm

hmM ′
m − (Pm

hmM ′
m)T , (12)

hmM ′
m = hM ′

m + Mm. (13)

Therefore, the equivalent inertia of the human-machine system
hmM ′′

r ∈ <6×6 taking the constraints on both the human and the
object into consideration can be expressed by

hmM ′′
r = (Jr

hmM ′′
m
−1Jr

T
)−1. (14)

2.4. Optimizing the layout

Usingx as design variables andJ (x) as an objective function, an
optimal design problem is formulated as follows.

minimize J (x) (15)

subject to qhmin ≤ qh ≤ qhmax (16)

qmmin ≤ qm ≤ qmmax (17)

Here,qhmin ∈ <n
h andqhmax ∈ <n

h are the limit values of hu-
man joint movements, andqmmin ∈ <n

m andqmmax ∈ <n
m are

minimum and maximum values of posture,qm, of the object.

The objective functionJ (x) described in equation (15) needs
to be defined to meet the actual layout design it is applied to. In the
next section, determination of the objective function,J (x), using
the equivalent inertia is discussed.

3. APPLICATION TO HUMAN-VEHICLE SYSTEMS

In this section, we propose an objective function based on the con-
cepts of both the effective and ineffective equivalent inertia. The
successful utilization of this function, when applied to the layout
of the steering wheel and accelerator pedal, is then verified.

3.1. Effective and ineffective inertia

For simplicity, let us consider the case that the degree of freedom
in the reference pointr is confined to the x-y plane inΣr. Here,

a m e

h m M r ' '

F r
m i

r

Figure 3:Effective and ineffective equivalent inertia

using the upper left 2x2 sub matrix ofhmM ′′
r , an inertia ellipse can

be drawn as shown in Fig.3. Assuming the acceleration at pointr
is a, the inertial forceF is given by

Fr = hmM ′′
r a. (18)

Except for the case wherea is in the same direction as either of the
major axes of the inertia ellipse,Fr is in a different direction toa.
Thus,Fr can be separated into components parallel and perpen-
dicular toa. The component in the same direction asa is defined
as the effective equivalent inertia,me, and the component orthog-
onal to the direction ofa is defined as the ineffective equivalent
inertia,mi. The effective equivalent inertia,me, can be obtained
using the Rayleigh quotient:

me =
aT hmM ′′

r a

aT a
. (19)

The ineffective equivalent inertiami can be calculated as follows:

mi = |hmM ′′
r a−mea|. (20)

me has its maximum value when the vectora is in the same direc-
tion as the eigenvector corresponding to the maximum eigenvalue
of the equivalent inertiahmM ′′

r and is a minimum whena is in the
same direction as the eigenvector corresponding to the minimum
eigenvalue ofhmM ′′

r . Conversely,mi is 0 whena is in the same
direction as either of the eigenvectors ofhmM ′′

r .
For the layout of a human-vehicle system, we assume that the

direction in which the driver operates on the objects (the steering
wheel or accelerator pedal) is the direction ofa. As the value of
me (the effective equivalent inertia) gets larger, the acceleration
due to the external force applied to the driver at contact point with
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Figure 4:Experimental condition

Table 1:Statue of the subjects

Subject A B C D E
height (m) 1.61 1.67 1.68 1.72 1.80
weight (kg) 50.0 60.0 65.0 62.0 70.0

Table 2:Driving position parameters and appropriate longitudinal
position of the steering wheel.

Subject A B C D E

hip point
(m)

x 0.715 0.711 0.741 0.738 0.794
y 0.255 0.255 0.252 0.252 0.247
z 0.134 0.128 0.127 0.123 0.115

right
shoulder
point (m)

x 0.854 0.851 0.881 0.879 0.935
y 0.685 0.704 0.705 0.717 0.737
z -0.052 -0.065 -0.067 -0.075 -0.093

wheel
center (m)

y 0.616 0.616 0.616 0.616 0.616
z 0.134 0.128 0.127 0.123 0.115

xs (m) 0.429 0.415 0.428 0.417 0.439

the object becomes smaller. On the other hand, ifmi is small,
the driver’s operational force can be transmitted effectively to the
acceleration vector at pointr on the object. Following these dis-
cussions, we propose an objective function as

J (x) = we
1

me
+ wimi + wj

nhX
i=1

Ki(qhi), (21)

Ki(qhi) = k1ie
k1i

(k2i
−qhi

) + k3ie
k3i

(qhi
−k4i

), (22)

wherewe, wi, wj are weighting factors. Equation (22) describes
the passive stiffness of the human jointi, which is introduced
to realize natural operational postures. The parameters,kji(j =
1, 2, 3, 4), have the following relationship:k1i > 0, k3i > 0, and
k2i < k4i. For the details, please refer to [10].

3.2. Application to steering wheel position

In the layout shown in Fig.4, five male subjects (aged 25 to 40), as
shown in Table 1, were seated facing the steering wheel. The hip
point, right shoulder point and the position of the steering wheel
except for longitudinal position of each subject are shown in Table
2. They were asked to set the right hand at a three o’clock posi-
tion and the left hand at a nine o’clock position, and to grip the
steering wheel. The steering wheel was then moved only back and
forth, and position,xs, where each subject felt the most comfort-
able to steer was verified through subjective judgement. Table 2
also showsxs values obtained for each subject.

l 1 l 2 l 3l 0

s 1 s 2 s 3
m 1  ,  I 1

x

H i p  p o i n t

y
x

y
l t

m 2  ,  I 2 m 3  ,  I 3

Figure 5:A multibody human model of upper extremity.

Table 3:Inertial parameters of upper extremity.

Subject A B C D E
lt (m) 0.524 0.543 0.546 0.559 0.584
l0 (m) 0.206 0.214 0.215 0.220 0.229
l1 (m) 0.251 0.265 0.267 0.277 0.296
l2 (m) 0.230 0.247 0.250 0.261 0.283
l3 (m) 0.053 0.055 0.056 0.057 0.060
s1 (m) 0.128 0.135 0.137 0.141 0.151
s2 (m) 0.085 0.091 0.092 0.096 0.041
s3 (m) 0.038 0.039 0.040 0.041 0.043
m1 (kg) 1.15 1.38 1.50 1.43 1.61
m2 (kg) 0.75 0.90 0.98 0.93 1.05
m3 (kg) 0.35 0.420 0.46 0.43 0.49

I1
x 5.109 6.846 7.549 7.724 9.967
y 0.659 0.882 0.973 0.996 1.285

(× 10−3 kg.m2) z 5.153 6.904 7.613 7.790 10.05

I2
x 2.705 3.733 4.135 4.307 5.735
y 0.492 0.680 0.753 0.784 1.044

(× 10−3 kg.m2) z 2.550 3.519 3.898 4.060 5.406

I3
x 0.129 0.167 0.183 0.183 0.226
y 0.031 0.041 0.045 0.045 0.055

(× 10−3 kg.m2) z 0.113 0.198 0.159 0.159 0.197

Next, multibody driver models were scaled to the subjects
with three degrees of rotational freedom for the shoulder and wrist
joints and one degree of rotational freedom for the elbow joint.
Inertia properties are determined as shown in Table 3. The mod-
els were seated so as to correspond the hip and shoulder point and
grasping points of both hands as in the experiment. Rigid contact
was set between the hands and the steering wheel. Please note that
the posture of the upper extremity was determined with Tolani’s
method [11] so that splay angle of the elbow becomes0.15 rad
based on Schneider’s research on driving posture [12]. Setting ref-
erence pointr as the center of the steering wheel and tangential
direction asa, the effective equivalent inertiames and the ineffec-
tive equivalent inertiamis were calculated using lower right3× 3
sub matrix of the equivalent inertiahmM ′′

r . The objective function
Js(x) is

Js(x) = wes
1

mes
+ wismis + wjsKe(qe) (23)

Ke(qe) = k1eek1e (k2e−qe) + k3eek3e (qe−k4e ) (24)

wherewes = 0.01, wis = 1.0, wjs = 0.5 and the elbow joint
passive stiffness characteristic were used in the equation (24) (see
Fig.6). Ten different back and forth wheel positions were set as
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Figure 9:Examples of effective equivalent inertia angle.

initial values, and the steepest descent method was used to get op-
timized positionx∗.

Fig.7 showsxs andx∗ values for each subject. It is apparent
that the most appropriate position in the back and forth direction
can be estimated with an accuracy of about 0.03 m at the maxi-
mum, if equation (21) is used as the objective function.

3.3. Application to accelerator pedal

The accelerator pedal that controls the speed of a vehicle should
accurately and effectively reflect the driver’s intention. Thus the
ineffective equivalent inertia when the accelerator pedal is pushed
in the directiona (mia) should be as small as possible. Further-
more, to maintain the desired speed against disturbance while driv-
ing, the value ofmea should be large. The effective equivalent
inertia angleα is defined as the angle between the characteris-
tic vector corresponding to the calculated maximum value of the
equivalent inertia and the level surface (see Fig.8). The angleα
and an appropriate range obtained from subjective tests were com-
pared with each other.

Based on a multibody model of each test subject and the lay-
out determined as in the previous section, the equivalent inertia
at the point of contact of the right foot and the accelerator pedal
was calculated for different heights of the hip point. As shown
in Fig.9, the multibody model was configured with 3 degrees of
rotational freedom for the hip and ankle joints and one degree of
rotational freedom for the knee joint. The length, the center of
mass, the mass and the moment of inertia of the lower extremities
of each subject were set as well as those of the upper extremities,
based on previously calculated values and a method described in
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Figure 10: Effective equivalent inertia angle and appropriate
range of accelerator angle.

the literature [10]. The posture of each segment of the lower ex-
tremities were determined at the same time that the contact points
of the knee joint, the heel point, and the accelerator pedal were
determined using a method described in the literature [12].

Fig. 9 shows the ellipsoids created using the upper right3 ×
3 matrix of the equivalent inertia for two different heights of the
hip point for SubjectD. It can be seen that the angleα is larger
for the higher hip point. Fig 10 shows both the change inα and
the appropriate range obtained from the subjective judgments of
five different subjects of varying height. The effective equivalent
inertia angleα of all the subjects are within the appropriate range.
Based on these results, it is considered that when the appropriate
layout for the accelerator pedal is determined, an evaluation using
equation (21) can be effective.
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3.4. Driving position

In the previous sections, we verified the effectiveness of the equiv-
alent inertia indices in determining the positions for the steering
wheel and the accelerator pedal. The optimized layouts for five
subjects were analyzed using the objective functionJsa(x).

Jsa(x) = Js(x) + Jax (25)

Ja(x) = wea
1

mea
+ wiamia + wjaKk(qk) (26)

Kk(qk) = k1kek1k
(k2k

−qk) + k3kek3k
(qk−k4k

) (27)

where the weighting factor in equation (26) is the same as in equa-
tion (23) and the joint passive stiffness of the knee joint is de-
scribed by equation (27) (see Fig. 6). The initial parameters for
all the subjects were set to those calculated in section 3.2 for the
layout for SubjectA. Optimization was done for two different
conditions; (I) the seat tilted at a fixed angle,π/36, but able to be
slid forwards and backwards (II) the seat could be slid forwards
and backwards and the angle of the steering wheel could be tilted.
Fig. 11 shows the initial and optimized driving positions of Subject
E under condition ID, and the converged values of each subject,
Jsa(x), are shown in Fig. 12. It can be seen that the operability
improves with increasingJsa(x) for all the subjects by adjust-
ing the angle of the steering wheel and the position of the seat.
Although the solutions obtained require verification for global op-
timization, it is considered that the use of the equivalent inertia
indices of human-machine systems can be effective in designing
easy to operate layouts for drivers of various physical sizes.

4. CONCLUSIONS

This paper proposes a new method based on equivalent inertia in-
dices for designing the layout for the system operator in a human-
machine system. It also discusses the application of the method
to a human-vehicle system. Furthermore, objective functions cal-
culated using both the effective and ineffective equivalent inertias
for the steering wheel and the accelerator pedal in the layout of a
vehicle were examined. These objective functions were compared
with subjective test results in order to verify the effectiveness of
the method.

In large number of design variables case, our optimization
method needs further improvements to avoid local optimized re-
sults. To expand to impedance characteristics, it would be impor-
tant to determine an objective function including viscoelasticity of
musculoskeletal system.

5. REFERENCES

[1] Chaffin,D.B., ”Digital Human Modeling for Vehicle and
Workplace Design”, Society of Automotive Engineers, 2001

[2] Sinokrot, T., Yang, J., Fettter, R., Abdel-Malek, K.,
”Workspace Analysis and Visuallzation for Santos’TM Up-
per Extremity”, SAE Technical Paper, 2005-01-2739, 2005

[3] Tanaka, Y., Yamada, N., Masamori, I., Tsuji, T., ”Manipula-
bility Analysis of Lower Extremities Based on Human Joint-
Torque Characteristics”, Proceedings of the 2nd International
Symposium on Measurement, Analysis and Modeling of Hu-
man Functions, June, Genova, Italy, 261-266, 2004

[4] Zajac, F.E., ”Muscle and Tendon: Properties, Models, Scal-
ing, and Application to Biomechanics and Motor Control”,
Critical Reviews in Biomedical Engineering, 17-4: 359-411,
1989

[5] Hada,M., Yamada, D., Tsuji, T., ”Equivalent Inertia of
Human-Machine Systems under Constraint Environments”,
Proceeding of the 3rd Asian Conference on Multibody Dy-
namics, Tokyo,Japan, A00643, 2006.

[6] Hada,M., Yamada, D., Miura, H., Tsuji, T., ”An Equiva-
lent Impedance Characteristics Analysis System for Human-
Machine Systems”, Trans. of the SICE, 42-9: 1083-1091,
2006, in Japanese

[7] Jazidie, A., Tsuji, T., Nagamachi, M., Ito, K., ”Multi-Point
Compliance Control for Dual-Arm Robots Utilizeing Kine-
matics Redundancy, Trans. of the SICE, 29-6: 637-646, 1993

[8] Cutkosky, M. R., Kao, I., ”Computing and Controlling the
Compliance of a Robotic Hand”, IEEE Trans. on Robotics
and Automation, 5-2: 151-165,1989

[9] Aghili, F., Piedbc̈u uf, J. C., ”Simulation of Motion of Con-
strained Multibody Systems Based on Projection Operator”,
Multibody System Dynamics, 10: 3-16, 2003

[10] Yamazaki, N., ”Inertial properties measurement of dressed
body using model matching method”, J. of Bio-mechanisms,
17-4:, 250-257, 1993, in Japanese

[11] Tolani, D., Goswami, A., Badler, N., ”Real-time inverse
kinematics techniques for anthropomorphic limbs”, Graph-
ical Models, 62-5: 353-388, 2000

[12] Schneider, L. W. , Reed, M. P., Roe, R. W., Manary, M. A.,
Flannagan, C. A. C., Hubbard, R. P., Rupp, G. L., ”ASPECT
The next-generation H-point machine and related vehicle and
seat design and measurement tools”, SAE Technical Paper,
990962, 1999

ISMA07-6


