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ABSTRACT deriving the equivalent inertia of a human-machine system tak-

This paper deals with a design method for layout of controls ing the contact between the man and the machine and the con-
based on the equivalent inertia of human-vehicle systems. In thisstraints imposed by the system into consideration [5]. Further-
method, both the human and the object are modeled as articulatednore, the authors have also developed a prototype system for an-
rigid bodies, and the posture of the human, the configuration of alyzing the equivalent impedance characteristics taking into ac-
the vehicle, the contacts between the human and the vehicle, angount the viscoelasticity of muscle [6]. Here we describe an op-
the constraints on the human and on the vehicle are respectivelytimization method for layout design of a human-machine system
defined prior to the analysis. The equivalent inertia of the human- Using equivalent inertia indices. Specifically, we conduct subjec-
machine system is then calculated at any prescribed points on thdive judgements by drivers with regard to the layout of the steering
object taking the contacts and the constraints into consideration.wheel and the accelerator pedal, and then compare the results with
Finally, optimization is carried out by choosing design variables calculations made using the objective function in order to verify
and by employing the indices of equivalent inertia as the objective the credibility of our objective function. Finally, it is shown how
function. In this paper, layout designs of a steering wheel and an effective the method is for drivers of a range of physical sizes.
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.

2. LAYOUT DESIGN METHOD

2.1. Modeling of the human and the object

Fig. 1 shows the framework of the proposed layout design method.
1. INTRODUCTION First of all, a human-machine system model consisting of a human
body and objects is configured using a computer. Here the human
Studies undertaken in order to design the layout for the system op-body and the objects are modeled together as a multibody system.
erator in human-machine systems have been conducted from arbpecifically, each part of the human body, such as the upper arms
ergonomic perspective [1]. These studies evaluated movement andind the forearms, and each part of the object are dealt with as rigid
posture using computer generated models of the human body, fo-bodies. The mass, center of gravity and the moment of inertia of
cusing on the movable range and the angle of the joints [2]. How- each rigid body are then defined. Also, the positions of character-
ever, the evaluation did not take account of interactions with the istic points (markers) on each rigid body are defined using coor-
objects and, therefore, cannot be used to derive generic indicedinate systems to describe the center of the joints, and the contact
or design methods that can be applied in various situations in theand constraint positions. This paper deals with only holonomic
same manner. constraints.

In addition, studies based on the manipulability, a well-known Fig.1(a) shows the coordinate systems used for modeling the
concept in robotic engineering, are also being undertaken. Tanakehuman-machine system. A coordinate systeip, constitutes a
et al. [3] proposed a manipulability ellipsoid based on the torque- generalized human coordinate systgmwhich describes the hu-
exertion characteristics of the human body obtained from experi- man’s movementsX. constitutes a contact point coordinate sys-
ments. However, these studies are based on the human operatiotem, X., which describes the points on the human that make con-
only, and do not consider the contact between the human and theact to the objectsk is the number of contact points. In a similar
object or the constraint conditions. way, ¥,,, constitutes a generalized coordinate systgm,describ-

As is well known, the muscles, the only actuators in human ing the movement of the objects ald constitutes a contact point
body, contain muscle spindles and Golgi tendon organs that cancoordinate systemX., describing the positions on the objects at
detect changes in position, velocity and force of the muscle. It which contact is made to the humai,, describes the contact
is also known that muscle possesses variable viscoelasticity [4].transmission virtual coordinate system between the human and the
Thus, in these studies it is important to consider the equivalent object withn,,. degrees of freedom [7]. When contact is made be-
impedance characteristics of the human-machine system as weltween the human and the object, the three coordinate systams,
as the force-exertion characteristics. ¥+, andX. are coincident with each other and no slipping occurs.

In this paper, we propose a new method for designing the lay- The reference point;., where the equivalent inertia is evaluated
out based on the equivalent impedance characteristics of a humanis in theX,. and can be defined at any point on the objécg. is
machine system. The authors previously proposed a method fora 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 andy, > 6, ne = ne > N, Ny > 6.

2.2. Setting contact and constraint conditions

Next, configurations and constraint conditions are defined. The

posture of the human-machine system can be expressgd=by
T

[inL107than;LO7qu] € %n7n = Nh +nm+12 qno € §R6 and

gmo € RS are variables to transform frol, to £, and toX,,,

respectively. Because the contact points between the human an

the object,X. € R"¢ andX. € R"< always coincident with each
other, the following equation holds true.
whereJ. € R™<*"" is the Jacobian matrix frox;,, to ., and
Je. € R"eX"m js the Jacobian matrix frork,,, to X.. Please note
thatrank(Je) = rank(J:) = re < ne = n. = 6k.

A setofm (m < n — 2r.) components out af elements of
q is defined as a variable € ™ for determining a layout, and an
appropriate initial value is substituted for this variable There-
fore, by formulating the following equation, consisting of indepen-

dent conditional expressions, the number of which is expressed as

n —m — 2r., itis possible to calculate a unique postuyefor the
human-machine system.

®r(q) =0 (2

inha !
Concerning contact points between the human and the object, théf"i2 Mm

number of which is expressed &sthe contact constraint matrix
[8] H € R™t"*%% ny=ro= 3%  ny,.is defined as follows:

®)

H; € ®*% (i = 1,2,..., k) is the contact constraint matrix
at each contact point under the condition that n.., < 6. If the

H = block diag.{H;}.

constraints on the human the vehicle are expressed,andd,,,
respectively, the following equations can be established as

Gngn = 0, 4)
GmGm 0, %)

whereG), € ¥ andG,, € R°*™™ are Jacobian matrices

gf ®;, and®,, 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 hukdane

R > in X5, can be defined by configuration, mass, center of
mass, and moment of inertia in each body segment. Here, by us-
ing P, € ®R"»*" orthogonal complementary projection Gf,,
P,G1T = 0, the constrained inertia matrix [V}, € R™»X"n

and the constrained Jacobidp € R™*™» can be obtained as
follows:

My, + PyMy, — (P My)",
JePr.

(6)

M,
Je ()

Based on coordinate transformation of tensors, the equivalent in-
€ ®R"™*"m in 3, can be obtained as

"M, =
"ML =

JIHT(H "M HTY T
T M;TI)~

‘HJ., ®)

9)

In the same manner as be done with equations (6) and (7), by using
orthogonal complementary projection 6%,,, P,,G».' = 0, we
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Figure 2:Force/acceleration relationships in a human-machine sy$&m

m.
have
Jr = JoPp, (10) a \ y
MMy = MM, + MM, (11) ;
ML = PnML, — (Pn!M)T, 12) A
"M, = "My, My (13) S

Therefore, the equivalent inertia of the human-machine system
hmprit ¢ §6%6 taking the constraints on both the human and the Figure 3:Effective and ineffective equivalent inertia
object into consideration can be expressed by

g — (jrhmMT/r/fler)fl' (14) using the upper left 2_x2 ;ub matrixb’i_” /', aninertia e!lipse can
be drawn as shown in Fig.3. Assuming the acceleration at point

N is a, the inertial forceF’ is given by
2.4. Optimizing the layout

_ hmqpy 1
Usingx as design variables and(z) as an objective function, an Fr = ""M;a. (18)

optimal design problem is formulated as follows. Except for the case wheteis in the same direction as either of the

major axes of the inertia ellipsé;. is in a different direction ta.

minimize J (x) (15) Thus, F- can be separated into components parallel and perpen-
subject 0 Qh,ip < Gh < Qhipas (16) dicular toa. The component in the same directionaais defined
Gmmin < dm < @mmas a7) as the effective equivalent inertieu,., and the component orthog-
onal to the direction of: is defined as the ineffective equivalent
Here,qp,,;, € R, andqy,,,, € Ry, are the limit values of hu- inertia, m;. The effective equivalent inertia;., can be obtained
man joint movements, ang,,,, € Ry, andgn.,,.. € Ry, are using the Rayleigh quotient:

minimum and maximum values of postutg,, of the object.
T hma st/
a ‘M, a
aTa

(19)

The objective functiony (x) described in equation (15) needs e =

to be defined to meet the actual layout design it is applied to. In the
next section, determination of the objective functigf(x), using
the equivalent inertia is discussed.

The ineffective equivalent inertia; can be calculated as follows:
m; = |hmM;/a — meal. (20)

3. APPLICATION TO HUMAN-VEHICLE SYSTEMS m. has its maximum value when the vectois in the same direc-
tion as the eigenvector corresponding to the maximum eigenvalue
In this section, we propose an objective function based on the con-of the equivalent inertid™AZ;” and is a minimum whean is in the
cepts of both the effective and ineffective equivalent inertia. The same direction as the eigenvector corresponding to the minimum
successful utilization of this function, when applied to the layout eigenvalue of™Af/. Converselymn; is 0 whena is in the same
of the steering wheel and accelerator pedal, is then verified. direction as either of the eigenvectors"di;’.

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 directionaofAs the value of
For simplicity, let us consider the case that the degree of freedomm,. (the effective equivalent inertia) gets larger, the acceleration
in the reference point is confined to the x-y plane ik,.. Here, due to the external force applied to the driver at contact point with

3.1. Effective and ineffective inertia
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Figure 4:Experimental condition

Table 1:Statue of the subjects

- Subject A B C D E
hZ“EJte(Cr;) 1‘(\31 1567 1Css 1D72 E - 7, (m) 0524 0543 0546 0559 0584
'9 ' : : ' ’ lo (m) 0.206 0214 0.215 0220 0.229
weight (kg) |[500  60.0 650 620 70.0 Iy (m) 0.251 0.265 0.267 0.277 0.296
I (m) 0.230 0.247 0.250 0.261 0.283
Table 2:Driving position parameters and appropriate longitudinal I3 (m) 0.053 0.055 0.056 0.057 0.060
position of the steering wheel. zl Em; 8(1)32 gégi 833; 83;% 8(1)21
0 2 . . . . .
Subject A B c D E s3 (M) 0038 0.039 0040 0.041 0.043
hip point ; 8;;2 8;; 8';‘5‘; 8;22 8-22‘7‘ w1 (Kg) 115 138 150 143 161
: : : : : ki 0.75 090 0098 093 1.05
(m) z | 0134 0128 0127 0.123 0.115 Zi Ekgi 035 0420 046 043 049
point(m) z |-0.052 -0.065 -0.067 -0.075 -0.093 (x 103 kgn?) z | 5153 6.904 7.613 7.790 10.05
wheel y | 0.616 0616 0616 0616 0616 < | 2708 3733 4195 4807 5735
center(m) z | 0.134 0.128 0.127 0.123 0.115 I y 0492 0680 0753 0784 1044
zs (M) 0429 0415 0428 0417 0439 (x 10 kg.n?) z | 2550 3.519 3.898 4.060 5.406
. x | 0129 0.167 0.183 0.183 0.226
the object becomes smaller. On the other handgifis small, 3 y | 0.031 0.041 0.045 0.045 0.055
the driver’s operational force can be transmitted effectively tothe (x 1073 kg.n?) z | 0.113 0.198 0.159 0.159 0.197

acceleration vector at poimton the object. Following these dis-
cussions, we propose an objective function as

1 np
+ wsm; + w; ZKi(Qh,;), (21)

i=1
kliekli(kzi—%i) —‘,—k‘gie%i(q’bi_kd‘i), (22)

J(x)

We
e

K; (qhi ) =

wherew., w;, w; are weighting factors. Equation (22) describes
the passive stiffness of the human jointwhich is introduced
to realize natural operational postures. The parametgr§; =
1,2,3,4), have the following relationshipt:; > 0, k3; > 0, and
koi < ka;. For the details, please refer to [10].

3.2. Application to steering wheel position

?/Hip point

Figure 5:A multibody human model of upper extremity.

Table 3:Inertial parameters of upper extremity.

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 becomds rad
based on Schneider’s research on driving posture [12]. Setting ref-
erence point- as the center of the steering wheel and tangential
direction asz, the effective equivalent inertia.s and the ineffec-
tive equivalent inertian;s were calculated using lower rigBtx 3

In the layout shown in Fig.4, five male subjects (aged 25 to 40), as sub matrix of the equivalent inertid™A1!” . The objective function
shown in Table 1, were seated facing the steering wheel. The hipjs (z)is

point, right shoulder point and the position of the steering wheel

except for longitudinal position of each subject are shown in Table Ts(x) = Wes—— + wismis + wis Ke(qe) (23)
2. They were asked to set the right hand at a three o’clock posi- Mes
tion and the left hand at a nine o’clock position, and to grip the Ke(qe) = ki efetFemae) 4 po ohselte=kac)  (o4)

steering wheel. The steering wheel was then moved only back and

forth, and positiong s, where each subject felt the most comfort- wherew.s = 0.01, w;s = 1.0, w;s = 0.5 and the elbow joint

able to steer was verified through subjective judgement. Table 2passive stiffness characteristic were used in the equation (24) (see
also shows:; values obtained for each subject. Fig.6). Ten different back and forth wheel positions were set as
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Figure 6:Joint passive stiffness of elbow and knee joint.
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Figure 7:Comparison between optimized and ergonomically com-

S - . Figure 9:Examples of effective equivalent inertia angle.
fort longitudinal position of the steering wheel. 9 P q g

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

Fig.7 showsrs andz™ 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.

n/3

n/4 \
Appropriate range
by subjective judegements

3.3. Application to accelerator pedal

Angle of Accelerator Pedal (rad)

The accelerator pedal that controls the speed of a vehicle should
accurately and effectively reflect the driver’s intention. Thus the /6
ineffective equivalent inertia when the accelerator pedal is pushed
in the directiona (m.,) should be as small as possible. Further-
more, to maintain the desired speed against disturbance while driv-Figure 10: Effective equivalent inertia angle and appropriate
ing, the value ofm., should be large. The effective equivalent range of accelerator angle.
inertia anglex is defined as the angle between the characteris-
tic vector corresponding to the calculated maximum value of the the literature [10]. The posture of each segment of the lower ex-
equivalent inertia and the level surface (see Fig.8). The amgle tremities were determined at the same time that the contact points
and an appropriate range obtained from subjective tests were comef the knee joint, the heel point, and the accelerator pedal were
pared with each other. determined using a method described in the literature [12].

Based on a multibody model of each test subject and the lay- Fig. 9 shows the ellipsoids created using the upper Bgkt
out determined as in the previous section, the equivalent inertia3 matrix of the equivalent inertia for two different heights of the
at the point of contact of the right foot and the accelerator pedal hip point for SubjectD. It can be seen that the angleis larger
was calculated for different heights of the hip point. As shown for the higher hip point. Fig 10 shows both the changeiand
in Fig.9, the multibody model was configured with 3 degrees of the appropriate range obtained from the subjective judgments of
rotational freedom for the hip and ankle joints and one degree of five different subjects of varying height. The effective equivalent
rotational freedom for the knee joint. The length, the center of inertia anglex of all the subjects are within the appropriate range.
mass, the mass and the moment of inertia of the lower extremitiesBased on these results, it is considered that when the appropriate
of each subject were set as well as those of the upper extremities|ayout for the accelerator pedal is determined, an evaluation using
based on previously calculated values and a method described irequation (21) can be effective.

0.20 0.30 0.40
Hip point height (m)
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A
(a) Initial position (b) Optimized position

Figure 11:Initial and optimized driving position (Subject E, Case Il)

3.4. Driving position

In the previous sections, we verified the effectiveness of the equiv- [1]
alent inertia indices in determining the positions for the steering
wheel and the accelerator pedal. The optimized layouts for five 2]
subjects were analyzed using the objective function(x).

jsa(x) - js(m) + jax (25) [3]
Jo() = Wea m + WiaMia + Wja Kk (qr) (26)
Kielgr) = klkehk(kzk*qm +k3k€k3k(qkik4k) (27)

where the weighting factor in equation (26) is the same as in equa- [4]
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 Subjectd. Optimization was done for two different [5]
conditions; (1) the seat tilted at a fixed angte,36, but able to be

slid forwards and backwards (1) 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(z), are shown in Fig. 12. It can be seen that the operability
improves with increasing’,.(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-  [7]
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. 8]

4. CONCLUSIONS

9]
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 method10]
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 a11]
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.

(12]
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