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Abstract; The mass of very small vehicles is often comparable to that of their drivers, and thus there is a greater

degree of coupling between the vehicle and the driver, compared with a case for traditional vehicles. When develo-

ping small vehicles, it is necessary to give ample consideration to the dynamics of the person who ride them. Here,

a model of a human body riding a small personal vehicle was constructed to investigate the dynamics of the person

inside such a vehicle.

Moreover, an experiment on posture maintenance by acceleration of direction of travel was

conducted and the parameters for posture control were identified using a genetic algorithm. Results shows that

body behavior could be successfully simulated using the proposed model, and the control parameters were effective

in determining the posture maintenance characteristics of the vehicle occupant.
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0 Introduction

Small vehicles, called the personal mobility
vehicles designed to transport a single occupant,
have been actively developed recently. Such vehi-
cles are ecological, user friendly, and can provide
comfortable transportation over short to middle
distances. However, the posture of a driver
would be different from conventional vehicles
one. Furthermore, driving posture, and even
drivers themselves diversify in Japan's aging soci-
ety. In particular, characteristics of the elders as
Japanese society becomes older'™. In addition, it
is necessary for the driver's physical characteris-
tics to be considered during design and develop-
ment, because the motion of the human would in-
fluence a light vehicle. One method for investiga-
ting the motion of a human riding a vehicle is
through experiments. For example, experiments

measuring vibration transfer from the seat to the

occupant when driving'®, and vibration seat tes-
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ting using vibration exciters has been performed
in the past™. However, experiments involving
actual vehicles are expensive and there are safety
concerns when human test subjects are used.
Therefore, as a method for evaluating vehicle oc-
cupant motion, numerical simulations are sugges-
ted. We proposed an integrated system composed
of a combination of generalized software and orig-
inal code that creates a motion generation model
capable of evaluating the motion resulting from a

175 The advantage of

vehicle-to-human coupling
this method is that body motion can be simulated
and evaluated via numerical simulations using
computer only. This reduces development costs,
improves safety, and provides an environment
that makes it easy to change human body parame-
ters within the program. Thus, development of
numerical simulation models for human motion is
important, because such models make it possible

to perform integrated development of personal

mobility vehicles in the future. However, when a
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full-body model of human is simulated, multiple
degrees of freedom are involved and it becomes
difficult to grasp various body motion phenomena
using the motion control model. As a result, the
influences of body model movements (set via va-
rious parameters) are obscure, and control of the
motion model becomes difficult. Therefore, the
human body is modeled as a simplified trunk from
the point of view of scalable multibody dynamics
in order to gain knowledge on human body motion
control. A simplified human-body dynamics mod-
el in the frontal plane that can identify character-
istics of motion control based on actual human re-
sponses has previously been proposed™. The pa-
rameters for this human motion control were i-
dentified based on the results of experiments and
simulations. The motion characteristics of an in-
dividual human in the frontal plane were then
considered based on the obtained parameters.
Here, the parameters for the sagittal plane are i-
dentified from the results of experiments and sim-
ulations, and are then used to simulate human

motion.

1 Human-Body Dynamics Model

1.1 Overview of motion control

The proposed human-body dynamics model
consists of an internal and external model”™. The
internal model consisting of inverse and forward
models generates commands to control body mo-
tion, while the external model simulates actual
body motion. This process is shown as a block di-
agram in Fig. 1, while a conceptual diagram for
the model is shown in Fig. 2. First, in the inter-
nal model, the target position and representative
position of body motion is set to generate body
motion. Therefore, complex body motion is de-

fined as the transfer of a representative point

Internal External
model —————————— odel |
Target | + [ Force on Inverse|_|Forward| [ Human :
position| k- purposefulness* model || model ’body model
Representative of]| Output;
body motion

Fig. 1 Block diagram of body motion control
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Target position

. | External model

n
purposefulness

Representative
of body motion

Fig. 2 Motion due to applied force

from its initial position to its target position. In
addition, body motion is generated by physical
forces which move the point closer to the target
position. Each joint torque using the inverse
model by the generated motion becomes a body
motion command. However, it is not easy to ex-
press body motion using the torque calculated u-
sing the inverse model™ . Therefore, this torque
is adjusted by using the forward model. Then,
the body motion is generated by the adjusted

torque in the human body model.
1.2 Human-body model

Fig. 3 shows an analytical human-body
model. The model is placed in a coordinate sys-
tem that is movable on a fixed spatial coordinate
system. Vehicle motion and human motion are
described in the same coordinate system. This
model is a three-link rigid model consisting of a
head, one spine, and one pelvis. It is formulated
using multibody dynamics and analyzed using an
augmented formulation. L, are the distances
from the bottom of each rigid body part to the
center-of-gravity (COG), and L, are the dis-
tances from the COG to the top of each rigid
body (i =1,2,3).
The generalized coordinates are given by

q=1[x1 y1 00 x5 v, 0> x5 y;5 05 ] " D
where x;, y; and 0; are the coordinates of the COG
and an angle. The virtual work is expressed as

Mg —Q.]"6,=0 (2)
where M is the mass matrix. Mass and inertia
moment of each body are estimated from weight
and height™. Q, is a vector composed by external
force and passive joint resistance.
Q.= [N, (N, —m @) N, 0
—myg Ty 0 —msg To " (3)
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where N, , N, are the contact forces between hu-
man body and seat, N, the moment by seat reac-
tion force, and T, (;=2,3) the non-linear pas-
sive resistance. p, are the position vectors for the
COG of the rigid bodies. Using r; which are po-
sition vectors in the fixed coordinate system, one
gets
X
p:=pr+ T r,+T,r, = +
Y1
CcOSs 01 *sin (91 ng
. +
sin 0, cos 6, 0 Fig. 3 Analytical model
{COS 52} [Lm} D) Then, the constraint on the system is
sin 0z 0 p:—p — T r,—T, o |
X Q(q) - m I al =
p:=p:+ Ty ryp+T;r, = + ps —p: — Tory, —Ts 1o |
Y2 Ty — X1 _L]ZCOS 91 _LZ]COS 927
[Cos 0. — sin 02} {ng}+ v, — 3y, — Liysin @, — Ly, sin 6, %)
sin @, cos 0, 0 x5 — x5, — Lyycos 0, — Ly cos 0y
{Cos 0; — sin (93} |:L3] } 5) V3 — ¥y — Laysin @, — Ly sin 6, |
sinf;  cos b, 0 Using Lagrange multipliers
where T, is the transformation matrix. (M — Q.16q + A" @09 = [Mg + @2 —0.] (T
—1 0 L, sin 0, 1 0 Ly sing, 0
0 —1 —L,sin6, 0 1— L, sin 6, 0 0
D, = ) (8)
0 0 0 - 1 0 ng Sin (92 1
0 0 0 0 —1 — Lysing, O

where @, is the Jacobian matrix. Differentiating
Eq. (6) twice with respect to time

Q9= —(Dq),q—2D,q — D, (9

Using Eqgs. (7, 9), differential algebraic e-
quations (DAE) can be obtained as

o) -]

1.3 Contact force
Basically speaking, any contact between the

10

body and seat is considered to be a surface con-
tact. In addition, the skin tissue of the body and
the seat exhibit nonlinear viscoelasticity., Howev-
er, considering these characteristics would require
expensive calculation costs and numerous proper-
ties. Therefore, to simplify contact force, contact
points are set on the body. The definition of the
contact force is shown in Fig. 4, where the defini-
tion of the tangential contact force of seat surface

is shown in Fig. 4(a), and that of the normal di-

rection contact force of the seat surface is shown
in 4(b). To reproduce simplified human motion,
elasticity and viscosity elements are assumed in
the model. In addition, the tangential contact
force is allowed to reaction force depending on
relative displacement and velocity in contact posi-
tion.
The reaction forces from the seat are
N, =k, (R, —zy)+co (R, —x,) (1)
N, =k, (yo)+ ey (30) (12)
where N, , N, are the contact forces in the tan-
gential and normal directions; k., k, the elastic
constants; ¢, » ¢, the viscosity constants, e the
exponent for elasticity, R the center of the seat,
x, the median of the contact point, and y, the dis-
tance between the contact point and the upper
surface of seat’™. As shown in Fig. 4, two contact
points are defined on each side of the model bot-
tom. This allows the model to move while main-

taining posture via two contact points.
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(a) Tangential contact force

(b) Normal contact force

Fig. 4 Contact model

1.4 Torque generation via inverse model

It is considered that body motion is generated
by torque based on the planned trajectory of mo-
tion using the inverse model'™, First, in this
human-body model, a trajectory is generated by a
force that moves the representative point closer to
the target position. It is difficult to imagine that a
human being would be conscious of the torque of
each joint. Accordingly, the purposefulness re-
quired to move a body point and angle to the tar-
get position and angle is considered to be a physi-
cal force and is defined as follows. In the case of
the spine, the upper end of the spine is moved close
to the target point. In case of head, the representa-

tive angle is moved close to the target angle.

S htension = ki (Pewrrent — Pesived)

¢ (P emen — Pacsived) (13)
f‘izmens\on =k; Ocurrene — Qaesivea) T

¢ Wevrrenms — Oaesivea) 14

where fliason 15 the physical force on the spine,
fEension the physical force on the head. %, ¢; the
gains, pouen the representative position, and pgeired
the target position, O.... the representative an-
gle, and 0,..q the target angle. Using the orbit
produced by purposefulness, each joint torque is

calculated using the inverse model equation.

1. 5 Adjustment of joint torque using forward

model

It might be expected that the generation of

motion occurs according to trajectory by the in-
verse model. However, the human body does not
always move according to the planned trajectory
because of relative delays and other factors™'’.
Accordingly, to express the actual motion of a
biological body, a forward model that enables
anticipatory motion control is added. This for-
ward model framed gradient system defines an
equilibrium target position by adding the interac-
tions of each joint torque, and a potential function
is defined by the target position and representa-
tive position differences over a short period of
time later. This potential function is called the
performance index potential. In this model, the
joint torque that moves the representative posi-
tion to the target position in the shortest period of
time is calculated because the time gain is con-
formed as the direction of steepest potential gra-
dient in the gradient method. This enables the
posture to be maintained. In addition, to follow
the motion trajectory, the torque is adjusted
using the following equation in such a way as to
accord as much as possible value in joint torque
value calculated by the inverse model.

dv «:)Uf ard
o _ . g, LHowad
Cde v P v

where 7 is the time constant, K; the learning coef-

+ n(v) (15)

ficient, v the state variable equivalent of the joint
torques Ugpwaa the performance index potential,
and n the joint torque calculated by the inverse
model. From Eq. (15), it can be seen that the ve-
locity variation of the torque decreases as r increa-
ses. This means that reaction speed variations can

be expressed by the time constant.

2 Experiment on Acceleration of
Vehicle

An overview of the experimental device is
shown in Fig. 5. The experimental device consists
of a chassis, a folding chair, a rubber belt to add
tension, a motion capture system, and twelve
motion capture cameras (Optitrack Flex3: Opti-
cal type, Sample rate; 100 Hz). This experimen-
tal device measures the motion of a human body

using a motion capture system when a horizontal
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acceleration is applied to the seat by a rubber
belt. The belt is pulled by the winch. The vehicle
is fixed in place and then released. An input ac-
celeration is adjusted based on the length of the
rubber belt. The seat used in the experiment is a
folding chair fixed by bolts to a chassis. By
attaching a marker to experimental subjects and
shooting with a motion capture camera, data on

body behavior was obtained.

__— Motion capture

Cushioning

\

Rubber belt

Fig.5 Overview of experimental device

2.1 Experimental conditions

The experimental subjects were two adult
males, as shown in Table 1. The influence on
body behavior by the different accelerations was
investigated in this experiment. Therefore, two
acceleration conditions were simulated by chan-
ging the rubber belt length. Here, experiments
were conducted at speeds of 1.2 m/ s* and 0. 8 m/
s* . However, for the same rubber belt length,
the acceleration will be different depending on the
weight of the experimental subject. Hence, the
reference mass was set as 75 kg by using a weight
and a constant acceleration was simulated. The
experimental conditions are shown in Table 2.
The experimental subject closed their eyes, relax-
ed, extended their spines to the target posture,

and maintained their posture.

Table 1 Experimental subjects

Subject Height/ m  Mass/ kg Age
A 1.65 62 22
B 1.76 75 23
Table 2 Experimental conditions
. .. Acceleration/ Subjects were
Condition , .
(mes ?) instructed to
1 1.2 Close eyes and relax
2 0.8 Close eyes and relax

2.2 Method of parameter identification

The model has two features. One is that
function derivation is difficult, because body mo-
tion is described by complex nonlinear equa-
tions. Another is that a strict optimal solution is
not needed, because there is some individual tol-
erance level to differences in body motion.
Therefore, in order to search for parameters, a
genetic algorithm (GA ), as an optimization
technique, was used. The evaluation function
used for optimization was set so that the fitness
was maximized when the difference between the
experimental and analytical results were mini-
mized.

The evaluation function is

k
Q=D [(En, — An,)*+

i=1

(En;, —An,)"* 4+ (En,, — An )" ] (16)

2.3 Results of identification

Numerical simulation of the human-body
model is performed using the parameters obtained
by the GA and compared with the experimental
results. The control parameters for each experi-
mental subject are shown in Tables 3, 4. A com-
parison of the simulation results of the body part
for different conditions and the experimental re-
sults are shown in Fig. 6. As an example, the i-
dentification result of Trial 1 with Condition 1
(Subject A) is shown. From Fig. 6, it can be seen
that the simulation results for the spine and the
head in Condition 1 for Subject A coincide with
the experimental results. Also, in both cases, the
pelvis inclines forward due to the acceleration and
then returns to the target posture. Similar results
were obtained for other trials and also for Subject
B.

From the above results, it was found that by
using this human-body model, the characteristic
body behavior and reaction to acceleration in the
direction of travel of the vehicle can be matched.
Moreover, in each analysis, the difference for
each experimental condition can be reproduced,
and the usefulness of this human-body model can

be confirmed.
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Table 3 Simulation parameters (Subject A)

Condition 1 (1.2 m/s*)
Parameter

Condition 2 (0.8 m/s”)

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3
k) 545.2 587.8 566. 3 483. 2 444, 1 462. 1
i 1461.3 1496.0 1295.1 372.4 428.3 1361.9
ks 6.16 12. 96 44,29 994. 8 208.4 912.4
s 401. 8 169.0 992.8 968.0 940. 3 993.9
T 1.49 1.48 1. 34 0. 308 0. 345 1.44

Table 4 Simulation parameters (Subject B)
Parameter Condition 1 (1.2 m/s?) Condition 2 (0.8 m/s”)

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3
ky 959. 8 968. 6 915.2 718.2 820. 1 911.1
13 1098.3 982.9 1099.6 250.5 1 008.0 985. 2
k; 40.01 28. 27 17. 60 34.68 63.71 165.0
@ 38.7 50. 05 35.78 57. 86 34. 67 345. 6
T 1. 86 1.703 1. 0.237 1.54 1. 65
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Fig. 6 Time history of top of each part (Subject A)

3 Comparison Between Body Motion

and Simulation Parameters

Subsequently, the relation between the iden-
tified control parameters and human body behav-
ior is described. The relationships between vehi-
cle acceleration and control parameters for Sub-
jects A and B are shown in Fig. 7. The error bars
in the Fig. 7 represent the standard deviation for
each condition, and this distribution obtained by
dividing the parameter obtained under each condi-
tion by the average value for Condition 1.

From Tables 3,4, it can be seen that 4, and
¢, are larger than k, and ¢, in all trials. The

torque required to maintain the position of the

trunk is larger than that required to maintain the
position of the head. This result is understanda-
ble considering the mass ratio of the head and
trunk. Thus, maintaining the posture of the
spine is prioritized when a human is subject to
vertical acceleration. This tendency is similar in
the case of horizontal acceleration™. The time
constant varies in Condition 2. This does not cor-
respond to the case of horizontal acceleration.
This is because visual feedback influences the mo-
tion of a human body.

It can be seen that the standard deviation also
From Fig.7, the

standard deviation of ¢; for Subject A increases

changes with acceleration.

with decreasing acceleration. This tendency is



26

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

Condition 1, A
Condition 2, A
Condition 1, B
Condition 2, B

10 20 30
Value of parameter

40 10

Maximum acceleration/(m * s *

Maximum accelerat

=]
3=
<
St
RO
)
Q
151
=
=
=
g

"

2 4 6
Value

of parametel‘
d)c,

20

/alue of parameter

Maximum accel

Condition 1, A
Condition 2, A
Condition
Condition

Condition 1, A
Condition 2, A
Condition 1, B
Condition 2, B
30

40 4 6

Value of parameter
©) ¢

Maximum acceleration/(m * s~

Condition 1, A
Condition 2, A
Condition 1, B
Condition 2, B
05 1.0 15
Value of parameter

(e) T

Fig. 7 Relationships between maximum acceleration and individual parameters

also obtained for Subject B. This relationship be-
tween acceleration and the standard deviation is
also shown in k%, and ¢,. As the acceleration de-
creases, the standard deviation of %, for Subject A
increases, but the standard deviation of ¢, for
Subject A decreases. On the other hand, there is
a difference in the tendency of the standard devia-
tion of ¢, for Subject B. These differences are due
to the change in the path of posture maintenance
described above. These results suggest that many
paths for maintaining posture during acceleration
are available.

As described above, in each individual, there
are parameters that do not change greatly even if
conditions change, and parameters that greatly
change depending on conditions. Especially under
low acceleration conditions, it was shown that the
standard deviation of head motion was large, and
it turned out that diverse human path strategy ex-
isted. Using this model, it is shown that the pos-
sibility to investigate the characteristics of indi-
vidual movement. In the future, more detailed a-
nalysis is planned by increasing the number of

subjects and conditions.

4 Conclusions

The motion control of the human head and

trunk is investigated, and a simplified human

model is proposed, which can identify the charac-
teristics of motion control based on actual human
responses. Using the human-body dynamics mod-
el, we considered the relationships between the
input conditions and each parameter of the model.
We designed a simplified identification experiment
to focus on maintaining the posture of the human
body during acceleration and considered human
motion. We identified the parameters of the hu-
man motion model based on the experimental re-
sults. The numerical simulation results using the
identified parameter values concurs with the ex-
perimental results, and human body behavior can
be simulated using the model. Moreover, the re-
lation between the identified control parameters
and human body behavior was shown. In each in-
dividual, there are parameters that do not change
significantly even if conditions vary, and parame-
ters that greatly change depending on conditions.
The results suggested that many paths for main-
taining posture during acceleration were availa-
ble.

vides a possibility to investigate the control char-

Using the proposed numerical model pro-

acteristics of individual movement. In the future,
more detailed analysis is planned by increasing the
number of subjects and conditions. Moreover, we

consider other method of purposefulness.
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