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This paper presents a virtual driving simulator us-
ing robotic devices as an example of human-machine
systems to investigate dynamic properties of human
movements in the operation of drive interfaces, such
as steering wheels and transmission shifters. The sim-
ulator has virtual steering and transmission systems
under variable impedance control, providing the oper-
ators with realistic operational response. Mechanical
impedance parameters around the steering rotational
axis were measured to demonstrate the effectiveness of
the developed simulator.

Keywords: mechanical impedance, man-machine sys-
tem, variable impedance control

1. Introduction

A human can maneuver many different mechanical sys-
tems by naturally and effectively changing posture and
dynamic properties of movements according to a target
task. When operating a vehicle in the streets, for ex-
ample, drivers vary the positioning and pressure of arm
movement on the steering wheel and the shifter to comply
with speed and steering needs. Human drivers adapt their
movements to the mechanical properties of the drive inter-
faces. If such interfaces modified their dynamics accord-
ing to dynamic properties of driver’s movements, drivers
would operate their vehicles more comfortably and effec-
tively. To develop intelligent interfaces for mechanical
systems, dynamic properties of human movements oper-
ating the interfaces should be analyzed.

Such dynamic properties of human movements can be
expressed in mechanical impedance parameters, i.e., stiff-
ness, viscosity, and inertia. Many experimental studies
on human hand impedance in multi-joint arm movements
have been reported. Mussa-Ivaldi et al. [1], for example,
pioneered the measurement of human hand impedance
and examined hand stiffness in a stable arm posture. They
found that hand stiffness strongly depends on arm pos-
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ture, and that a human can change the size of a stiffness
ellipse, although he/she can change neither its orientation
nor its shape. Research by Dolan et al. [2] and Tsuji et
al. [3-5] on hand stiffness, viscosity, and inertia verified
a qualitative parallel between hand stiffness and viscosity.
Tsuji et al. [4] also showed that human hand viscoelastic
properties are widely affected by muscle activation level
during isometric contraction in the upper limb. Gomi and
Kawato [6] documented hand stiffness in reaching move-
ments, reporting that hand stiffness changes more consid-
erably during reaching movements than when individuals
maintained a particular arm posture. These studies ex-
amined human impedance properties during single-arm
movements in which the arm configuration is restricted
on the horizontal plane or the vertical plane.

Constructing ~ human-machine  systems  using
impedance-controlled robots [7] has been discussed
in robotics [8-13]. The basic concept is that robot
impedance properties ensure overall stability and ma-
neuverability for human operators based on human
impedance. lkeura et al. [12,13], for example, pro-
posed variable-impedance control that switches robot
impedance properties during a task. They also supposed
that the maneuverability of a human-machine system
could be improved by implementing human impedance,
which was measured in the target task with two human
operators, into impedance-controlled robots. Yamada et
al. [11,14] developed skill assistance that varies robot
impedance properties according to human movements
to perform iterative tasks at constant speed and high
quality. These previous studies focus on mainly a
design approach of robot impedance properties without
considering dynamic properties of operator’s movements.
Recently, lkeura et al. [15,16] developed the steering
system using an impedance-controlled robot, reporting
the close relationship between operational sensibilities
and human hand stiffness measured during dual-arm
steering. They did not estimate the accuracy of human
hand impedance or deal with shifting in the developed
system.

In this paper, a virtnal driving simulator using robotic
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Fig. 1. Virtual driving simulator.

devices is developed to investigate dynamic properties of
human arm movements during the operations of drive in-
terfaces. The simulator utilizes a virtual steering system
and a virtual transmission shifter system under variable
impedance control and provides operational force feed-
back to the operator.

This paper is organized as follows: Section 2 describes
the developed virtual driving simulator, and Section 3
explains how to measure human arm impedance during
virtual steering. Section 4 discusses a series of experi-
ments with different viscoelastic patterns in the developed
simulator, presenting examples of estimated human arm
impedance according to rotational angle of the steering
wheel.

2. Virtual Driving Simulator

2.1. System Configuration

Figure 1 diagrams the developed virtual driving sim-
ulator. The simulator consists of robots providing force
feedback to human operators and measuring mechani-
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cal impedance properties of human movements in vir-
tual steering and shifting, the computer for controlling the
robots, and the display to feedback visual information to
operators.

Virtual steering system includes a direct-drive motor
(NSK, Ltd., maximum torque £20Nm). A steering wheel
(NARDI, Ltd., diameter: 0.37m) and a rotation torque
sensor (Sohgohkeiso Corp., maximum toque 50N-m) are
installed on the rotating part of the motor. The rotation
angle of the steering wheel is measured by an encoder in
the motor (encoder resolution: 51,200 pulse/r). The vir-
tual transmission shifter has a direct-drive liner motor ta-
ble with one degree of freedom (Nihon Thomson Corp.,
maximum force =+ 10kgf), focusing on shifting from Low
to 2nd gear. A shift knob and six-axis force/torque sen-
sor (NITTA, Ltd., resolution ability: force x axis, y axis:
6.1 x 107N, zaxis: 1.2 x 1072N, torque: 1.1 x 107*Nm)
are installed on the moving part of the linear motor table.
The hand position is measured by an encoder in the mo-
tor table (encoder resolution: 2¢tm). Robots in the simu-
lator are controlled by a DSP board (dSPACE : ds1104)
that provides stable control and high-quality data mea-
surement in high sampling (2kHz).

The virtual driving display consists two liquid crystal
displays: Display I provides the run situation, according
to the rotational angle of the steering wheel and the shift
position, created by a graphics simulator (Playstation?2,
Sony Computer Entertainment Inc.); and Display II mea-
sured data during operations of the virtual steering and the
virtual transmission shifter.

2.2. Control System

Robotic devices in the driving simulator are controlled
by impedance control (See Fig.2). Robots move follow-
ing virtual target point X, calculated from impedance filter
R(s) with control input u generated by the human opera-
tor.

In the developed driving simulator, dynamic properties
of virtual steering can be represented as follows:

My6.+B,(0)0,+Ky(0)(6,—6.)=T . . . (1)

where M, is the inertia of a virtual steering system; B,(0)
and K, (0) variable viscosity and stiffness as a function of
the rotational angle of steering wheel 8, respectively; 6,
equilibrium for K(8); and T the steering torque generated
by the human operator.
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Dynamic properties of the virtual transmission shifter
can be expressed as follows:

M#, +B(x)% +K(x)(xy—x)=F . . . . . (2)

where M is the inertia of a virtual shift; B(x) and K(x)
variable viscosity and stiffness as a function of the hand
position x; x,. equilibrium for K(x); and F hand force gen-
erated by the operator.

Considering characteristics of general steering inter-
faces, 8 = Orad can be selected as equilibrium 6. for stiff-
ness effects in virtual steering. Therefore, the profile of
potential energy and an appropriate stiffness pattern for
0 during steering can be drawn as shown in Fig.3(a). In
this paper, viscoelastic patterns are modeled for 6 by a
third-order polynomial as

Kp(0)=cg+a,0+a,0°+a,0° . . . . . (3)
By(0) =B, +B,0+B,0°+B0° . . . . . 4
where ; and 3, (i =0, 1,...,3) are coefficients for deter-

mining viscoelastic patterns.

Regarding points of Low gear x|, Neutral gear (N gear,
here after) x,, and 2nd gear x, as equilibrium x, in vir-
tual shifting (See Fig.3(b)), the profile of potential energy
during shifting operations from Low to 2nd gear can be
drawn as shown in the middle panel. As seeing in the bot-
tom panel, a viscoelastic pattern in each interval of 3 gears
is designed with Gaussian functions while equilibrium x,
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Fig. 4. Schematic description of hand impedance measurement.

is switched by the following rule [17]:

X, (x>x,)
X, =< X, (xo<x<x,) . . . ... O
Xy (x <x.,)

where x,, and x_, represent switching points of equilib-
rium.

Implementing an appropriate viscoelastic pattern in
impedance control in robotic devices, the developed sim-
ulator provides realistic operational feelings for steering
and shifting operations.
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Fig. 5. Experimental conditions in virtual steering and shifting.

3. Impedance Measurement in Steering

This section details the measurement of human hand
impedance contributing directly to steering, i.e., hand
impedance tangential to the steering wheel with the de-
veloped virtual steering.

Consider multi-joint arm movements during steering in
the /-dimensional task space. When the subject’s end-
point is displaced from its equilibrium by a small distur-
bance with a short duration as shown in Fig.4, dynamic
characteristics of the hand can be expressed with the fol-
lowing impedance model {3]:

M X(t) +B.X(1)+ K (X(t) = X,(t)) = =F(1) (6)

where F(t) € R is hand force; X (1) € R’ hand position;
X.(t) € R! a virtual trajectory; and M, € R*!, B, € R/
and K, € R/ hand inertia, viscosity, and stiffness. As-
suming that disturbance dx is applied tangentially to the
steering wheel at time f,, dynamic characteristics of the
human hand at time ¢ tangentially can be described with
restoration force dF from Eq.(6) as follows:

M, dii(t) + B,ydx(t) + K,idx(t) = ~dF(t) . . (7)

where M, B,, and K, are hand inertia, viscosity, and
stiffness tangentially to the steering wheel.

In rotational movements of the hand with radius r as
shown in Fig.4, the norm of hand displacement dx can be
approximated with rotational displacement around steer-
ing rotational axis d6 as

de(t)m~rdd(t) . . . . . .. .. ... (8

and reaction torque around from the environment to hand
dT,(1) is

dT,(t) = rdF(t). R ()

From Eqgs.(7)-(9), mechanical impedance properties
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around the steering rotational axis can be expressed as
M,,dB(t)+ B, dO(1)+K,,dO(1) = —dT,(1) . (10)

and mechanical impedance parameters by the single arm
calculated by

M,, = r’M,, .
By, = r’B,, . . (12)
Ky, = r'Ke,. . (13)

Impedance matrices in rotational task space My, .B, . Ky,
can be approximated from the measured rotational angle
of steering wheel 6,(¢) and steering torque 7,(t), induced
by external disturbance, with the least squares method. In
dual-arm steering,

Mg, = r*(M,, +M,,) . . (14)
By, =1’ (B, +B.y) . (15)
Kq, = (K. +K.y,) . (16)

where M, , B, .K,, describe rotational impedance pa-
rameters by the right arm while M., .B.,.K,,, are those
by the left arm.

4. Experiments

4.1. Virtual Steering and Shifter

Experiments using the developed driving simulator
were conducted under the conditions in Fig.5, where vis-
coelastic patterns were designed to realize the realistic
feel of driving in the actual automobile based on the com-
ments of human subjects.

Subjects were asked to manually grasp the steering
wheel at specified points (See Fig.5(c)), and track the
sine wave with amplitude 7 /6 rad around Orad under fre-
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Fig. 7. Operational results for designed viscoelastic patterns in virtual shifting.

quency 0.2Hz using the bio-feedback display in virtual
steering. The distance between the subject and steering
wheel is determined for each subject in which the relative
angle of the elbow joint is set at £/9rad. Subjects were
asked to move the shifter from Low to 2nd gear after posi-
tioning N gear at the specified point in virtual shifting op-
erations (See Fig.5(b)). The inertia of the virtual steering
wheel was set at M, = 0.03kgm?, and that of the shifter at
M = 0.45kg. The distance between the N gear and others
was set at 0.04m.

Figure 6 shows viscoelastic patterns in virtual steer-
ing and typical examples of torque-to-angle profiles mea-
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sured during steering. Fig.7 shows viscoelastic patterns
in the virtual transmission shifter and examples of force-
to-stroke profiles measured during shifting operations.
These experimental results show that the developed driv-
ing simulator represents different steering/shifting dy-
namics by regulating viscoelastic patterns for variable
impedance-controlled robots.

4.2. Impedance Measurements by Virtual Steering

Mechanical impedance properties were measured to
validate the performance of virtual steering.
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Figure 8 shows an example of the measured signal
for estimating mechanical impedance properties with a
known spring-mass system. Figs.8(a), (b), and (c) ex-
press time histories of rotational displacement of steer-
ing wheel d6(t), rotational velocity d8(¢), and rota-
tional acceleration d6(r) caused by external disturbance
from the top. The solid line in Fig.8(d) represents mea-
sured steering torque together with estimated torque (dot-
ted line) calculated from Eq.(10), with measured hand
movements and estimated hand-impedance parameters.
Fig.8(d) shows that the steering system accurately esti-
mates mechanical impedance properties because the solid
line almost coincides with the dotted one.

Impedance estimation tests for the known spring-mass
system were conducted under the experimental setup in
Fig.9(a), where a weight was firmly attached to the steer-
ing wheel while a spring was set between the steering
wheel and the fixed environment. Fig.9(b) shows the esti-
mation accuracy before calibration by the developed vir-
tual steering in which steering wheel inertia was removed
from estimated values. Means for 5 sets of estimated
results are plotted and intersections of dotted lines rep-
resent true values of the spring-mass system attached to
the steering wheel. Since estimated error on stiffness in-
creased in proportional to desired stiffness as shown in
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Fig.9(b), values were calibrated with coefficient 0.9016,
which is an inverse of the constant of proportionality, to
improve estimation accuracy as shown in Fig.9(c). Note
that the developed system estimates desired impedance
properties successfully.

Measurment tests of human impedance during virtual
steering by dual upper arms were conducted for two dif-
ferent positions of the arm wrist (See Fig.10). In ex-
periments, a human subject with a driver’s license (male
university student, aged 22) was asked to grip the steer-
ing wheel substantially at specified positions as shown in
Fig.5. Means and standard deviations of 5 trials for mea-
sured impedance properties were as follows: Under the
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Fig. 10. Wrist postures in impedance measurements.

neutral position of the wrist joint, K, = 317.25 +53.245
N/m, B, = 63.44 £ 1.955 Ns/m, M, = 2.52 £ 0.052 kg;
and under the extended position of the wrist joint, K, =
666.44 + 107.143 N/m, B, = 50.89 £ 3.817 Ns/m, M, =
1.75+0.076 kg. Stiffness increased since wrist motion is
locked by extending the wrist joint as shown in Fig.10(b).

5. Conclusions

The present paper has developed a virtual driving sim-
ulator using variable-impedance controlled robots. The
simulator provides different operational feelings to human
operators by regulating viscoelastic patterns for virtual
steering and shifting. It measures mechanical impedance
parameters of human multi joint arms tangentially to the
steering wheel during virtual steering.

Experiments with the subjects were carried out to val-
idate the effectiveness of the developed simulator by set-
ting the designed viscoelastic patterns that realize re-
alistic feedback in actual drive interfaces. Mechanical
impedance properties of the subject were measured ac-
cording to the rotational angle of the steering wheel.

Future research will be directed to measure mechan-
ical impedance properties of human movements during
operations of virtual steering and virtual transmission
shifter to develop novel design of robotic systems consid-
ering human movements. We also hope to study human
impedance properties in the constrained direction impor-
tant to operating drive interfaces smoothly.
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