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Abstract—This paper examines the influence of driving condi- al. [5] pioneered the measurement of human hand impedance
tions on human hand impedance properties by using an originally and examined hand stiffness in a stable hand posture, finding
developed driving simulator. A set of driving tests combining that stifiness strongly depends on hand posture. Dolan et

driving speed and the existence of a road centerline was carried "
out with five subjects. The results statistically demonstrate al. [6] and Tsuji et al. [7}[9] also showed that human

that humans steer a vehicle with increasing hand stiffness by hand viscoelasticity is widely affected by muscle activatioin
activating arm muscles, i.e., under some tension, on the straight levels during isometric contraction. These fundamental studies

load especially at a lower speed with a centerline. In addition, it revealed that humans can control impedance by regulating the

was confirmed that there was a clear correlation between steering ot e of limbs and/or muscle contraction levels during multi-
behaviors and human hand stiffness according to the driving . .
joint movement.

conditions. Human impedance measurement in driving would be ) . o .
useful to ascertain not only steering behaviors but also drivers ~ Some studies on hand impedance characteristics QUr|ng
physical and mental conditions for driving conditions, which may steering operations have been reported. For example, Li et al.

be required to develop an intelligent driving support system. [10] analyzed the relationship between the rotational stiffness
of a steering interface and the hand stiffness through a set
of theoretical and experimental analyses, and showed that an

A human skillfully drives an automobile by manipulatingoverall stiffness of the hand-steering system depends on the
driving interfaces, such as a steering wheel and a gas pedgrnal force and the muscle contraction of human arms.
according to driving conditions while adjusting the muscun our research group, human hand impedance properties
loskeletal system of his/her limbs. In the steering operatioduring steering operation were measured by the virtual driving
for example, he/she would actively adjust arm posture asgistem [11], and the control structure inspired by human hand
hand force to control the driving direction according to drivingmpedance for a steer-by-wire system has been proposed [13].
speed and road condition. This supposes that driver’s behavibisvever, we have not discussed how humans change their
and loads would much depend on the driving conditions @gnamic properties according to driving conditions, such as a
well as the vehicle performance. If such biological charactedriving speed, a driveway orbit, and so on. This paper analyzes
istics for a human driver in various driving conditions can bsteering movements and human hand impedance properties in
quantitatively described, it would be useful to develop a novetiving according to driving conditions, and discusses their
driving support system so that humans can drive a vehigiglationship with quantitative indices.
more comfortably and safely. This paper is organized as follows: Section Il describes the

Many experimental studies have tried to develop a driveleveloped virtual driving system, and Section Il explains an
model according to driving conditions, and investigated thestimation method of human hand impedance properties dur-
temporal data of eye-head movements and steering movemémgssteering operations. In Section IV, a series of measurement
[1]—-[4]. For an example, Kunieda et al. [1] developed aexperiments are performed with five subjects for four different
index which represent road surface condition and reportddving conditions, the lower and higher driving speeds with
the relationship between steering behaviors and the index.without a road centerline, and statistically demonstrates the
No study reports, however, quantitatively analyze or clearblear correlation between steering behaviors and human hand
explain the relationship frequently observed in driving; howtiffness.
human drivers move their upper limbs to operate the steering
wheel according to driving conditions. Il. VIRTUAL DRIVING SYSTEM

On the other hand, dynamic properties of human movementd=ig. 1 shows a schematic overview of the virtual driving
can be expressed using mechanical impedance parameters system developed for this paper. The virtual driving system is
stiffness, viscosity and inertia, and many experimental studiesnstructed with a direct-drive-type motor (NSK, Ltd., maxi-
on human hand impedance have been reported. Mussa-Ivaldneim torque: 20 [Nm]), a computer for controlling the motor,

I. INTRODUCTION
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Fig. 2. Operational results for the designed viscoelastic patterns installed
into the virtual driving system.

Fig. 1. A virtual driving system [11][12].

whereq; (i =0,1,...,4) are the coefficients to determine the
steering load.

. . . Fig. 2 sh the stiff tt ith ¢t tostalled
and two LCD displays to monitor steering angle and torqug 'd- = SNOWS e SHITess patierns with respe ate

d (Display | 4 for th t of a drivi the virtual driving system and the torque-to-angle profiles
gzgf:c;ewitﬁ zI;\SFr)e?I/ ti)maen3 Dogniriarz{gr?esr:)ft(\jva?e (r[I;/iI:rﬂai/Cﬁ)r easured during steering operations. The steering operation
. R i ; ange is| 0 |< /3 and the equilibrium for the stiffness was
A steering wheel (NARDI, Ltd., radius: = 0.185 [m]) and geis| 0 |< 7/ d

. .~ set at 0 [rad]. The inertia and viscosity of the steering wheel

a rotation torque sensor (SOHGOH KEI_SO Corp., mMaximu(fle e set at\l, = 0.03 [Nm&/rad], B, = 1.0 [Nms/rad]. The
torque: 50 [Nm]) are attached to the rotating part of the mth/ri’rtual driving system developed is able to change the steering
erational feeling by regulating viscoelastic patterns. Driving
{8sts in the next section were performed by installing Pattern

Snto the driving system.

and the steering angle is measured by an encoder built i
the motor (encoder resolution: 51,200 [pulse/r]). The motor
controlled by a DSP board (dSPACE: ds1103) that can provi
stable control and high-quality data measuremerit fitHz]
sampling-frequency.

The steering motor is controlled by a variable impedance
control method to reproduce a realistic feeling of steering

operations. Its dynamics can be represented as follows: When the driver's hand is displaced from its equilibrium

MO(t) + Byb(t) + K (0)(0(t) — 0,0(t)) = 7(t) (1) by a sma!l disturbancg _in a short duration as shown in F!g.
o _ _ 3, dynamic characteristics of the hand around the steering
where M, and B, are the inertia and the viscosity of a virtuakotational axis can be expressed with an impedance model
driving system, respectivelyy;(¢) is the variable stiffness as[5] as
a function of the steering ang 6. equilibrium for K(9); )
and 7 the steering torque generated by the operator. In this My 6(t) + Bg.(t) + Koo (0(t) — 0.(t)) = —7e(t),  (3)
paper, the steering stiffneds, (0) is defined by a forth-order

Il. M EASUREMENTMETHOD OFHUMAN HAND
IMPEDANCE

polynomial as where 7, is the steering torque generated by the operator;
4 the steering angle). a virtual trajectory of hand equilibrium;
K, (60) = Z i @) Mo, Boe, Koe re_present_hand inertia, \{iscosity, and stiffness
i—o around the rotational axis of the steering. Assumihgvas
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Fig. 4. An example of the measured signals for estimating mechanical . . .
impedance. and a reaction force to his hand is
1
constant, Eq. (3) could be rewritten as follows: dF(t) = ;dT(t)v (8)

Maol(t) + Boof(t) + Koo (0(t) — 0.) = —7o(t).

At the onset time of the external disturbange we have

(4)

Mﬁee(tO) + Baee(t0> + K@e(o(t0> - ec) = _Te(t())v (5)
and . can be eliminated from Eqgs. (4) and (5) as
Moed(t) + Byedd(t) + Koedf(t) = —dr(t), (6)

wheredd(t) = 0(t) — 0(to), 7(t) = Te(t) — 7e(to). Thus, hand

impedance parameters can be estimated by fitting the measured M. =

90

wherer is the radius of steering wheel. Accordingly, dynamic
characteristics of the human hand in the tangential direction
of the steering wheel can be expressed as

M,dX (t) + BedX (t) + K dX (t) = —dF(t), 9)
where hand impedance parameters in the tangential direction
are calculated by

1

1 1
ﬁMee;Be = T_QBé’eer = 7’_2K06. (10)
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Fig. 7. Examples of measured signals on steering motion while driving on the straight line for 20 seconds.
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Fig. 4 shows an example of the steering andlg the driving conditions (see Fig. 6(a)). External disturbances were
angular velocityld, the angular acceleratiaf¥ and the torque applied to the steering wheel und@t < 0.05 [rad/s] at the
dr measured in estimating mechanical impedance propertieterval of 5 seconds or over.
of the known spring-mass system undefr= 0.5 [!‘91 andK ~ Fig. 7 shows typical time histories of steering behaviors
= 879 [N/m]. Mean values and standard deviation for fivgeasured foe0 seconds while driving on the straight line S1,
sets of estimated results ardle = 0.52 £ 0.01 [kg] and \here the steering angk the angular velocity, the angular
K, = 874.9 4+ 28.6 [N/m], respectively. In the bottom f_lgur_ev acceleratiord and the steering torque are plotted from the
the solid line is the measured torque and the broken line is t{?ﬁ) From the graph, it can be seen that steering behaviors
calculated torque using Eq. (6) while the estimalégl, Bse, change in the driving conditions provided. To quantitatively
and Ky.. The results demonstrate that the developed driviRgajuate such steering behaviors depending on the conditions,
system can estimate impedance properties successfully. o indices, time and frequency domains, are defined using

IV. VIRTUAL DRIVING EXPERIMENTS the time profile of steering torque for 20 seconds.

Experiments were carried out to examine the characteristics! N€ first index is a steering worklodd” as [1][14]
of human hand impedance during steering operation according

to driving conditions. Five healthy subjects (male university 20 )

students aged? - 24 years old) participated in these experi- W= / T(t)0(t)dt. (11)
ments. 0

A. Experimental condition This means that the driving load on a human becomes larger

A human subject had a driving seat under the specifiedth increasing’. The second index is the upper bound
driving posture as shown in Fig. 5(a), and his shoulders werequency I of the steering torque in which the 95 % of
restrained to the seat back using a seatbelt. He held the steefiaguency components are included. This means that a human
wheel as shown in Fig. 5(b), where both hands were fixed dniver actively operates the steering wheellaiscreases.

the steering wheel using a plastic cast to eliminate passiverig, 8 shows the normalized power spectral densities (PSD)
impedance properties of the palm. corresponding to the time histories of steering torque in Fig.

Subjects were asked to drive on the left side of a simple $: \where PSD is calculated by the Welch method (32768-
shaped course under different driving conditions as shown ﬁBint FFT, 0% overlap, Hamming window) implemented in
Fig. 6. In this paper, the four driving conditions are designagaiiap (Mathworks Inc.). Fig. 9 shows the evaluation results
as. of W and I when driving on the straight lines S1 and S3,
Condition I: Driving speed 60 [km/h] without a centerline where the mean values and standard deviations for all subjects
Condition II: Driving speed 60 [km/h] with a centerline  are presented. These results indicate that subjects changed
Condition III: Driving speed 100 [km/h] without a centerlinethe control strategy of the steering wheel depending on the
Condition IV: Driving speed 100 [km/h] with a centerline  combination of driving speed and road condition, but can not
Hand impedance properties were measured ten times wihahgplain how they controlled dynamic properties of their hands
driving on the straight lines labeled S1 and S3 for all thie steering by the upper extremities.
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Fig. 8. Spectral analysis of steering torque and indeat the straight line their hands stiffen when the steering torque increased by
for Sub. A. changing the muscle contraction levels of their arms. How-
ever, the experimental results in this paper have different
characteristics compared to the conventional study reports in
terms of viscosity. Possible reasons include the existence of
an internal force between both hands and the steering wheel.
Fig. 10 shows hand impedances measured for Sub. f\js necessary to analyze this issue as well as improve the
where mean values and standard deviations for ten sets @Berimental system in the future.
presented. Hand stiffness obviously changes depending on thejnally, Fig. 11 shows the relationship between the two
driving conditions as well as steering behaviors, and Wejigdices, 1w and I, and the hand stiffness, where the indices
much increased in Condition Il. On the other hand, hange positively correlated with hand stiffnesBy; = 0.6528,
viscosity and inertia do not make large differences. Note that — .6229). This supposes that dynamic properties of driver

these points were confirmed in the other subjects. Table I@bvements as well as steering behaviors can be grasped only
shows hand impedance measured for all subjects as wgl}. measuring hand stiffness in driving.

Furthermore, a multiple comparison test was carried out to
statistically explain whether there exist significant differences V. CONCLUSIONS
between driving conditions, and the results are summarized inThis paper investigated the changes of dynamic properties of
Table I(b). It can be seen that there are significant differendesman movement depending on conditions in virtual driving
in hand stiffness between Conditions | and Il, Conditions ith the developed simulator. Measurement experiments with
and Ill, and lastly Conditions Il and IV. This reveals thathe human subjects demonstrated the influences of driving
dynamic properties of a driver’s hands would depend on tlkenditions into steering behaviors and human hand impedance
interaction between the driving speed and the existence opmperties in driving. Furthermore, the experiments suppose
road centerline. that the possibility of both steering behaviors and driver’s arm
It is well-known that hand stiffness increases in proportioconditions can be sensed only by measuring hand stiffness in
to the muscle contraction levels [9]. Thus, the subjects madeving.

B. Human hand impedance properties
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E 282.9+43.1 438.9+69.6 274.2+66.5 324.2+71.0 Fig. 11. Relationship between the two indices and hand stiffness for all
subjects.
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