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In order to study the function of muscles of driver shoulder during vehicle steering, identification of relations between elec-
tromyograph (EMG) activity of 10 shoulder muscles and steering force was performed. The procedure was to perform con-
trolled steering maneuver by right hand in a driving simulator, and based on analyzing the EMG data with steering force in the
steering wheel plane, the function was identified. It was found that muscle function depends strongly on both steering rotation
and steering torque directions. In clockwise steering, the long head of triceps brachii was the prime mover and an important
contributor to clockwise moment, while the sternocostal portion of the pectoralis major, the lateral head of triceps brachii, bi-
ceps brachii and teres major were the important stabilizers or fixators. In contrast, in counterclockwise steering, the anterior,
middle and posterior deltoid, the clavicular portion of the pectoralis major and infraspinatus were the prime movers and also
the important contributors to counterclockwise moment, while the sternocostal portion of the pectoralis major, the lateral head
of triceps brachii, biceps brachii and teres major were the important stabilizers or fixators. We conclude that the prime movers
are primarily a consequence of steering direction, while the stabilizers or fixators are primarily constant. These results can be

used to improve the neuromuscular model and estimate the steering comfort of driver.
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1 Introduction

Very little is known about the function of muscles of
shoulder during vehicle steering; in other words, the func-
tions of those muscles are not very clear, although some
investigations into muscle characters during vehicle steering
have been published since 1975 or so. The function of mus-
cles of upper limb in vehicle steering has been investigated
with use of the electromyographic investigations [1-3].
Although the results showed the prime movers during con-
tralateral steering and the important stabilizers during steer-
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ing, one question still exists: which muscle(s) is (are) the
prime mover(s) during ipsilateral steering? The muscular
behaviors in a steering task have been studied continuously
since 2003 [4-11]. Some of these studies [7, 8] described
the properties of driver arm and some muscles during steer-
ing task, including the measurement method of steering
torque by means of the electromyograph (EMG) of driver.
Others [4-6, 9-11] mainly concerned the neuromuscular
dynamics for building driver model to study the control
principles of steering. However, none of these articles [4—11]
actually concerned any attempts to investigate the function
of muscles of driver shoulder in vehicle steering, except the
investigations in 1970s [1-3].

Some evaluation methods of steering or other character-
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istics of vehicle have been studied in recent years based on
certain muscles behaviors by means of the EMG signals
[12—-16]. Most of these investigations mainly concerned the
muscular activity to analyze driver efforts to evaluate the
drivability, and only one article concerned the steering
characteristic [15]. However, none of them concerned the
investigation of the muscles function in vehicle steering.

The relations between the activity of 10 shoulder muscles
and steering force were studied based on some controlled
steering maneuvers by right hand in a driving simulator
with the help of the EMG signals, and the muscles function
of driver shoulder during vehicle steering was preliminarily
investigated in this paper. In Section 2, the methods were
elaborated. The results and discussion were presented in
Section 3, and the concluding remarks were summarized in
Section 4.

2 Methods

Nineteen male subjects participated and gave their informed
consent to the procedure, which was approved by the local
ethical committee. These subjects were divided into three
groups of drivers with different driving levels, including
skilled driver, normal driver and inexperienced driver (Ta-
ble 1). Six subjects in the skilled driver group had held
driving licenses for 8-25 a and they were the professional

Table 1 Subject characteristics
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vehicle testers. The mean height of them was 172.2 (ranging
from 165 tol77) cm, body weight 67.3 (61-90) kg and age
34.3 (27-43). Seven subjects in the normal driver group had
held driving licenses for 3-22 a and the average weekly
driving distance amounted to 100-500 km. The mean height
of them was 167.3 (ranging from 160-180) cm, body
weight 65 (55-84) kg and age 32.3 (26—42). Six subjects in
the inexperienced driver group had held driving licenses for
1-27 a. They were paper drivers or the average weekly
driving distance was less than 100 km. The mean height of
them was 167.7 (ranging from 161 to 175) cm, body weight
66.3 (58-83) kg and age 33 (25-49).

2.1 Procedure

There were two experiments that were performed for each
subject. In each experiment, the subject was seated in the
driver seat, and held the steering wheel with right hand at
the 3 o’clock position as the neutral or basic posture in a
driving simulator (Figure 1), the same as the driving posture
but without fastening the seat belt. The left hand was re-
leased from the steering wheel in the experiments. The seat
and steering wheel were adjusted so that the arm was
slightly bent at the elbow (approximately 110 deg between
the forearm and upper arm) and the line along the steering
axis (steering column) was approximately parallel to the
line through the shoulder and wrist joints in the basic pos-

Subject ¥ Age Driving years Height (cm) Percentile * (height) Weight (kg) Percentile * (weight)

S1 27 8 165 21 61 33

S2 29 10 168 36 68 59

S3 43 25 173 70 60 31

S4 35 15 175 78 63 41

S5 41 22 175 78 90 96

S6 31 12 177 84 62 37

N1 26 3 160 3 57 18

N2 27 5 162 8 62 37

N3 33 12 165 21 61 33

N4 31 12 166 27 56 15

N5 27 4 168 36 55 12

N6 42 14 170 45 80 87

N7 40 22 180 93 84 92

11 28 1 161 6 60 31

12 33 11 166 27 58 20

13 49 27 166 27 70 68

14 25 7 168 36 83 92

15 33 1 170 45 63 41

16 30 1 175 78 64 46
Mean skilled driver (xSD)  34.3(6.5) 15.3(6.8) 172.2(4.7) 61.2(26.1) 67.3(11.4) 49.5(24.9)
Mean normal driver (+SD)  32.3(6.5) 10.3(6.8) 167.3(6.5) 33.3(30.2) 65(11.9) 42(33.8)
Mean inexperienced driver 33 4, 8(10.2) 167.7(4.7) 36.5(24.1) 66.3(9.1) 49.7(26.3)

(+SD)

a) The letter in the subject designation indicates the group of the subject, and the number indicates the serial numbering of the subject in one group.
b) Percentile values based on height and weight are based on Human Characteristics Database of NITE (National Institute of Technology and Evaluation)

in Japan (2003).
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Figure 1 Subject in the basic posture sitting in the driving simulator and
grasping the steering wheel with right hand at the 3 o’clock position.

ture. The basic posture came from lots of investigations in
which most of subjects in present investigation would feel
comfortable in this posture. The basic posture approximate-
ly conformed to their driving customs.

2.1.1 Passive steering task

The subject was instructed to stabilize the steering wheel in
its neutral position under the disturbed torque produced by a
motor. The magnitude and frequency of the disturbed torque
were defined as 5 N m and 0.025 Hz (Figure 2), respective-
ly. The magnitude was determined by referring to the value
of torque in the actual driving condition with a conventional
power-assisted steering system. The frequency was deter-
mined in quasi-stable range in order to detect distinct and
useful results. The subject continuously stabilized the steer-
ing wheel (keeping it in its neutral position) for at least one
circle, including 3 varying torque periods.

2.1.2  Active steering task

The subject was instructed to perform a sine steering like
the slalom steering test (Figure 3). The magnitude and fre-
quency of this sine steering were approximately 60 deg
(while steering torque was about 5 N m) and 0.25 Hz re-
spectively, which were similar to the slalom steering test of
vehicle under the velocity of 60 km/h. The subject continu-
ally performed this sine steering for at least 5 circles.
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Figure 2 The disturbed torque produced by a motor in the driving simu-
lator. One circle consists of 3 periods of varying torque.
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Figure 3 The active steering task. One circle consists of 3 periods of sine
steering at least.

2.2 EMBG and force/angle recording

The EMG signals were recorded from 10 shoulder muscles
at the right side of subject (Table 2 and Figure 4). Wireless
surface EMG devices (ZB-150H, Nihon Kohden Corpora-
tion, Japan) were applied. These surface electrodes were
placed according to Perotto et al. [17]. The EMG signals
were recorded by the telemetric equipment (WEB-1000,

Table 2 Functional groups of studied muscles in the investigation ac-
cording to upper arm movements round the shoulder joint

Flexion Extension
Clavicular portion of pectoralis ~ Teres major
major (PMA-C) (TM)
Anterior deltoid Posterior deltoid
(DELT-A) (DELT-P)
Biceps brachii Long head of triceps brachii
(BB) (TB-L)
Lateral head of triceps brachii
(TB-LA)
Abduction Adduction
Middle deltoid Infraspinatus
(DELT-M) (ISP)
Teres major
(T™M)
Sternocostal portion of pectoralis
major (PMA-S)
Supination Pronation
Posterior deltoid Anterior deltoid
(DELT-P) (DELT-A)

Clavicular portion of pectoralis
major (PMA-C)

Teres major

(I™M)

Figure 4 Studied muscles and the electrode placements. 1. PMA-C; 2.
DELT-A; 3. DELT-M; 4. TB-LA; 5. BB; 6. PMA-S; 7. TM; 8. TB-L; 9.
DELT-P; 10. ISP.
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Nihon Kohden Corporation, Japan).

The forces exerted by the hand (Figure 5) were detected
by a 3-axis force transducer (9017B, KISTLER), and the
steering angle and torque were detected by a steering force/
angle transducer (SFA-H, Kyowa, Japan). These forces,
steering angle and torque were amplified by the telemetric
equipment (WEB-1000, Nihon Kohden Corporation, Japan).
The signals were sampled (WEB-1000, Nihon Kohden
Corporation, Japan) with 1000, 5, 5 and 5 Hz for the surface

EMG, forces, steering angle and torque signals, respectively.

The EMG signals were digitally band-pass filtered (from 15
to 500 Hz). The root-mean-square value of the EMG signal
that is defined as REMG was calculated for each recording
segment (0.2 s). The REMG for a segment was to be com-
pared to the force and torque recorded at the end of that
segment in this study, assuming the force level here is
caused by muscle activity in the preceding 0.2 s.

F,in Figure 5 was the radial force component from the
grasping position to the center of the steering wheel, hence,
related to the stability of the driver body and the steering
wheel, but not related to any moment round the steering
column (steering torque M,). F, was the tangential force
component from the grasping position upward, hence relat-
ed to the moment M,.

/—\Sl‘eering angle

- B

Grasping
position

Figure 5 Forces and torque exerted by the hand in the steering wheel
plane in the basic posture.

2.3 Relation between EMG and external forces

In order to investigate the relation, an expression giving
linear relation between the REMG and the radial or tangen-
tial force was used, assuming that the forces in the steering
wheel plane were counteracted by the muscle force.

REMG =REMG, +aF,  +bF, _
or
REMG =REMG, +cF| , +dF, , (1
where

Fel

X+

FX

+F ) / 2 (positive F,),
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-

F._
F,, =(F|+F,) /2 (positive F,),

FX

-F )/2 (negative F,),

Fyﬁ = <|F‘|— Fv )/2 (negative Fy).

REMG; is the extrapolated REMG at zero force. REMGy,
a, b, ¢ and d are estimated by multiple linear regression. An
example of the regression is shown in Figure 6. In this pro-
cess, the REMG was normalized to the maximum REMG
value of each experiment task.

2.4 Cross-correlation analysis of EMG

The cross-correlation between the REMG signals was indi-
cated by the correlation coefficients, which was given by

. Z(xi(n)—fi)(xj(n)—fj) ’
LS )% ) (5 (n)-x )

where i and j denote two muscles, x,(n) and xj(n) are the
REMG values of muscles i and j, X, and fj are the av-

@)

erage values of REMG of muscles i and j.

3 Results and discussion

3.1 Results

The original experiment results are shown in Figure 7. For
most of the studied muscles, their activities varied with the
variation of steering torque and forces in both the passive
and active steering experiments. The muscle activation lev-
els of two experiment tasks described by EMG/force slope
for a given force based on eq. (1) are shown in Figures 8
and 9. For all muscles, the activation trends with different

100 4
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d=2.43% EMGmax /N §
80 4
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FEMGmax
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20 45
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50 40 30 20 10 O 10 20 30 40 50
Fy. Force (N) F,

Figure 6 Determination of EMG/force slope for long head of triceps
brachii for subject S6. Only the tangential forces (F, . and F)_) are shown.
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Figure 7 Typical results of REMG in the passive and active steering tasks. (a) Results of passive steering task; (b) Results of active steering task.

forces for the subjects in the same group were qualitatively
similar in the same experiment task. In the skilled driver
group, one subject (the diamond mark) had different pat-
terns of DELT-P, TB-L and TB-LA, and two subjects (the
triangle and multiplication marks) had different patterns of
PMA-S and TM in the passive steering task. One subject
(the diamond mark) had different patterns of PMA-C, BB
and PMA-S, and another one (the square mark) had a dif-
ferent pattern of DELT-P in the active steering task. In the
normal driver group, two subjects (the diamond and star
marks) had a different pattern of DELT-P and one subject
(the round mark) had a different pattern of TM in the pas-
sive steering task. One subject (the diamond mark) had a
different pattern of BB, and another one (the multiplication
mark) had a different pattern of TM in the active steering
task. In the inexperienced driver group, two subjects (the
diamond and square marks) had different patterns of
DELT-P, TB-LA and PMA-S in the passive steering task.
One subject (multiplication mark) had a different pattern of
PMA-S in the active steering task.

For most muscles a well-defined force with the highest
sensitivity was found, as shown in Table 3 and 4, as well as
a force with the lowest sensitivity. It can be seen that the
forces with the highest or lowest sensitivity for most of the
muscles of the three group subjects were nearly identical in
the same steering task. However, the skilled driver group
had a different sensitivity force of TM in the passive steer-
ing task, the normal driver group had the different lowest
sensitivity force of PMA-C in the active steering task, and

the three groups had different sensitivity forces of BB in the
active steering task.

Based on the cross-correlation analysis, the correlation of
these muscles was obtained. Then, these muscles could be
classified into different groups in terms of the steering
torque. The statistic result of muscle classification accord-
ing to the steering torque of all subjects is shown in Figure
10. For all muscles, the groups classified by cross-corre-
lation analysis of all subjects were qualitatively similar to
the classification results based on the REMG/force slopes
shown in Figures 8 and 9.

3.2 Discussion

The muscles of shoulder are the primary power supply of
steering torque [7] although the steering maneuver is a
complex movement of upper limb, including motions
around shoulder, elbow and wrist joints. The muscles inves-
tigated in this study therefore were restricted to the shoulder
muscles, which mostly relate to the motion around the
shoulder joint. In this study, the muscle activity characteris-
tics in steering maneuver were investigated based on the
radial and tangential forces applied on the steering wheel,
which was different from the studies of Jonssonand Cole.
The reason is that one certain muscle would present differ-
ent functions corresponding to the composite movement
during steering. For example, anterior deltoid would act as a
remarkable agonist in adduction or a remarkable antagonist
in abduction, but in order to perform a steering maneuver,
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to one subject in certain group. (a) Skilled driver group; (b) normal driver group; (c) inexperienced driver group.
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to one subject in certain group (as same as Figure 8). (a) Skilled driver group; (b) normal driver group; (c) inexperienced driver group.
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Table 3 Passive steering task results of recorded muscles”: The force with the highest sensitivity of REMG values in passive steering task, as well as the

force with the lowest sensitivity of the REMG values

Force with the highest sensitivity

Force with the lowest sensitivity

Muscle
S N 1 S N I

PMA-C F.. F.. F.. F,_ F,_ F,_
DELT-A F.. Fy. F.. F,_ F,_ F,_
DEIT-M F.. F..: Fy. F,_ F,_ F,_
DELT-P F.. F.. F.. F,_ F,_ F,-
TB-L F.. F.. F.. Fy. Fy. F,.
TB-LA F.. Fy. F.. F,_ F,_ F,_
ISP Fy. F..: F.y Fy_ F,_ F,-
BB F,n+ F.r.+ F,n+ F\— F\— F, Y-
PMA-S F.. Fy. F.. F,_ F,_ F,-
™ F,. F.. F.. F,. F,. F,.

a) The subjects with different patterns omitted.

Table 4 Active steering task results of recorded muscles”: the force with the highest sensitivity of REMG values in active steering task, as well as the force

with the lowest sensitivity of the REMG values

Force with the highest sensitivity

Force with the lowest sensitivity

Muscle
S N I S N 1

PMA-C Fos Fou Fou F,- F.- Fy-
DELT-A Fey Fey Fey F.. F,- F.-
DEIT-M Fo. F.. F.. F.. F.. F.
DELT-P Fosv Frsv Frsv F.- F.- F.-
TB-L F, F, F, Fy. Fy. Fy.
TB-LA Fo. F.. F.. F.. F.. F.
ISP Fosv Fesv Frsv F.- F.- F.-
BB Fy- Fou Fou Fy F.- Fy-
PMA-S F,_ F,_ F,. F,. F,. Fy.
™ F F F Fy Py Fy

a) The subjects with different patterns omitted.

the motion around the shoulder joint was composed of ab-
duction (or adduction), extension (or flexion) and supination
(or pronation). The radial and tangential forces applied on
the steering wheel therefore were used in this study, which
could explain the composite function of muscle. The radial
force could stabilize the driver upper body position against
the tendency of lateral movement during steering, and the
tangential force could produce the moment that steers the
vehicle.

In this study, the similarity of the activation patterns
among three group subjects was found for most of the stud-
ied muscles in certain experiment. The variation of REMG
could be explained by the variations of the radial and tan-
gential forces applied on the steering wheel by the driver, as
given by expression (1). In other words, the REMG signals
could be used to estimate the radial and tangential forces
acting on the steering wheel. Moreover, this study indicated
that the difference of driving experience would rarely in-
fluence the muscle behaviors when the individual variation
of muscle activation was removed by the normalization.

Little difference of muscle function was found between
the passive and active steering experiments. Comparatively,
the muscles were more active in producing the radial force

in the passive steering, but less active in producing the tan-
gential force. For anterior deltoid, its activity was much
more sensitive to the radial force, as compared with the
tangential force in the passive steering, but this phenome-
non was not distinct in the active steering. A probable ex-
planation is that the subject should stabilize the steering
wheel against the unknown disturbed force in the passive
steering, and the radial force is more helpful to stabilize the
steering wheel in this condition, thus the muscles present a
distinguished activity to produce the radial force to stabilize
the steering wheel. Nevertheless, the subject should be ap-
preciated in rotating the steering wheel in the active steering,
thus the muscles present more distinguished activity to
produce the tangential force that is unlike in the passive
steering.

4 Concluding remarks

This study investigated the functions of 10 muscles of driv-
er shoulder during steering maneuver through the analyses
of 19 subjects of different driving levels. In the active
steering task, the results showed that when steering clock-
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Figure 10 Statistic results of muscle classification through correlations of all subjects in the experiment tasks, classified by steering torque. The y-axis is
the ratio of certain group of 19 subjects. (a) Passive steering task; (b) active steering task.

wise, the long head of triceps brachii was the prime mover
and the important contributor to clockwise moment, while
the sternocostal portion of the pectoralis major, the lateral
head of triceps brachii, biceps brachii and teres major were
the important stabilizers or fixators. In contrast, when
steering counterclockwise, the anterior, middle and posteri-
or deltoid, the clavicular portion of the pectoralis major and
infraspinatus were the prime movers, and also the important
contributors to counterclockwise moment, while the ster-
nocostal portion of the pectoralis major, the lateral head of
triceps brachii, biceps brachii and teres major were the im-
portant stabilizers or fixators. There was a little difference
among the three groups, for example, the sternocostal por-
tion of the pectoralis major acted as a stabilizer in normal
driver, but as a mover in skilled or inexperienced driver
sometimes. This difference would be further studied in the
future.

In the passive steering task, when stabilizing the steering
wheel against the clockwise-disturbed torque, the anterior,
middle and posterior deltoid, the clavicular portion of the
pectoralis major, and infraspinatus were the prime movers.

In contrast, when stabilizing the steering wheel against the
counterclockwise-disturbed torque, the long head of triceps
brachii was the prime mover. The sternocostal portion of the
pectoralis major, the lateral head of triceps brachii, biceps
brachii and teres major were the important stabilizers or
fixators in both passive steering tasks.

The investigation results have multiple applications such
as improving neuromuscular model for driver modeling and
estimating the steering comfort, which could help develop a
more friendly steering system.
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