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Optimization of the key position parameters for tractor steering wheel

based on a driver’s arm muscle load analysis
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Abstract: Steering wheel is the most frequently used manual device in tractors, whose position directly affects the handling
comfort of the driver and fatigue degree of the arm muscles. In this study, the biomechanical modelling software AnyBody was
used for an inverse kinetics analysis of the rotation process of tractor steering wheel, calculate the muscle activation degree of
the driver’s arm and compare it with the calculated results of surface EMG tests to verify the reliability of the biomechanical
model. Based on the biomechanical model, the effects of three position parameters (steering wheel inclination, front-back
distance, and upper-lower height) on the activation degree of the driver’s arm muscles were evaluated. The results demonstrated
that steering wheel inclination has the most significant effect on the degree of muscle activation, followed by the upper-lower
height and then front-back distance. Considering the interaction among factors, a regression orthogonal test was designed, and
the test results revealed that the minimum muscle activation (1.2887) can be obtained with the steering wheel inclination of 31°,
front-back distance of 431 mm and upper-lower height of 375 mm. The findings can provide a reference for optimizing the

Vol. 16 No. 5

structure and position parameters of tractor steering wheels.
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1 Introduction

Tractors are widely used in nearly all aspects of agricultural
production as a key source of power. Frequent rotation of the
steering wheel during the driving process tends to cause the
accumulation of arm muscle fatigue, which not only reduces the
efficiency and comfort of the operation, but also threatens the
personal safety of the driver. Steering wheel is the most frequently
used manual control device in the tractor. Its space position directly
affects the operation comfort and the arm muscle fatigue degree of
the driver. Therefore, optimization of the position parameters of
steering wheel can effectively improve the operation comfort of
tractor drivers'".

In recent years, increasing research has been carried out on the
optimization of position parameters for handling devices in the
tractor cab. For example, Yang et al.”! built a test system and
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biomechanical model for the driver-clutch pedal interaction
characteristics in tractors to analyze the human-machine interaction
characteristics, as well as studied the influence of clutch pedal
resistance and pedal layout on the driver’s handling comfort based
on the simulation results. Musale et al.”’ designed an adjustable
clutch pedal assembly, analyzed the ergonomic position of the 5"
and 95" percentile drivers, and improved handling comfort by
adjusting the position parameters of the accelerator, brake pedal and
clutch pedal. Feyzi et al.¥ calculated the minimum permissible
driving force of the pedal by measuring the muscular force of the
foot on the pedal and pushing/pulling of the joystick, and obtained
an ergonomically optimal design based on the physical
characteristics, which could reduce the fatigue of the tractor driver
to certain extent. Qin et al.”’ established a comprehensive evaluation
index system for tractor pedal comfort based on sitting and handling
comfort, and determined the comfort range and optimum levels of
pedal position parameters through single-factor test; on this basis,
they analyzed the mechanism for the influence of position
parameters on pedal comfort, and optimized and verified the pedal
position parameters. Jin et al.’ successfully improved the comfort
and efficiency of the joystick by optimizing its position parameters
based on the theoretical ergonomics. Zhang et al.”’ established a
tractor driver-cab coupled biomechanical model, and analyzed the
fatigue level of the driver’s lower limbs by simulating the dynamic
process of pedal manipulation, which provided a reference for the
optimal layout of cab manipulation devices. Jiang®™ established a
comprehensive evaluation system for steering wheel comfort based
on sitting and handling comfort, and optimized the position
parameters through single-factor test and orthogonal test. In
summary, plenty of research has been carried out on the
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optimization of position parameters of the handling devices in the
tractor cab, which has generated fruitful results. However, the
optimization of steering wheel position parameters is mainly carried
out in terms of torsional moment and arm extension difficulty, while
there has been little research with the aim to reduce the fatigue of
the driver’s arm.

Therefore, this study used the biomechanical modeling
software AnyBody to establish a biomechanical model for the
tractor driver, based on which the steering wheel rotation was
simulated. An inverse dynamics analysis was performed to calculate
the activation degree of the main muscles of the driver’s arm, and
analyze its changing trend during anticlockwise rotation of the
steering wheel. Then, a single factor analysis and a response surface
analysis were used to simulate the combination of different position
parameters of the steering wheel. By taking the muscle activation
degree as the index, the position parameters of the tractor steering
wheel were simulated and optimized to determine the optimal
combination. The findings can provide reference for the
optimization of the structure and position parameters of tractor
steering wheel.

2 Methods

2.1 Establishment of biomechanical coupling model for tractor
driver and steering wheel

AnyBody is a simulation analysis software combining both
ergonomics and biomechanics, and mainly calculates the joint force
and muscle load of human body through inverse dynamics analysis,
which can analyze the load state and fatigue degree of the human
body from the perspective of biomechanics. As a biomechanical
modeling software with an independent scripting language,
AnyBody has the advantages of convenience, high speed and clarity
in model processing, simulation analysis, chart display and data
output”. To build a biomechanical model for a tractor driver based
on AnyBody, the musculoskeletal model in the library of AnyBody
must be scaled to obtain a human musculoskeletal model that
matches with the actual study; secondly, the posture of the human
musculoskeletal model must be adjusted to be consistent with the
actual driving posture; finally, an external environment model
related to the human musculoskeletal model should be established,
and the human musculoskeletal model should be coupled with the
external environment model.
2.1.1 Establishment
musculoskeletal system

1) Construction of the basic model for the driver

of biomechanical model for driver’s

The musculoskeletal model in AnyBody was derived from the
human musculoskeletal model library established by the Aalborg
University in Denmark, which has different functions to scale the
model to the size required by the user Liu et al.'” In this study,
scaling of the musculoskeletal model was performed based on
external body measurements. AnyBody specifies the location of
skeletal markers and the body movements during external
measurements (Figure 1), where the subject’s upper body is
measured for head length, big arm length, small arm length, hand
length and hand width, and the lower body is measured for thigh
length, calf length and foot length.

In this study, three subjects at the 50" percentile were selected
for measurement of their external body dimensions. The subjects
were asked to stand and perform the prescribed movements, and the
main parameters of their upper and lower body dimensions were
measured. The average of the dimensions from the three subjects
was calculated, and the results are listed in Table 1.

Upper arm
length

Fore arm
length

b. Lower-part body

a. Upper-part body

Figure 1 Marker position and human action

Table 1 External dimensions of subjects in the 50™
percentile (cm)

Head Upperarm Forearm Hand Hand Thigh  Calf  Foot
length length length length  width length length length

24 31 24.5 19.5 9 44 39 25.5

Based on the measured external dimensions of the driver’s
body, the human musculoskeletal model was scaled in AnyBody to
obtain the realistic musculoskeletal model of the driver at each
percentile of the study.

2) Posture adjustment of the driver musculoskeletal model

The basic model provided by AnyBody is in a standing
position, and therefore the model needs to be adapted to the actual
driving position. In addition, for the subsequent coupling of the
human body model with the external environment model, it is
necessary to determine the horizontal and vertical distances from
the steering wheel midpoint (/¥ point) to the hip point (H Point),
which is the reference point for the cab layout in ergonomics!'’.
Measurements of the angle and distance of each joint are shown in
Figure 2.

Figure 2 Schematic diagram for the measurement of driver
sitting posture

According to the driving posture measurement schematic
diagram, the angle of each joint and the associated distance are
measured with the driver sitting in the tractor at the driving posture.
The specific parameters are listed in Table 2.

Table 2 Joint angle and associated distance under driving
posture of the 50" percentile driver

Symbol Meaning Value
L/cm Horizontal distance from W to H point 45.54
h/cm Vertical distance from W to H point 33.65
a/(°) Angle between thigh and trunk 109.31
p/(°) Angle between arm and trunk 61.15
Y/(°) Angle between the small arm and big arm 161.09
&l(°) Angle between hand and arm 165.30
0/(°) Steering wheel inclination angle 40.00
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Based on the data in Table 2, the corresponding joint angles in
the human musculoskeletal model were adjusted to obtain a
musculoskeletal model for the driving posture as shown in Figure 3.

Figure 3 Musculoskeletal model for the driving posture

2.1.2  Construction of steering wheel manipulation environment
model

Once the musculoskeletal model of the driving posture is
created, it is necessary to establish an external environment model
and couple it with the musculoskeletal model. The contact between
the driver and the cab mainly includes the contacts between the
hands and the steering wheel, between the lower back and the
backrest, between the hips and the cushion and between the feet and
the floor'™". In order to save the computational cost, the external
environment model of the cab can be built by omitting the non-
contact components and only retaining the steering wheel, seat and
floor, which can be further appropriately simplified. The
environment model is shown in Figure 4.

Steering
wheel

Seat

Figure 4 Environment model for steering wheel manipulation

2.1.3 Establishment of driver-steering wheel biomechanical
coupling model

1) Settings of driver-steering wheel contact

To build the final coupled biomechanical model for the driver
and steering wheel, it is necessary to couple the environment model
for steering wheel manipulation with the musculoskeletal model and
release the constraints. The voxels of the steering wheel, seat and
floor were added to AnyBody, followed by the import of the model
in STL format into these voxels and adjustment of the position.
According to the literature, the hand and steering wheel were set as
a spherical hinge connection, the lumbar back and backrest, the hip
and seat cushion, and the foot and floor were set as linear contacts
with friction coefficients of 0.22, 0.5, and 0.22, respectively!*'.

When AnyBody is used to build a human model, some joints in
the musculoskeletal model should be constrained in order to balance
the degree of freedom. During the coupling process, the added
connections will increase constraints on the human model. For a
better balanced degree of freedom and free movement of the model,
some internal joint constraints in the model should be released. The
added constraints in this model are mainly caused by the connection

between the arm and steering wheel. The spherical hinge connection
of the left and right hands with the steering wheel will add three
rotational constraints, respectively. Considering the movements of
the arm joints when rotating the steering wheel, three internal joint
constraints need to be released, including shoulder flexion and
extension, shoulder external rotation and elbow flexion and
extension"’. In addition, as the human model in AnyBody is set as a
rigid body with infinite strength, a direct connection between the
hand and the steering wheel will generate an error report. Hence, an
additional glove voxel needs to be added to the hand to confer the
strength of the connection with a finite value, and transfer the force
from the steering wheel to the glove and then to the hand. The
biomechanical coupling model for tractor driver and the steering
wheel is presented in Figure 5.

Figure 5 Driver-steering wheel biomechanical coupling model

2) Driving of the driver-steering wheel coupling model

AnyBody calculates the biomechanical properties of human
musculoskeletal models primarily based on inverse dynamics
analysis. Inverse dynamics first gives the structure with a motion
mode, and then inversely calculates the force on the structure
according to the laws of mechanics. Hence, correct driving of the
model is important in the simulation. In the AnyBody simulation of
steering wheel rotation, a torque is applied to the steering wheel,
resulting in the rotation of the steering wheel and then the rotation
of the arm in the musculoskeletal model. To simulate the process of
steering wheel manipulation, this study used a torque detector to
measure the torque of the steering wheel rotation in a ploughed
field. The test tractor was a Dongfanghong LX804 wheel tractor,
and the measurement was performed by fixing the detector to the
steering wheel and collecting the torque when rotating the steering
wheel for 90° while driving on ploughed field (Figure 6).

Figure 6 Torque measurement of the tractor steering wheel

According to the test results, the rotation angle of the steering
wheel has a minor effect on the variation in torque when the driver
rotates the wheel. The average torque for rotating the steering wheel
on ploughed field reached 3 N-m, and therefore 3 N-m was selected
as the torque input for the steering wheel in the simulation. In
addition, to simulate the rotation process of the steering wheel, the
rotation angle needs to be analyzed and set. In actual two-handed
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operation, the angle of steering wheel rotation is generally no more
than 90° in both the clockwise and counterclockwise directions,
which is symmetrical in the degree of arm activation'”. Therefore,
to save the computational cost, the simulation was set up with a
counterclockwise steering wheel rotation angle of 90°, a steering
wheel torque of 3 N-m, a simulation time of 2 s, and a step length of
45 steps.

The main biomechanical indicator analyzed in the simulation is
muscle activation level, which is the ratio of muscle force to the
maximum muscle strength and can reflect the utilization rate of the
muscle during exercise. In AnyBody, the muscle activation level is
expressed as values ranging from 0 to 1, where 0 means that the
muscle is not utilized, 1 indicates that the muscle is fully utilized,
and a value above 1 represents that the muscle is overstressed and in
a state of fatigue. In this state, the muscle is susceptible to strain and
the muscle tissue is easily damaged"®. To facilitate the subsequent
validation of the simulation results using surface electromyography
(sEMG) tests, the muscle activation level was converted to
percentage when analyzing the simulation results, i.e. 0% to 100%.

3 Experiments

3.1 Verification of the driver-steering wheel coupling model

SsEMG is a weak electrical signal collected on the surface of the
human skin. It has the advantages of non-invasive and convenient
operation, and is one of the most commonly used non-invasive
muscle load measurement methods. sSEMG is widely used in clinical
medicine, sports science, ergonomics and research on muscle
fatigue effects!”””. In this study, to verify the reliability of the
biomechanical model, the SEMG signals of the driver’s arm muscles
were tested when rotating the steering wheel on a ploughed field,
and the results were compared with those of simulation analysis.
3.1.1 Selection of muscles to be tested and calculation of
maximum voluntary muscle contraction force

Since the sEMG signal is a weak electrical signal, and the
electrical signal generated by the force of the deep muscles is
transmitted to the skin surface, it will greatly weaken the signal and
cause errors. Therefore, when selecting muscles for test, deep
muscles should be avoided, and the superficial muscles beneath the
skin should be selected. Therefore, in this study, the flexor carpi
radialis, lateral head of triceps and biceps of the right arm were
selected as the tested muscles.

The maximum voluntary muscle contraction force (maximum
voluntary contraction, MVC) refers to the muscle contraction force
when the length of muscle remains constant and the muscle tension
reaches the maximum. Since the biomechanical index obtained by
the simulation is the muscle activation degree, that is, the ratio of
the muscle force to the maximum muscle strength, in the SEMG
test, it is also necessary to measure the sEMG signal at the
maximum MVC during the process of rotating the steering wheel of
the tested muscle. The SEMG signal at the MVC force and finally
the root mean square (RMS) value of the sSEMG signal in the two
states was calculated, respectively. The ratio of the two root mean
square values is the muscle activation degree during the test. The
specific formula for calculating the muscle activation degree is as
follows.

_ RMSTEST

MA= ———
RMSyve

(1
where, MA is the muscle activation degree, %; RMSggr is the root
mean square value of the SEMG signal of the muscle, #V; RMSyyc
is the root mean square value of the SEMG signal of the muscle’s

MVC, uV.
3.1.2 sEMGQ testing instruments and methods

The sEMG signal acquisition device used for the test was the
Cometa MiniWave, a wireless SEMG test system from Cometa,
Italy, as shown in Figure 7.

Data acquisition unit
Wireless surface
electromyography
sensor

Figure 7 sEMG signal test system

The subjects were three 50" percentile drivers, who had no
upper limb joint and muscle disorders with good physical conditions
during the test phase and had not exercised strenuously in 24 hours
prior to the test. The sSEMG signal was collected by buckling up an
electrode patch onto the wireless SEMG sensor, which was then
attached to the skin surface following the course of the muscle
fibers. As the SEMG signal is weak and susceptible to interference
from the test environment, the hair on the skin was cut off and the
skin surface was wiped with 75% medical alcohol to clean up any
stains and keratin on the skin surface. The attached wireless sSEMG
sensor is shown in Figure 8.

Radial wrist flexor —L

s =
¥

a. Biceps and radial wrist flexor

Lateral triceps head

b. Lateral triceps head

Figure 8 Attachment of wireless surface electromyography sensor

After attachment of the wireless SEMG sensor, the first thing to
do is to test the SEMG signal of the arm muscle at MVC force as
follows.

(1) Radial wrist flexor: The subject is in a seated position with
all four fingers except for the thumb placed together under the table,
with an angle of 90° between the small arm and large arm. The
subject primarily uses the four fingers to lift the table upwards, and
the test worker ensures that the table is stable and immobile so that
there is sufficient counterforce to stop the lifting up of the table.

(2) Biceps: The subject is in a seated position and places his
entire palm under the table with an angle of 90° between the small
arm and large arm. The subject uses the entire palm and the small
arm to lift the table upwards, and the test worker ensures that the
table is stable to prevent the table from being lifted upwards.

(3) Lateral triceps head: The subject assumes a standing
position with his fist and arm resting against the wall at an angle of
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90° between the small arm and large arm. The subject uses his fist
and small arm to push forward against the wall, which gives
sufficient counterforce to block the forward push.

The specific operations for the radial wrist flexors and biceps
are shown in Figure 9 and those for the lateral head of the triceps
are shown in Figure 8b. Once the subject had fully developed the
force, the data were acquired. Each subject was tested three times
for each muscle during the test, and each data acquisition lasted for
three seconds. To prevent fatigue in the subject’s arm, 5 min of rest
was allowed between each test. After the test, the RMS values of
the measured sEMG signals were calculated and the average of

three tests for three subjects was taken as the final value.

T

QL L L LI

a. Radial wrist flexor b. Biceps

Figure 9 Muscle MVC calibration action schematic

Once the sEMG signal at MVC force was tested, the real
vehicle test could be carried out. After the sensor acquisition was
switched on, the subject started to rotate the steering wheel for 90°
counterclockwise on the ploughed field according to the simulation
settings, and after the rotation was completed and held still, the
sensor acquisition was terminated. The whole process lasted for five
seconds and each subject was measured for three times. The RMS
value of the measured SEMG signal was calculated after the test,
and the average of three tests for three subjects was taken as the
final value. The test site is shown in Figure 10.

s

Figure 10 sEMG signal test site

3.1.3 sEMG signal analysis and model validation

The sEMG signal is a non-smooth micro-electrical signal,
which is susceptible to interference from other signals in the body
such as ECG signals and industrial frequency noise during the
acquisition process®’. In addition, the sEMG signal is a low-
frequency signal with an effective frequency range of 0-500 Hz and
energy concentration of 20-150 Hz. Therefore, the SEMG signal
needs to be pre-processed by offset removal, filtering and noise

reduction. The purpose of offset removal is to adjust the initial
position of the sSEMG signal to zero potential; the low-pass and high-
pass filters are both Butterworth filters with cut-off frequencies of
400 Hz and 10 Hz, respectively (as shown in Figure 11).

4000
3000
2000
1000

0

SEMG/uV

—1000 K

—2000 |

—=3000

~4000 : : :
0 05 10 L5 20 25 30

time/s
a. Raw test signals

4000

2000

SEMG/uV

—2000 H

—4000

0 0.5 1.0 L5 2.0 2.5 3.0
time/s
b. Pre-processed signals

Figure 11 sEMG signal processing

For sEMG signals, RMS is mainly found in the time domain.
The formula for calculating the RMS is as follows.

RMS = \/%fo )

where, N is the number of points sampled in the test; and x; is the
amplitude at each sample point.

After obtaining the RMS value of the sEMG signal, the
activation level of the arm muscles can be calculated according to
Equation (1). Table 3 lists the activation levels of the radial wrist
flexor, biceps brachii and lateral head of the triceps brachii muscles
compared with the results of the simulation analysis.

Table 3 Comparison of muscle activation in test and
simulation results

Tested muscles Test/% Simulation/% Relative error
Radiocarpus 1.3620 1.4765 8.41%
Biceps brachii 0.4510 0.5003 10.93%

Triceps lateral head 0.3751 0.3288 12.34%

3.2 Analysis of muscle loading in the driver’s arm based on
the biomechanical model
3.2.1 Analysis and selection of muscles involved in arm activities
In the process of rotating the steering wheel, many muscles in
the driver’s arm are activated. However, some muscles do not
change much during the operation process, and therefore the
analysis should only involve the main muscle groups and muscles
with high activation degrees during the rotation process. An
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analysis of the driver’s rotation of the steering wheel mainly
involves the active joints of the shoulder, elbow and wrist®,

Therefore, deltoid, teres major, supraspinatus, subscapularis,
Subscapularis
Biceps
) . Pronator tercs
Radial wrist
flexor

Supraspinatus

Teres major

brachialis, brachioradialis, biceps, lateral triceps head, pronator
teres and radial wrist flexor were selected in this study. The muscle
positions of the right hand are shown as an example in Figure 12.

Deltoid

Lateral triceps head
Brachialis
Brachioradialis

Figure 12 Position indication of each muscle

3.2.2  Analysis of the activation level of the driver’s arm muscles
during the rotation process

Based on the driver’s biomechanical model, the arm system
was analyzed in inverse dynamics by simulating the process of
rotating the steering wheel at 90° counterclockwise and calculating
the activation level of the main muscles in the left and right arms of
each percentile driver.

As shown in Figure 13, during the 90° counterclockwise
rotation of the steering wheel in each percentile, for the four main
muscles involved in the shoulder joint activity, the activation degree
gradually decreases on the left arm while tends to increase in the
right arm with increasing rotation angle, and is always greater on
the right arm than on the left arm. The main reason is that as the
steering wheel rotates counterclockwise, the right arm will lift up,
causing the shoulder joint to abduct, when the relevant muscles in
the shoulder need to exert more force; however, the left arm drops
down with the rotation of steering wheel, resulting in slow
relaxation of the relevant muscles in the shoulder and gradual
decreases of their activation levels till zero. In addition, among the
related muscles on both arms, the deltoid muscle has the greatest
muscle activation degree, indicating that this muscle exerts more
force in the shoulder activity.

0.7+
——Deltoid

e 0.6 | —— Supraspinatus
= 0.5 —— Teres major
:‘é : Subscapularis
S 04,
2
2 03¢ '
=1
= 02}

0.1}

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90
Angle/(°)
a. Left arm
——Deltoid —— Supraspinatus ——Teres major
Subscapularis

1.0+
=
E
Z o8t
E
E /

04},

02—
0 6 1218 24 30 36 42 48 54 60 66 72 78 84 90
Angle/(°)
b. Right arm

Figure 13 Activation of main muscles involved in shoulder joint
of each percentile driver

As shown in Figure 14, during the 90° anticlockwise rotation of
the steering wheel in each percentile driver model, among the main
muscles involved in elbow joint activity, the activation of the
brachioradialis muscle increases with increasing rotation angle on
both the left and right arms; that of the lateral heads of the biceps
and triceps decreases with decreasing angle; while that of the
brachialis muscle decreases on the left arm and increases on the
right arm with increasing angle. The activation of the brachialis
muscle in the left arm decreases with increasing angle. Similar to
the activation of the muscles for the shoulder joint, the activation of
muscles associated with the elbow joint is also greater on the right
arm than on the left arm. The reason is also likely that during the
counterclockwise rotation of the steering wheel, the right arm elbow
joint is raised upwards and the associated muscles need to exert
more force, while the left arm elbow joint is gradually lowered and
the associated muscles are gradually relaxed. In addition, the
activation degree of the brachioradialis muscle is the greatest on
both arms during the steering wheel rotation.

——Brachialis —— Brachioradialis
——Biceps Lateral triceps head
S 0.6
2
Z
S 04F
<
2
2
=
” Nl v\/\/\A/\/
0 T I P ot

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90

Angle/(°)
a. Left arm
——Brachialis —— Brachioradialis

- 1.2 - —Biceps Lateral triceps head
S Lot
Z 038 w
2
o 0.6
2
S 04}
=

02F

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90
Angle/(°)
b. Right arm
Figure 14  Activation of main muscles involved in elbow joint of
each percentile driver

As demonstrated in Figure 15, during the 90° anticlockwise
rotation of the steering wheel in each percentile driver model, the
activation degrees of two muscles involved wrist joint increases on
the left arm while first decreases and then increases on the right arm
with increasing rotation angle. This is mainly because the left wrist
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joint is gradually abducted and twisted outward with the rotation of
the steering wheel. As the right wrist joint rotates inwards with the
rotation of the steering wheel, the two muscles in the small arm are
gradually relaxed accompanied by decreases in their activation.
However, as the rotation angle increases, the small arm is lifted
upwards with the steering wheel, making the muscles become tense,
and therefore the activation of these two muscles in the small arm
increases again with increasing rotation angle. Besides, in both
arms, the activation of the pronator teres is always greater than that
of the radial wrist flexor. In terms of the main muscles involved in
different joint activities, the two muscles involved in wrist activity
have significantly greater activation degrees than those muscles
involved in elbow activities, indicating that the muscles involved in
wrist activity are more active during the rotation process. Therefore,
when optimizing the cab based on muscle activation levels, focus
should be placed on reducing the activation degree of the two
muscles involved in wrist joint activity.

2.5
Q\\° 20tk —— Pronator teres
Fou —— Radial wrist flexor
2 15¢
3
o 1.0
2
S 05f
oL
0 6 12182430 36 42 48 54 60 66 72 78 84 9
Angle/(°)
a. Left arm
2.5
- —— Pronator teres
§ —— Radial wrist flexor
£ 200
S
2
9 1.5}
=
=

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90
Angle/(°)
b. Right arm

Figure 15 Activation of main muscles involved in wrist joint of

each percentile driver

3.2.3 Influence of steering wheel position parameters on muscle
load of the driver’s arm

1) Calculation of the integrated muscle activation of the driver’
s arm

From the biomechanical simulation results, during the 90°
counterclockwise rotation of the steering wheel, the right arm is
raised upwards and has higher activation degrees of all muscles than
the left arm. In the right arm, the pronator teres and radial wrist
flexors involved in wrist movement have much greater activation
degrees than the remaining muscles. In human arm muscle strength
distribution, the large arm and shoulder have higher maximum
muscle strength of muscles than the small arm™!. In addition, the
accumulation of muscle fatigue caused by frequent force on the
pronator teres and radial wrist flexors can easily lead to muscle
disorders such as pronator teres syndrome®. Therefore, the
pronator teres and radial wrist flexors were taken to study the effect
of tractor steering wheel position parameters on the degree of
muscle activation. In order to unify the evaluation indicators and
obtain the combined activation level of the two muscles, it is
necessary to determine the weights of the influence of the two
muscles. In this study, the coefficient of variation method was used

to assign weights to the activation degree of the two muscles. The
coefficient of variation was calculated using the following formula.

V= Zi=1,2,,n) 3)
X

where, V; is the coefficient of variation; g; is the standard deviation
of the data; and X is the mean of the data. The coefficient of
variation for the two muscles was calculated based on the standard
deviation and mean of the muscle activation during the rotation of
the steering wheel separately, and then the standard deviation was
used to compare the mean. The formula for calculating the weights
is as follows.
V.

,
;
PN
i=1

where, W, is the weight of each indicator; and V; is the coefficient of
variation. By using Equations (3) and (4), the weights W, and W, of
the activation degree of the two muscles can be obtained,
respectively, and then the RMS values of the activation degree of
the two muscles during rotation can be found, which can be

W:

4)

multiplied by the weights respectively and then summed to obtain
the integrated muscle activation degree as follows.

MAcoy = WiMApr + WoMArcr (5)

where, MAco,, is the combined muscle activation level; W, and W,
are the weights of the anterior rotator circularis and radial wrist
flexor, respectively; and MAp; and MAgcy are the root mean square
values of the activation level of the anterior rotator circularis and
radial wrist flexor, respectively.

2) Determination of steering wheel position parameters

The position parameters of the tractor steering wheel mainly
include the steering wheel inclination angle 6, the front-back
distance L and upper-lower height / from the steering wheel mid-
point (W point) to the driver’s hip point (H point). In the national
standard GB/T 6235-2004, the seat size of agricultural tractors is
specified, which sets a 6 of 0°-40°, L of 425-525mm, and 4 of 265-
385 mm. On this basis, five levels were selected for optimization
analysis in this study by using the actual steering wheel
measurement parameters as a benchmark. The factor levels for the
steering wheel position parameters are listed in Table 4.

Table 4 Factor levels for steering wheel related parameters

Factor

Level Inclination Front-back Upper-lower
angle 6/(°) distance L/mm height #/mm

1 0 425 265

2 10 440 300

3 20 455 335

4 30 490 360

5 40 525 385

3) Effect of steering wheel position parameters on driver arm
muscle loading

a. Effect of inclination angle on the degree of integrated muscle
activation

By using the actual steering wheel measurement parameters as
reference, the L in the model was set to 455 mm and / was set to
335 mm. Then, the degree of integrated muscle activation was
simulated and analyzed at the inclination of 0°, 10°, 20°, 30° and
40°, respectively (Figure 16).

b. Influence of front-back distance on the degree of integrated
muscle activation
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Figure 16 Effect of steering wheel inclination angle on integrated
muscle activation

By taking the actual measurement parameters of the steering
wheel as the benchmark, the % in the model was set to 335 mm, and
6 was set to 40°. Then, the L was simulated and analyzed at 425 mm,
440 mm, 455 mm, 490 mm and 525 mm, and the change pattern of
the integrated muscle activation degree with L could be obtained
(Figure 17).

1.42

141}

Total muscle activity/%
N
o
T

425 440 455 490 525
Front-back distance L from point ¥ to point H/mm
Figure 17 Effect of front-back distance on integrated
muscle activation

c. Influence of upper-lower height on the degree of integrated
muscle activation

By taking the actual steering wheel measurement parameters as
a benchmark, the L was set to 455 mm, and the 0 was set to 40°.
Then, the & was simulated and analyzed at 265 mm, 300 mm,
335 mm, 360 mm and 385 mm. The change pattern of integrated
muscle activation with /4 could be obtained (Figure 18).
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1.38
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Total muscle activity/%

265 300 335 360 385
Upper-lower height /4 from point 7 to point /mm
Figure 18 Effect of upper-lower height on integrated
muscle activation

3.3 Optimization of tractor steering wheel position parameters
3.3.1 Response surface optimization design

Response surface methodology (RSM) is an optimization
method proposed by Box and Wilson in 1995, which allows the

optimal solution of a multivariate problem and finding of the
optimal parameters after regression analysis. RSM has the
advantages of a small number of tests, high accuracy and visualized
results®. Response surface analysis is divided into two types of
experimental design methods: BBD (Box-Behnken design) and
CCD (central composite design), with the former being suitable for
situations with a small number of factor levels, and the latter being
suitable for multi-factor and multi-level experiments. With the same
number of factor levels, BBD requires fewer times of test than
CCD, and is therefore more convenient and efficient®?”), In this
study, the number of factor levels in the optimization process was
three factors and three levels. Hence, the BBD design was chosen
for response surface analysis. The factors in the response surface
simulation include steering wheel inclination angle @, front-back
distance L and upper-lower height /4 from point W to point H. Three
levels were set for each factor, and the integrated muscle activation
level was used as the response value in the response surface
simulation. The factor levels for the response surface simulation of
steering wheel position parameters are coded as listed in Table 5.

Table 5 Factor level coding for response surface simulation of
steering wheel parameters

Factor
Level  A: Steering wheel B: Front-back C: Upper-lower
inclination angle 6 /(°) distance/mm height/mm
-1 20 425 335
0 30 440 360
40 455 385

After determination of the factor levels, a response surface
simulation was carried out in AnyBody. The combination of factor
levels and response values are listed in Table 6.

Table 6 Results of integrated muscle activation in combination
of different factor levels

A: Steering wheel ~ B: Front-back C: Upper-lower Y: Integrated muscle

No. inclination angle 6/(°) distance/mm height/mm activation level
1 0 0 1.289 74
2 1 -1 1.303 04
3 0 0 1.289 77
4 -1 0 1 1.338 21
5 -1 1 0 1.324 39
6 1 0 1 1.31433
7 1 -1 0 1.33373
8 1 1 0 1.347 34
9 -1 -1 0 1.338 26
10 1 0 -1 1.366 75
11 -1 0 -1 1.319 82
12 0 -1 1 1.291 47
13 0 0 0 1.289 89
14 0 0 0 1.298 91
15 0 -1 -1 1.291 55
16 0 0 0 1.288 85
17 0 1 1 1.298 05

As shown in Table 6, there are certain differences between the
integrated muscle activation degree under different combinations of
factor levels. In order to achieve the optimization of the steering
wheel position parameters, a regression model of the integrated
muscle activation degree was established using the response surface
method.
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3.3.2 Development of the regression model for integrated muscle
activation

Design-Expert 8.0 was used to carry out regression analysis of
the simulation data for different combinations of steering wheel
factor levels. Firstly, the integrated muscle activation level was
fitted in a linear model, a two-factor interaction model and a second-
order model, and the misfit terms p-value, R}, and R;, were
obtained for the three models. The results are listed in Table 7.

Table 7 Fitting results of integrated muscle activation under
different regression models

Model type Linear 2F1 Second order
Misfit terms p-value 0.0007 0.0005 0.1707
2
RAdj —0.1736 —0.2842 0.9475
2
Ry, -0.7511 -2.1054 0.7390

As shown in Table 7, the second-order model has a p-value of
0.1707 for the misfit term among the three models, which is the
most insignificant and the best fit. In addition, the R}, for the
second-order model is 0.9475 and the R}, is 0.7390, both of which
is close to 1, and the difference between R;,; and R;,, is close to
0.2. Therefore, the second-order model can provide an accurate fit
for the integrated muscle activation level, and an ANOVA can be
conducted on the second-order model for the integrated muscle
activation level®. The ANOVA results are listed in Table 8.

Table 8 Analysis of variance of second-order regression model
of integrated muscle activation

Sou'rc§ of Sum of - Degree of -~ Mean F-value p-value Significance
variation squares  freedom square
Model 9.37E-03 9 1.04E-03  33.10 0.0?)0] ok
A 2.15E-04 1 2.15E-04  6.83 0.0347 *
B 3.97E-05 1 3.97E-05 126 0.2985 N
C 1.91E-04 1 1.91E-04  6.07 0.0432 *
AB 1.89E-04 1 1.89E-04  6.00 0.0442 *
AC 1.25E-03 1 1.25E-03  39.84 0.0004 ok
BC 6.05E-06 1 6.05E-06  0.19 0.6742 N
A 7.30E-03 1 7.30E-03 231.94 0_0?)01 **
B 3.48E-05 1 3.48E-05 1.11 0.3279 N
c 1.25E-05 1 1.25E-05 0.40 0.5488 N
Residuals 2.20E-04 7 3.15E-05
Misfit term 1.50E-04 3 4.99E-05 2.83 0.1707 N
Pure error 7.06E-05 4 1.76E-05
Combined 9.59E-03 16

Note: * indicates a significant effect (p<0.05); ** indicates a highly significant
effect (p<0.01. 4 is the steering wheel inclination angle € (°), B is the front-back
distance L (mm), and C is the height # (mm) from point  to point H, and 4% B*
and C” represent the 44, BB and CC interactions.

As demonstrated in Table 8, the factors B, BC, B*> and C* had no
significant effect on the degree of integrated muscle activation
(»p>0.05), which were removed, and then the second-order
regression model was refitted. Factor B was retained as it showed an
effect on factor 4B. An analysis of variance (ANOVA) was
performed on the revised second-order regression model for the
degree of integrated muscle activation and the results are listed in
Table 9.

As shown in Table 9, the p-value of the model is lower than
0.0001, indicating that the second-order model is of a good fit. In
addition, the coefficient of determination R* of the modified model
is 0.9712, which is close to 1, and the R of the modified model is

Pre

Table 9 Analysis of variance of modified second-order
regression model for integrated muscle activation

Source of Sum of  Degrees of Mean

L Fvalue P~ Significance
variation squares freedom square value
- | < TS
Model 9.32E-03 6 1.55E-03 56.29 0.0001
A 2.15E-04 1 2.15E-04 7.79 0.0191 *
B 3.97E-05 1 3.97E-05 1.44 0.2582 N
c 1.91E-04 1 1.91E-04 6.93 0.0251 *
AB 1.89E-04 1 1.89E-04 6.84 0.0258 *
- | < *x
AC 1.25E-03 1 1.25E-03 45.43 0.0001
2 = i < sk
A 7.43E-03 1 7.43E-03 269.32 0.0001
Residuals 2.76E-04 10 2.76E-05
Misfit term  2.05E-04 6 3.42E-05 194 02717 N
Pure error 7.06E-05 4 1.76E-05
Combined  9.59E-03 16

Note: * indicates a significant effect (p<0.05); ** indicates a highly significant
effect (p<0.01). A4 is the steering wheel inclination angle 6 (°); B is the front-back
distance L (mm); and C is the height # (mm) from point W to point H, and 4*
represents the AA interaction.

0.9026, which is 22.14% higher than that before modification. The
fitted function between the modified integrated muscle activation
level and each factor is shown in the equation below.

Y=129+5.18x10"°A+2.23x10°B-4.89x 107°C+
6.67x10°AB—-0.018AC +0.042A* (6)

where Y is the degree of integrated muscle activation; 4 is the
steering wheel inclination angle 6 (°); B is the front-back distance L,
mm; and C is the height / from point W to point H, mm.

To determine the accuracy of the second-order regression
model, this study plots the predicted values versus actual values of
the integrated muscle activation degree and the residual distribution
of the regression model on the basis of ANOVA (Figure 19).
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Figure 19 Comparison between predicted and actual values and

residual distribution
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As shown in Figure 19a, the predicted and actual values of the
integrated muscle activation degree are almost distributed on the
same line, indicating low error and high accuracy of the regression
model prediction. Figure 19b shows that the residuals are generally
distributed in a straight line, and the error between the predicted and
actual values is small and follows a normal distribution, indicating a
strong reliability of the fitted function. Therefore, it is possible to
use Equation (6) to predict the degree of integrated muscle
activation for different combinations of inclination angle, front-back
distance and upper-lower height.

3.3.3 Influence of steering wheel position parameters on the
degree of integrated muscle activation

Based on the ANOVA results, the contribution rate of each
factor to the degree of integrated muscle activation can be
calculated to compare the effect of each factor with the following
equation,

0 (F<1)
6= 1 @)

I—F (F>1)

where, F is the F-value of each factor in the ANOVA. The
contribution of each factor can then be calculated as follows.

Lo
A=+ 5 Z 5,+6,, (8)
i=1

i+j

where, A; is the contribution of factor j; &; is the primary
contribution of factor j; J;; is the contribution of factor i/ interaction;
and J;; is the secondary contribution of factor j. According to the F-
value of each factor in Table 9, the contribution rate of each factor
was calculated using Equations (7) and (8). As a result, the
contribution rates of inclination angle, front-back distance and
upper-lower height were calculated to be A4 =2.78, AB=0.73 and
AC = 1.34, respectively. Therefore, the magnitude of influence of
each factor on the degree of integrated muscle activation follows the
order of inclination angle > upper-lower height > front-back
distance. Furthermore, both the AB and AC interactions have
significant effects on the degree of integrated muscle activation
(»<0.05; Table 9). Hence, this study analyzes the pattern for the
effect of factor interaction on integrated muscle activation degree
based on the interaction response surface plot and contour plot.

1) Interactive effects of inclination angle and front-back
distance on the degree of integrated muscle activation

The response surface plot for the interaction between steering
wheel inclination (4) and front-back distance (B) is shown in
Figure 20a. The contour plot of 4B interaction is shown in
Figure 20b, which can provide a more visual presentation of the
effect of 4B interaction on the degree of integrated muscle
activation. It can be seen that the degree of integrated muscle
activation is lower when the inclination angle is 25°-35° and the
front-back distance is 432.5-447.5 mm.

2) Interactive effect of steering wheel inclination and upper-
lower height on the degree of integrated muscle activation

The response surface plot for the interaction of steering wheel
inclination (4) and upper-lower height (C) is shown in Figure 21a.
Again, there is a minimum degree of integrated muscle activation
for the AC interaction as shown in Figure 21b. The contour plot
provides a more visual representation of the effect of AC interaction
on the degree of integrated muscle activation. Overall, the degree of
integrated muscle activation is lower when the inclination angle is
25°-35° and the upper-lower height is 347.5-372.5 mm.

Total muscle activity

B: Front-back distance/mm

~1.0 -0.5 0 0.5 1.0
A: Steering wheel inclination/(°)
b. Contour plots
Figure 20 Response surface diagram and contour map
of AB interaction
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Figure 21 Response surface diagram and contour map

of AC interaction

4 Discussion

In this study, the biomechanical modelling software AnyBody
was used to carry out an inverse kinetic analysis of the tractor
steering wheel twisting process, calculate the degree of muscle
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activation in the driver’s arm, and compare it with the results of
SEMG tests on the same part of the arm. The analysis found that the
relative error between the SEMG test results and the simulation
analysis results ranged from 8.41% to 12.34%, These relative errors
are caused by the inevitable test errors due to the influence of the
position of the electrode pads and muscle superimposition, whereas
the simulation analysis is based on inverse kinetics analysis, which
can accurately calculate the activation level of each muscle.
According to the literature, the acceptable range of relative error
between the SEMG test and simulation analysis results should be
lower than 15%?"". Therefore, the biomechanical model established
in this study has a high reliability.

By analysing the activation of the driver’s arm muscles, it was
found that the activation of the driver’s right arm muscles was
significantly greater than that of the left arm muscles during the
counterclockwise twisting of the steering wheel, where the
activation of the muscles involved in the wrist joint activity was
much greater than that of the elbow and shoulder joints.

In order to reduce arm muscle fatigue during the frequent
twisting of the steering wheel, the steering wheel position
parameters of the tractor were optimized to determine the optimum
combination of steering wheel position parameters. The test used
three factors - steering wheel inclination, front-back distance and
upper-lower height to investigate the effect of steering wheel
position parameters on the degree of activation of the driver’s
integrated arm muscles, and the analysis found that with increasing
inclination angle 6, the integrated muscle activation of the arm first
decreases and then increases, reaching a minimum value at 6 of 30°.
The main reason for this is that at § of 0°, the steering wheel is in a
horizontal position and the wrist joint will bend greatly, causing the
tightening of arm muscles and thus increasing the arm muscle
activation degree. As 0 increases, the flexion of the wrist joint
gradually decreases and the muscles gradually relax, resulting in a
gradual decrease in muscle activation. However, with further
increases in 6, the rising distance of the right arm will become
greater with the counterclockwise rotation, and when 6 reaches a
certain level, the muscle activation tends to increase again. In
summary, to reduce the degree of integrated muscle activation, the
optimal inclination angle 6 is 30°, and the optimal range is 20°-40°.
With increasing L, the integrated arm muscle activation gradually
increases, and the increase is particularly significant when L
changes from 455 to 490 mm. The reason is that when the L is
small, the bending angles of the elbow and wrist joint movement
angle are small during the rotation of the steering wheel. With
increasing L, the angle of the elbow joint gradually increases, and
the wrist joint needs a larger angle of circular movement during the
rotation process, which together result in an increase in the degree
of integrated muscle activation. Therefore, the optimum level of L is
425 mm, and the optimum range is 425-455 mm to reduce the
degree of integrated muscle activation. The integrated activation
degree of the arm muscles gradually decreases with increasing H.
The reason is that when / is small, the angle of the elbow joint is
large, and the wrist joint will have a larger angle of circular rotation
when rotating the steering wheel; while as / increases, the angle of
the elbow joint decreases, and the circular rotation angle of the wrist
joint will gradually decrease when rotating the steering wheel,
resulting in a gradual decrease in the degree of integrated muscle
activation. Therefore, the optimum level of 4 is 385 mm, with an
optimum range of 335-385 mm to reduce the overall muscle
activation.

Based on the above analysis, the three steering wheel position

parameters were optimized using the second-order regression model
with the lowest integrated muscle activation level as the target, and
the optimization results were verified by simulation. The optimum
combination of the position parameters is coded as 4 = 0.1, B=-0.6
and C = 0.6 after response surface analysis, i.e. an inclination angle
6 of 31°, a front-back distance L of 431 mm and an upper-lower
height # of 375 mm. Under this combination, the value of the
integrated muscle activation level was predicted to be 1.2887. In
order to verify the reliability of the optimization results, the
biomechanical model was used as the test platform for simulation
and analysis at the 8 of 31°, L 0of 431 mm and % of 375 mm.

5 Conclusions

This study aims to analyze the changes in arm muscle
activation during the driver’s rotation of the tractor steering wheel,
investigate the effect of steering wheel position parameters on arm
muscle activation, and finally determine the optimal position
parameters for the steering wheel. AnyBody was first used to carry
out an inverse kinetics analysis of the tractor steering wheel rotation
process and calculate the activation level of the driver’s arm
muscles. Based on the biomechanical model, the effects of three
position parameters (steering wheel inclination angle, front-back
distance and upper-lower height) on the activation degree of the
driver’s arm muscles were then analyzed. The results show that the
steering wheel inclination angle has the most significant effect on
the degree of overall muscle activation, followed by the upper-
lower height and then the front-back distance. Taking into account
the interaction between factors, a regression orthogonal test
revealed that the activation of the driver’s arm is the minimum
(1.2887) at the inclination angle of 31°, front-back distance of 431
mm and upper-lower height of 375 mm. This study optimizes the
tractor steering wheel position parameters from the biomechanical
point of view to reduce the fatigue of the driver’s arm, but does not
consider the influence of steering wheel position parameters on
other biomechanical characteristics such as joint forces or moments,
which needs to be addressed in further studies.
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