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Abstract: The seat of a construction machinery cab is used as the research object. For the current
human-seat coupling system comfort research methods and optimization index deficiencies, the
seat body pressure comfort and vibration comfort at the same time optimized. Based on the more
specialized Toyota 50 percentile dummy model, a human-seat finite element simulation model is
established, and the body pressure distribution and vibration response are simulated and calculated.
The transverse and longitudinal pressure distributions of the backrest and seat cushion and the
pressure map are used to verify the simulation model’s body pressure comfort evaluation indexes. At
the same time, the vibration response test is used to verify the vibration comfort evaluation indexes
of the simulation model. The test results show that the accuracy of each evaluation index of the
established coupling model is greater than 85%, which can provide model support for the subsequent
optimization work. In order to improve the comfort of the seat of construction machinery during
operation, the hardness of the upper sponge and lower layer sponge is reduced and increased by
10% and 15%, respectively, on the original seat. The body pressure comfort evaluation indexes of the
ischium peak pressure, ischium mean pressure, thigh peak pressure and thigh mean pressure are
used to evaluate the improved seat. The proposed optimization scheme is to reduce the hardness
of the upper sponge and lower layer sponge of the seat cushion by 10% to improve the seat body
pressure comfort. Finally, the evaluation indexes of body pressure comfort and vibration comfort
are verified by four subjects in an improved seat, and the cushion pressure of different subjects is
reduced while the vibration isolation rate is increased, which shows the rationality of the proposed
optimization scheme. In addition, the evaluation results of the improved seat are different for subjects
of different body sizes, with the most significant improvement for the subject of greater height and
weight. The modeling and comfort evaluation methods adopted in the paper can provide a reference
for the design and development of the seat.

Keywords: seat comfort; body pressure distribution; vibration response; finite element simulation;
optimization study

1. Introduction

As the driving operator’s attention to the safety and comfort of construction machinery
continues to rise, more attention is paid to the comfort of the human-seat coupling system.
Seat, as a critical component of the interaction between the driver and construction ma-
chinery, not only affects the driver’s comfort and driving feel, the uncomfortable seat will
make the driver physically and psychologically fatigued and even cause safety accidents.
Therefore, construction machinery seat comfort research is of great importance [1,2].

Seat comfort measures the magnitude of the physical and mental impact on the
operating driver when the moving vehicle is moving, or the working construction machin-
ery is working. It is mainly divided into comparisons through subjective and objective
evaluations [3]. The subjective evaluation considers the subjective reflection of the occupant
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and can be used as a direct reference factor for comfort research [4]. However, the results
of the subjective evaluation will inevitably bring about the subjective limitations of the
evaluator. Objective evaluation is mainly conducted through various objective evaluation
indexes, among which the objective seat evaluation includes body pressure comfortable
and vibration comfort. Related research showed that the body pressure distribution be-
tween the human-seat interface was a vital evaluation index to measure the body pressure
comfortable of the seat [5–9]. Some scholars used experimental tests to investigate the effect
of body pressure distribution regularities on the body pressure comfortable of seats. A.
Milivojevich et al. selected five vehicle seats for their study and demonstrated the relation-
ship between subjective comfort and objective body pressure distribution of the subjects
to assess the body pressure comfortable of vehicle seats and quantify the improvement
potential of vehicle seats [10]. The mean pressure, peak pressure, and pressure gradient
between the person-seat are important quantitative indicators of static seat comfort [11,12].
Christian Mergl et al. established the correlation between discomfort and body pressure
distribution by contact pressure. Experimental validation showed that the method could
reflect the ride performance of car seats based on pressure distribution [13]. By studying
the relationship between the static physical properties of the seat cushion and seat comfort,
K. Ebe and Griffin, M.J. showed that the total pressure in the 4 cm × 4 cm area under the
hip bone was correlated with the comfort of the static seat and that seats with less total
pressure in this area were more comfortable than those with total pressure [14]. At the
same time, because the human-seat system is often in a dynamic environment, excessive
vibration can lead to a series of strain and pain in the lumbar, cervical, and spine, so
vibration comfort is also an important goal in the optimal design of the seat. The most
commonly used methods to quantify seat vibration comfort are cushion vibration response
values [15,16] and seat vibration transmission rate [17,18]. Fairley, T.E. and Griffin, M.J.
predicted the vertical transfer rate from the floor to the seat surface by measuring the seat’s
dynamic stiffness and the body’s vertical mass [19]. Immediately following, Fairley, T.E.
and Griffin, M.J. used random vibration to measure the frequency response function of a
subject’s human body. It was found that the relative motion between the feet and the seat
would affect frequencies below resonance [20]. Toward, M.G. and Griffin, M.J. explored the
effect of human body characteristics (age, gender, physical characteristics, and vibration
amplitude) on seat vibration transmissibility and measured the vibration transmissibility in
the vertical direction of the vehicle seat [21]. By measuring the seat vibration transmission
rate of agricultural tractor operators for vertical vibration at the base of the seat, below the
sciatic tuberosity, and at the thighs, Adam, S.A. and Jalil, N.A. showed that the vibration
energy absorbed by the operator’s body is higher when the tractor is operated in off-road
conditions [22]. Westhuizen, A.V. and Niekerk, J.L. reconstructed the vibration excitation
to which the construction machinery was subjected on a shaker table on a rough road and
demonstrated that the effective seat amplitude transmission rate could be used as a reliable
indicator of seat vibration comfort, and the study showed a good correlation (R2 = 0.97)
between subjective ratings on multiple subjects and seat vibration transmission rate [23].

Currently, the study of seat body pressure comfort and vibration comfort is usually
performed by direct experimental methods, which usually require professional testing
instruments and dummy models, which are costly and time-consuming, and computer
simulation has become a low-cost and high-efficiency research tool, and scholars had
established human and seat finite element models to conduct research. Du Xiaoming
et al. established a detailed driver’s human finite element model and applied it to driver-
seat interaction simulation, and the model has good consistency between body pressure
distribution simulation and testing. The study’s results showed that the maximum stresses
in the hips occurred below the sciatic tuberosity and the maximum stresses in the trunk
occurred near the posterior scapula and lumbar region. Fatigue usually occurs in these
areas [24]. Siefert, A., Pankoke, S. and Wölfel, H.P. adapted the seat structure and sponge
material and built a human-seat finite element model to investigate comfort. Then, using
the human model and the complete seat parameters, the human seat drop process was
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calculated by gravity loading to reflect the accurate seat pressure distribution. It was shown
that the finite element model could better reflect the human-seat nonlinear characteristics,
and the ABAQUS finite element solver thoroughly considered the effect of contact. Hence,
the simulation results agreed with the measured results [25]. Thus, it can be seen that
the use of computer simulation for seat comfort analysis has an essential significance in
developing the whole seating system. Therefore, seat comfort simulation has become a
crucial part of the seat product development process. Meanwhile, many scholars have
optimized construction machinery seat-related parameters to improve static and vibration
comfort. Gyi, D.E. and Porter, J.M. studied body pressure comfortability using two densities
of sponge and two different human seating posts. Although the link between the pressure
at the contact interface and comfort was not established, the effect of anthropometric data
such as gender, weight, and seat stiffness on comfort was proposed [26]. Xiaolu Zhang
et al. investigated the effect of dynamic stiffness on seat comfort for 12 subjects (6 men
and 6 women) with three thicknesses of sponge cushions (60, 80, and 100 mm). The study
showed the effect of the thickness of the sponge at the seat cushion and the sponge at
the backrest on their longitudinal and transversal axis transmittance, and the results of
the study can be applied to the design of construction machinery seats with a greater
degree of attenuation of the vibrations transmitted to the body [27]. Pritpal Singh et al.
investigated the effect of different amounts of padding thickness on the body pressure
comfortable of the seat and the effect of increasing body weight on various body pressure
indices at padding thicknesses ranging from 0 to 7 mm, with the same sponge density,
hardness, and all other aspects of the seat [28]. Kolich, M. et al. compared car buyers’ road
sensory feedback requirements in different market segments (SUVs and luxury vehicles)
to optimize the seat vibration comfort line. It was found that seat designers can adapt the
sponge performance to different market segments by controlling the seat sponge density,
i.e., controlling the physical performance parameters of the seat sponge to adjust the seat
dynamic performance and achieve different vibration transmission characteristics [29].
As a result of the above research, some research work has been performed by scholars
on human-seat system comfort, and effective results have been achieved. However, the
following common problems still exist in the analysis and optimization of the body pressure
comfortable and vibration comfort of human-seating systems.

(1) Most previous studies on the comfort of human-seat systems had used experimental
methods, which were costly and less reproducible. At the same time, the finite element
method currently used by a few scholars is too simple to equate to the dummy model,
and the equivalence of human bones and organs is incomplete. Since the contact
pressure between the dummy and the seat is mainly reflected by the seat body pressure
distribution [30,31], therefore, the sponge material properties and the accuracy of the
seat finite element model have a significant influence on the simulation result, and
the existing seat model is inaccurate in defining the sponge material by equivalent
stiffness.

(2) More critical is that the previous research on human-seat system comfort only focused
on one of the performance improvements of body pressure comfort or vibration com-
fort without considering both simultaneously. Especially for construction machinery
in the work process, the operator faces strong vibration from the frame. Therefore, in
optimizing seat performance, it is necessary to improve the seat vibration isolation
performance while meeting the body pressure comfort so that the operator can obtain
more excellent seat comfort performance.

Based on the above analysis, this paper takes the human-seat coupled system as the
research object, establishes the finite element simulation model of the human-seat coupled
system, and the body pressure distribution test and vibration response test are carried out
to verify the established model on the simulation accuracy of body pressure comfort and
vibration comfort indexes. Then, four quantitative evaluation indexes of body pressure
comfortable, namely, ischium peak pressure, ischium mean pressure, thigh peak pressure,
and thigh mean pressure, are used to evaluate the improved seat, and the optimization



Machines 2023, 11, 30 4 of 21

plan of seat cushion sponge hardness is proposed according to the evaluation results.
Finally, the improved seat is tested and verified by subjects of different heights and weights
concerning body pressure comfort and vibration comfort evaluation indexes. The test
results can show the rationality of the proposed optimization scheme. The model and seat
comfort evaluation methods adopted in this paper can provide a reference for the design
and development of the seat. Figure 1 shows the optimization process of the human-seat
coupled system comfort evaluation.

Figure 1. Human-seat coupling system comfort evaluation and optimization process.

2. Human-Seat Coupling Finite Element Model
2.1. Dummy Model Introduction

In this study, a Toyota 50-percentile dummy model is used [32], and the 50-percentile
model can provide a good equivalent simulation of a human body of 175 cm in height
and 77 kg in weight. The model can accurately characterize the geometric features of the
human body, with very accurate anatomical structure characteristics, complex material
properties, and high biological fidelity, and can analyze the impact of vibration impact
on internal organs such as the heart and liver, and more accurately simulate the natural
form of a human motion under vibration, more realistically reproduce the internal skeletal
form of the human body, and more realistically reflect the degree of damage to various
parts of the human body. Studying human injury mechanisms in collision accidents can
play an increasingly significant role in injury risk assessment and other aspects. It can
better compensate for a series of limitations of the solid dummy, such as higher test costs,
poor repeatability of the test, and limited human signs of the dummy model. The specific
posture of the dummy model is shown in Figure 2.

2.2. Seat Model Introduction

The 3D model of the cab seat is shown in Figure 3a. The central part of the seat
contains the cushion sponge, backrest sponge, seat skeleton, and other components. In
order to carry the human body well, the seat cushion sponge is divided into upper and
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lower layers, where the upper layer is less hard, and the lower layer is harder. The body
pressure distribution and vibration response reflect the contact pressure and vibration
transmission between the human body and the sponge, so establishing the actual material
properties of the sponge is the critical factor in ensuring the reliability of the human-seat
coupling simulation model. The force-displacement curves (stiffness characteristics) of the
backrest sponge and cushion sponge are obtained by the test, as shown in Figure 3c,d.

Figure 2. Toyota 50 percentile dummy model.

Figure 3. (a) Seat structure model; (b) Backrest sponge stiffness characteristic; (c) Stiffness characteris-
tic of upper cushion sponge; (d) Stiffness characteristic of lower cushion sponge.
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The essential structural parameters of the seat simulation model include the masses
m of the cushion sponge, backrest sponge, and seat skeleton and the rotational inertia
Iij (i, j = x, y, z), and the performance parameters are shown in Table 1. The seat model
meshes in Hypermesh software, and the geometric model is cleaned up before meshing to
repair broken lines and surfaces. The center surface of the sheet metal components in the
seated skeleton is extracted, and the extracted center surface is used as a 2D shell element
and divided with a quadrilateral mesh. At the same time, the washer is set to simulate the
position of the bolts involved, a realistic bolt structure is created, the mesh is divided, and
the contact relationship between the bolts and the connecting parts is represented. As an
essential component of the seat, the volume of the sponge is the largest compared with the
other components, and the sponge is mainly used to bear the pressure of the human body.
Set the sponge mesh size to 15 mm. The centerline of the spring is extracted, the 1D beam
element is used to simulate the spring component, and the cell length is set to 6 mm. The
rest of the solid structure is divided into reasonable element sizes according to the size,
generally using tetrahedral elements. The mesh of critical locations can be refined to ensure
that it conforms to the basic geometric features. At the same time, the seat backrest and
seat cushion can be rotated for backrest angle adjustment, and they are constrained by the
rotation sub. The seat frame is fully restrained with the backrest and cushion by the RBE2
fixed sub. The constraint between the seat frame steel plates is also performed by the fixed
sub. The finite element model of the seat is shown in Figure 4a.

Table 1. Seat structure performance parameters.

Structure m
(kg)

Ixx
(kg·m2)

Iyy

(kg·m2)
Izz

(kg·m2)
Ixy

(kg·m2)
Iyz

(kg·m2)
Ixz

(kg·m2)

Cushion sponge
(upper layer) 1.134 0.021 0.022 0.041 0.00019 0.00006 0.001

Cushion sponge
(lower layer) 1.551 0.027 0.031 0.056 0.00025 0.00008 0.0014

Backrest sponge 1.756 0.084 0.051 0.042 0.000006 −0.000088 −0.011
Seat skeleton 65.202 5.522 3.159 4.87 −0.006 0.05 −0.0047

Figure 4. (a) The seat finite element model without pressure pad; (b) The seat finite element model
with pressure pad.

2.3. Human-Seat Coupling Finite Element Model

Based on the above-mentioned dummy model and seat model, this section proposes to
construct a human-seat coupled finite element model for seat comfort simulation analysis.
It should be noted that since the pressure information of the seat is collected using a
pressure pad during the human-seat body pressure test [33], the size of the finite element
pressure pad is set according to the size of the test pressure pad, which can better equate
the simulation with the test to improve the simulation accuracy. The seat back is composed
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of 40 rows × 64 columns with 2560 pressure measurement points, and the seat cushion
is composed of 48 rows × 48 columns with 2304 pressure measurement points, and the
spacing of each pressure measurement point is 12.7 mm ± 1 mm. After the setup, the seat
pad is imported into the seat’s finite element model. As shown in Figure 4a, it is the seat
without the pressure pad. At this time, establish the contact between the pressure pad and
sponge and export the model to Dyna software for a solution. In order to better lay the
pressure pad on the seat backrest, turn the backrest to be parallel to the ground so that
the pressure pad falls on the seat cushion and backrest under the effect of gravity and
the gravity field is loaded to 9.81 N/kg in the simulation. Export the calculated seat and
pressure pad model from the post-processing software, and adjust the backrest to the initial
angle. The backrest pressure pad z-direction is finally constrained to prevent the pressure
cushion from sliding off the backrest, as shown in Figure 4b.

In order to construct the coupled human-seat finite element model, the model’s
boundary conditions need to be set. The 50-percentile dummy model and the seat model
were adjusted to the specified state to simulate the operation process of the operator driving
the construction machinery, including a hand-operated joystick and leg-operated pedal,
and the initial boundary conditions were set as shown in Table 2. Then, the contact between
the dummy model and the seat back, seat cushion, and floor is established, and the human-
seat coupling finite element model is shown in Figure 5. In the body pressure distribution
simulation, the gravitational field is applied to the seat and the dummy model with the size
of 9.81 N/kg. In order to avoid a long iterative process of the simulation model, the person
is dropped vertically from a position close to the seat (about 3 cm) until the contact with the
seat reaches a steady state with a loading time of 1500 ms. At the same time, in the vibration
response analysis, because the vibration response of the excavator operating under the
crushing condition is large and has the most significant impact on human comfort, the
crushing condition vibration acceleration is applied at the z-direction of the seated skeleton
as the excitation signal, and the analysis is carried out accordingly.

Table 2. Simulation and test posture of human-seat coupling system.

Human Seat

The arms are bent in a forward position. In the initial position, the guide is at the front of the seat
slide design.

Adjust the backrest arch, the person’s back and backrest only in
the waist. Backrest inclination angle 12.5◦.

Feet are stepped on the pedal posture, heel on the ground, calf and
ground normal inclination of 20–25 degrees. Cushion is 50 cm from the ground.

Figure 5. Human-seat coupling finite element model.
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3. Human-Seat Coupling Model Comfort Test and Validation
3.1. Test Scheme

The body pressure distribution test and vibration response test are conducted in
an actual excavator, with the height and weight of the driver being 175 cm and 77 kg,
respectively. Each subject is tested independently during the test to reduce mutual inter-
ference between different subjects. Roho’s Xsensor pressure measurement system with
X3 PRO V7 test software and X3 PX100:40.40.02 cushion pressure imaging sensor, and
X3 PX100:40.64.02 backrest pressure imaging sensor is used for the body pressure distribu-
tion test. The system uses capacitive sensing technology and can be used to measure the
pressure on the human body at different support surfaces. The test system has an absolute
accuracy of 10 mmHg. The backrest sensor used in this test is 40 mm * 64 mm, consisting of
a total of 2560 (40 × 64) sensors; the size of the cushion sensor is 48 mm * 48 mm, consisting
of a total of 2304 (48 × 48) sensors. When conducting the test, the pressure cushion was laid
between the seat cushion and the seat backrest, ensuring that the pressure cushion was in
the middle of the transversal and longitudinal position and without wrinkles. In addition,
the vibration response test is conducted using the LMS SCADA acquisition front-end with
a PCB cushion/vibration acceleration sensor. During the test, the cushion sponge vibration
acceleration response was acquired, the vibration isolation rate was calculated, and the
cushion sensor was attached to the seat cushion above and the seat cushion below the
skeleton, as shown in Figure 6. During the test, the form of the subject and the seat were
the same as in the simulation.

Figure 6. Body pressure distribution test and vibration response test.

3.2. Evaluation Index
3.2.1. Body Pressure Distribution Test Verification Indexes

According to ergonomic principles, the most comfortable body pressure distribution
should ensure that most of the body’s mass is reasonably distributed in the cushion with
a large support area and a small unit pressure. The pressure distribution from small to
large smooth transition without abrupt changes. Seat body pressure distribution evalua-
tion indexes include transversal pressure distribution curves and longitudinal pressure
distribution curves. The backrest and cushion pressure distributions are shown in Figure 7.
The pressure value is affected by the seat sponge’s hardness and surface shape. Usually,
the poorly designed seat of the transversal and longitudinal pressure distribution is larger.
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Figure 7. (a) Seat backrest transversal and longitudinal pressure distribution; (b) Seat cushion
transversal and longitudinal pressure distribution.

Transversal pressure distribution curve, the arithmetic mean value curve of pressure
at each column measurement point of the seat.

PC =
1

NC

NC

∑
i=1

P
(

xi, yj
)

(1)

where: PC indicates the transversal distribution pressure; NC is the number of measurement
points in the jth column; P(xi,yi) is the pressure of the ith measurement point in the
jth column.

Longitudinal pressure distribution curve, the arithmetic mean value curve of pressure
at each row measurement point of the seat.

PR =
1

NR

NR

∑
i=1

P
(

xi, yj
)

(2)

where: PR indicates the longitudinal distribution pressure; NR is the number of measure-
ment points in the ith row; P(xi,yi) is the pressure of the jth measurement point in the
ith row.

3.2.2. Vibration Response Test Verification Indexes

The larger the seat cushion’s total value of the vibration response, the more violent the
vibration. The magnitude of the vibration response of the seat can be characterized by the
root mean square (RMS) value of acceleration. The root mean square value of acceleration
is calculated according to the following equation:

a =
(

a2
x + a2

y + a2
z

) 1
2 (3)

where: ax, ay, and ax are the weighted root mean square acceleration in m/s2 on the
coordinate axes x, y, and z, respectively.

In addition, the larger the value of the seat cushion vibration isolation rate, the more
significant the mitigation effect of the system on vibration. The vibration isolation rate is
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calculated from the vibration acceleration of the active and passive sides of the vibration
isolation system. In engineering, the vibration isolation rate can be expressed as:

T = 20 log10

(
aactive
apassive

)
(4)

where: T is the vibration isolation rate in dB; aactive for the acceleration of the active side;
apassive for the acceleration of the passive side.

3.3. Test Verification

In order to verify the simulation analysis results, the human-seat coupling system’s
body pressure distribution test work is carried out. In the test, the subject’s height is
175 cm, and weight is 77 kg. In addition, the subject’s posture and seat backrest angle is
also consistent with the simulated model. In the balance state of the human-seat coupling
system, the pressure at the human-seat contact position in the simulation and the test are
extracted, respectively, and the transversal and longitudinal pressure distribution curves of
the backrest and cushion are calculated accordingly. However, there is a deviation between
the simulation and test because a dummy free fall motion is imposed to simulate the cushion
pressure process, and each evaluation index is calculated at equilibrium. In addition, the
existence of the seat cushion pull-type slot. Moreover, the simulation model through the
fixed constraint linkage of each sponge part to equate may be one of the reasons for the
deviations. The results are shown in Figure 8. It can be seen that the simulation results of
the transversal and longitudinal pressure distribution curves have the same peak trend as
the test results, as shown in Figure 8a. The peak pressure of the simulation and test backrest
transversal distribution curves are 0.0621 N/mm2 and 0.0679 N/mm2, respectively, with a
relative error of 8.5%. As in Figure 8b, the peak pressures of the simulated and test backrest
longitudinal distribution curves are 0.0882 N/mm2 and 0.0821N /mm2, respectively, with a
relative error of 7.4%. As in Figure 8c, the peak pressures of the simulated and test cushion
transversal distribution curves are 0.2528 N/mm2 and 0.2257 N/mm2, respectively, with a
relative error of 12.0%. As in Figure 8d, the pressure peaks of the simulated and test cushion
longitudinal distribution curves are 0.2280 N/mm2 and 0.2580 N/mm2, respectively, with
a relative error of 11.6%. It shows that the accuracy of the simulated and tested seat
transversal and longitudinal pressure distribution is greater than 85%, and the accuracy
of the simulation results meets the analysis requirements. In addition, the results of the
simulated and test pressure maps of the backrest and cushion are shown in Figure 9. Since
the seat backrest supports the human back, the pressure extremes of both simulated and
tested backrests appear at the spine and its two sides. At the same time, both the simulated
and tested seat cushion pressure extreme value points appear in the front side of the thigh,
and both at the ischium joint pressure are more significant, and this is the center of the
outward diffusion and decay. In summary, the pressure distribution of the backrest and
cushion is reasonable.

From Figures 8 and 9, it can be seen that the pressure distribution of the human-seat
coupling system is mainly concentrated in the cushion position. In contrast, the pressure
distribution in the backrest position is less. Therefore, the cushion plays a significant role in
the impact of comfort. When considering the cost factor of optimization, this paper mainly
focuses on the optimization design of cushion sponges.

In order to further verify the accuracy of the model, the acceleration excitation signal
under the crushing condition of the excavator is applied to the seat skeleton (this is because
the crushing condition is more violent than other conditions such as sand digging and
walking, which has a greater impact on the vibration comfort). Figure 10 show the time
and frequency domain signals of seat vibration excitation under crushing condition. The
excitation frequency peaks are distributed around 5 Hz, 7.5 Hz, 10 Hz, 12.5 Hz, 15 Hz, and
17.5 Hz, mainly generated by the excavator crushing hammer head vibration excitation.
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Figure 8. (a) Simulation and test curve comparison of transversal pressure distribution of backrest;
(b) Simulation and test curve comparison of longitudinal pressure distribution of backrest; (c) Simu-
lation and test curve comparison of transversal pressure distribution of cushion; (d) Simulation and
test curve comparison of longitudinal pressure distribution of cushion.

Under the crushing condition, the seat cushion vibration acceleration response is
extracted from the simulation model and compared with the test results. The mesh size and
the coupling relationship between the seat skeleton steel plates are the main reasons for the
deviations. The fixed constraint equivalence of the mutually welded steel plates may reduce
the simulation model accuracy. The vibration response curve comparison and error analysis
are shown in Figure 11 and Table 3, respectively. The peak frequencies of the simulated and
tested vibration response curves achieve an accuracy of over 98%. At 5 Hz, the amplitudes
of the simulated and tested vibration response curves are 0.0566 m/s2 and 0.0599 m/s2,
respectively, with an accuracy of 94.44%. At 7.5 Hz, the amplitudes of the simulated and
tested vibration response curves are 0.0426 m/s2 and 0.0424 m/s2, respectively, with an
accuracy of 99.67%. In addition, at 10 Hz, the amplitudes of the simulated and tested
vibration response curves are 0.0856 m/s2 and 0.0807 m/s2, respectively, with an accuracy
of 97.68%. At 12.5 Hz, the amplitudes of the simulated and tested vibration response curves
are 0.0561 m/s2 and 0.0519 m/s2, respectively, with an accuracy of 92.52%. Meanwhile,
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according to the RMS value of the vibration response curve, the simulation and test results
are 0.0102 m/s2 and 0.0098 m/s2, respectively, with an accuracy of 96.08%. According to
the above analysis, the accuracy of each index reaches more than 90%, so it shows that the
simulation accuracy of this human-seat model meets the requirements.

Figure 9. (a) The backrest and cushion simulation pressure map; (b) The backrest and cushion test
pressure map.

Figure 10. Vibration acceleration excitation for crushing condition: (a) Time domain; (b) Frequency domain.
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Figure 11. Seat cushion vibration response for crushing condition.

Table 3. Key frequency points and key frequency point amplitudes for seat cushion simulation and test.

Frequency Amplitude

Simulation
Value (Hz)

Test Value
(Hz) Accuracy (%) Simulation

Value (m/s2)
Test Value

(m/s2) Accuracy (%)

4.95 5 99.0 0.0566 0.0599 94.4
7.4 7.5 98.7 0.0426 0.0424 99.5
9.9 10 99.0 0.0826 0.0807 97.7

12.35 12.5 98.8 0.0561 0.0519 92.5

4. Seat Comfort Optimization Research
4.1. Optimized Scheme

In order to improve the body pressure comfort and vibration comfort of the seat, the
design of the experiment in [34] is used to evaluate and optimize seat comfort, and the
influence of different regions on seat comfort is divided, as shown in Figure 12. Precisely,
regions one and two correspond to the ischium region; three, four, five, and six correspond
to the thigh region. A reasonable comfort requirement should meet the body pressure dis-
tribution in normal posture corresponding to human biomechanics, i.e., the body pressure
distribution between the contact interface of the passenger and the seat cushion should
gradually decrease from the ischium joint as the center of pressure to the surrounding [35].

Figure 12. Human body area division.



Machines 2023, 11, 30 14 of 21

The peak pressure is the maximum value among all the measurement points. The
higher the peak pressure, the stiffer the cushion. The following equation is used to calculate
the ischium peak pressure and the thigh peak pressure:

Pm = max(P1, P2, P3, . . . , PN) (5)

where: Pm indicates the ischium peak pressure or the anterior thigh peak pressure; N is the
number of measurement points in the corresponding area; Pi (I = 1~N) is the pressure of
the measurement points in the corresponding area.

The mean pressure is the arithmetic mean at all pressure points. It is directly affected
by the hardness of the sponge. The greater the mean pressure, the harder the cushion. The
ischium and thigh mean pressure is calculated using the following equation:

Pv =

Np

∑
i=1

Pi

N
(6)

where: Pv indicates the ischium mean pressure or the thigh mean pressure.
The seat sponge hardness is an important characteristic that reflects the seat’s comfort.

As mentioned before, the seat backrest mainly plays a supportive role. It has a small
carrying area for the human body compared to the cushion, which is more effective for
optimizing the seat cushion [36]. Therefore, in this paper, only the hardness of the cushion
sponge is optimized, and this paper adjusts the upper and lower sponge materials’ force-
displacement curves (stiffness characteristics) to change their hardness. According to the
test design, the stiffness of the upper and lower layers is reduced and increased by 10%
and 15%, respectively, on the original seat. In order to achieve the best comfort with
different stiffness of the upper and lower layers of the cushion. Accordingly, the test
analysis is carried out, and the design scheme of two factors (upper layer sponge and
lower layer sponge) and four levels (hardness −10%, hardness −15%, hardness +10%,
hardness +15%) is generated. The different hardness seat surfaces are shown in Figure 13.
In the simulation software, to study its influence on the comfort evaluation indexes of body
pressure distribution, the ischium peak pressure, the ischium mean pressure, the thigh
peak pressure, and the thigh mean pressure are calculated, respectively.

Figure 13. Sponge stiffness characteristic: (a) cushion upper layer sponge stiffness; (b) cushion lower
layer sponge stiffness.

There are 16 combinations of all combinations in this program. Since the study results
are too large, only the results with more obvious improvement effects and representative
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ones are selected in this section for presentation and explanation. The pressure map and
evaluation indexes of the cushion with different hardness are obtained by simulation, as
shown in Figure 14 and Table 4, respectively. First, the upper sponge hardness is reduced
on the original sponge. It can be seen that when the sponge hardness is changed from
the original state to −10%/+15%, the ischium peak pressure does not change much, the
other indexes are reduced, and the pressure map is reasonably distributed, so the comfort
of the −10%/+15% cushion is better than that of the original state. The sponge hardness
is reduced to −10%/−10%, the ischium peak pressure and the thigh peak pressure are
comparable, but the mean pressure is reduced, and the distribution of the pressure map
is reasonable, so −10%/−10% comfort is better than −10%/+15%. When the sponge
hardness is reduced to −15%/−15%, the pressure distribution map appears with extreme
value points in a minimal area; at this time, the human hip is locally stressed, and the
comfort is reduced. It can be seen that, relative to the original state, the sponge hardness
changes to −10%/−10% when the four indexes are reduced.

Figure 14. Seat cushion simulation pressure map: (a) Sponge hardness −15%/−15%; (b) Sponge hard-
ness −10%/−10%; (c) Sponge hardness −10%/+15%; (d) Sponge hardness +15%/−10%; (e) Sponge
hardness +15%/+10%; (f) Sponge hardness +15%/+15%.

Table 4. Body pressure comfortable evaluation index of different cushion sponge hardness.

Sponge Stiffness
(Upper Layer

Sponge/Lower
Layer Sponge)

(N/mm2)

Ischium
Peak Pressure

(N/cm2)

Ischium
Mean Pressure

(N/cm2)

Thigh
Peak Pressure

(N/cm2)

Thigh
Mean Pressure

(N/cm2)

−15%/−15% 1.25 0.78 1.51 0.75
−10%/−10% 1.24 0.88 1.26 0.71
−10%/+15% 1.27 1.01 1.59 0.89

original 1.28 1.03 1.61 0.92
+15%/−10% 1.12 0.64 1.67 1.13
+15%/+10% 1.13 0.72 1.64 1.10
+15%/+15% 1.16 0.74 1.56 1.08
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Subsequently, the upper layer of sponge hardness is increased on top of the original
sponge. As the sponge hardness is changed from the original state to +15%/−10%, the
values of all four indexes increase, making the seat less comfortable. When the sponge
hardness is changed from the original state to +15%/+10%, the pressure indexes in the
ischium region increase while the pressure indexes in the thigh region decrease, which is
due to the reason that as the cushion sponge hardness increases, the weight of the body in
the ischium region increases while the thigh region decreases accordingly. This change is
more apparent when the sponge hardness is changed from the original state to + 15%/+15%.
In summary, reducing the hardness of the upper and lower cushion sponge to about 10% at
the same time can be more obvious to improve body pressure comfort.

4.2. Optimization Validation
4.2.1. Optimized Verification of the Body Pressure Distribution Comfort

Based on the above analysis, the upper and lower cushion sponge hardness is reduced
by 10%, and the reasonableness of the above optimization scheme is verified through the
test. Since excavator drivers vary in stature, the body pressure distribution test is carried
out on the original cushion sponge and the improved cushion sponge by four subjects
of different heights and weights (including the 50 percentile test subject). The subjects’
height and weight information are shown in Table 5. The ischium peak pressure, ischium
mean pressure, thigh peak pressure, and thigh mean pressure of different subjects are
measured. The test state and boundary conditions are consistent with Section 3.3, and the
pressure distribution maps and body pressure distribution comfort evaluation indexes of
the original cushion sponge and the improved cushion sponge are obtained, as shown in
Figure 15 and Table 6, respectively. In the body pressure distribution test of four different
subjects, the body pressure distribution evaluation indexes of the improved seat are smaller
than the original seat. For subject three (50 percentile human), the four items of body
pressure distribution comfort performance are improved by 1.5%, 26.2%, 15.5%, and 11.9%,
respectively. In addition, the fourth subject (operator with high height and weight) has the
most apparent improvement effect of the indexes. At the same time, the red area (extreme
pressure area) of the improved seat is reduced when observing the pressure map of the
body pressure distribution. This shows that reducing the hardness of the sponge can
significantly improve the body pressure comfort of the seat.

Table 5. Subjects’ physical information.

Subject Body Information

Height(cm) Weight(kg)

1 165 60
2 171 70
3 175 77
4 182 86

Table 6. Body pressure comfortable evaluation indexes of the original sponge and improved sponge.

Subject

Ischium
Peak Pressure

(N/cm2)

Ischium
Mean Pressure

(N/cm2)

Thigh
Peak Pressure

(N/cm2)

Thigh
Mean Pressure

(N/cm2)

Original Improved Original Improved Original Improved Original Improved

1 1.43 1.27 0.86 0.53 1.49 1.46 0.62 0.56
2 1.48 1.16 0.94 0.50 1.55 1.48 0.54 0.44
3 1.28 1.26 1.03 0.76 1.61 1.36 0.92 0.81
4 1.82 1.58 1.26 0.84 1.85 1.52 1.45 0.92
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Figure 15. Seat cushion test pressure map: (a) Subject 1, original sponge; (b) Subject 1, improved
sponge; (c) Subject 2, original sponge; (d) Subject 2, improved sponge; (e) Subject 3, original sponge;
(f) Subject 3, improved sponge; (g) Subject 4, original sponge; (h) Subject 4, improved sponge.
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4.2.2. Vibration Comfort Optimization Verification

The vibration response is conducted in parallel with the body pressure distribution
test, i.e., the crushing condition vibration acceleration excitation signal is applied in the
z-direction of the seat skeleton, and the seat cushion vibration acceleration response is
extracted. Figure 16 shows the total vibration values of different subjects in the original and
improved seat under crushing conditions. RMS of 0.0489 m/s2 and 0.0432 m/s2 for subject
one on the original seat and improved seat; 0.0685 m/s2 and 0.0476 m/s2 for subject two;
0.0551 m/s2 and 0.0488 m/s2 for subject three; 0.0673 m/s2 and 0.0415 m/s2 for subject
four. Meanwhile, Table 7 shows the vibration isolation rates of the original seat and the
improved seat under the crushing condition, which are 4.30 dB and 5.37 dB for subject
one; 1.37 dB and 4.53 dB for subject two; 3.26 dB and 4.31 dB for subject three; 1.52 dB and
5.72 dB for subject four. It can be seen that the total value of the vibration response of the
improved seat is smaller than that of the original seat for all four subjects, and the vibration
isolation rate is improved compared with that of the original seat. Through the critical
frequencies of the response curves of each subject, it can be seen that different heights and
weights affect the seat’s vibration frequency. The vibration comfort performances of the
seat are improved by 11.7%, 30.5%, 11.4%, and 38.3% for different subjects. It can be found
that the seat optimization scheme is the most noticeable improvement for the fourth subject,
with the most significant decrease in the vibration response curve at each frequency point.
Combining the above results, it can be shown that reducing the hardness of the upper and
lower layers of the cushion by 10% can significantly improve the seat’s comfort.

Figure 16. Original and improved seat vibration response with crushing condition: (a) Subject 1;
(b) Subject 2; (c) Subject 3; (d) Subject 4.
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Table 7. RMS and vibration isolation rate of the original sponge and the improved sponge under
crushing condition.

Subject
RMS (m/s2) Vibration Isolation Rate (dB)

Original Improved Original Improved

1 0.0489 0.0432 4.30 5.37
2 0.0685 0.0476 1.37 4.53
3 0.0551 0.0488 3.26 4.31
4 0.0673 0.0415 1.52 5.72

5. Conclusions

In this paper, the human-seat coupling system of construction machinery was taken
as the research object, and body pressure comfortable and vibration comfort were used as
the optimization evaluation indexes to improve the comfort of construction machinery in
the working process. Based on the Toyota 50 percentile human model, the finite element
simulation model of the human-seat coupling system was established, and the model was
verified by the body pressure distribution test and the vibration response test, respectively.
Through the test, it could be seen that the simulation and test seat pressure map extreme
value points and the cushion transversal and longitudinal pressure distribution curve were
in good agreement, the accuracy is higher than 85%, the evaluation indexes and RMS
accuracy of the simulation and test vibration response curve at each key frequency points
were higher than 90%, which could indicate that the established simulation model had a
high degree of confidence. Subsequently, based on the simulation model, the seat cushion
sponge hardness was changed based on the original seat performance, and the body
pressure comfortable evaluation indexes of ischium peak pressure, ischium mean pressure,
thigh peak pressure, and thigh mean pressure were used to evaluate the improved seat,
and the optimization scheme was proposed. Finally, four subjects with different heights
and weights were selected to evaluate the comfort of body pressure distribution and
vibration comfort under crushing conditions of the improved seat, and it could be seen
that the pressure indexes of the four subjects on the improved seat were lower than that
of the original seat, and the vibration isolation rate was improved. Therefore, reducing
the hardness of the upper and lower layers of the seat cushion sponge by 10% could
significantly improve the seat’s comfort.
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