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Special equipment drivers often suffered from vibration which threatened their physical and mental health. In order to study the
riding comfort of a special equipment cab, a hammering experiment has been carried out on it by acceleration sensors.
According to the test results, the natural frequency has been calculated which was compared with the result analysis by the finite
element method. Next, the equipment operating condition test on a flat road was done. The vibration characteristics of the
whole vehicle were obtained later. The results show that the cab vibration and the finite element results agree well, but the
natural frequency of the cab is close to the vibration frequency of the human body. And this is not conducive to long-term
operation of the drivers. In order to improve the human operational comfort, it is necessary to reduce its natural frequency
during the cab structure design process. The research in this paper can provide help for the similar human-machine operation
comfort study and product design.

1. Introduction

Due to the terrible working environment, some special
engineering equipment dynamic characteristic and vibration
laws are not researched as clear as other mechanics such as
automobiles and trains. So, the study of the special equip-
ment dynamic characteristic along with the vibration law
can provide help for the product design and driver ride com-
fort of such equipment. Vehicle cab is an important part of
manipulating and riding today. The human safety and com-
fort are directly related to vibration characteristics of the cab;
thus, they have engineering and medical significance for
drivers in a biomedical engineering field.

By far, the researchers of the special equipment cab vibra-
tion are mainly as follows: Caffaro et al. had made ergonomic
research on a type of forklift vibration. Then, they analyzed
the effect of the device active suspended cab on the human
body vibration and did the study of the operators’ comfort
[1]. Aiming at improving operating conditions, Sun and
Zhang had done the low-frequency vibration study of the
bulldozer cab vibration; then, the structure design and

improvement scheme of the equipment had been proposed
[2]. Xu et al. had established a comprehensive model of a
cab and an operator; then, the damping layout way had been
researched [3]. Kang had built a 5-DOF human body model
with a cab seat; then, the vibration control had been studied.
Based on the results, the improved structure seat was carried
out to enhance the human body ride comfort [4]. Tarabini
et al. had proposed a high-performance vibration test for
the human body in the operation of a special function device,
which is of great significance to the study of the driver and
seat safety [5]. Xiaoxiong had studied the human body vibra-
tion physiological parameters which are important for the
human body and mechanical equipment ergonomics [6].
Yuezhen et al. had analyzed the vibration of human tactile
feedback progress which was very helpful in the aerospace
personnel comfort field [7]. Zhang et al. had established a
5-DOF body sitting position model. Then, the vertical vibra-
tion characteristics of each part were obtained which pro-
vided dynamic design reference for the human-machine
interface system [8]. Yingjie et al. had studied the ride com-
fort of the high-speed railway passenger system and had
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analyzed the influence of the vibration frequency on the
human body’s ride. Then, the comfort evaluation of a human
machine can be obtained according to the body response [9].
Chao had studied a specialized engineering vehicle driver
ride comfort and gave the research status and key technolo-
gies of it nowadays [10]. Zhiyan had studied the safety and
comfort of a construction machinery cab in order to obtain
the vehicle and personnel operating suitable working envi-
ronment [11]. Minglong had made a vibration study on the
cab of a certain type loader. Then, the structural design had
been improved to reduce the cab vibration which gave the
guidance to the comfort improvement of the human body
[12]. Zhang et al. had established a mathematical model of
a road vehicle and analyzed the vibration coupling effect
[13]. Sim et al. had evaluated the hydropneumatic and semi-
active cab suspension ride comfort of agricultural tractors
and given a control algorithm for the suspension system
[14]. Zhao et al. had built a hybrid model of seat-cab coupled
system for a truck and did the cab suspensions test. Then, the
parameters had been identified by the equipment [15].
Deboli et al. had done the whole body vibration measure-
ment of horizontal and vertical transmissibility of an agricul-
tural tractor seat. Finally, they had drawn the conclusion that
the rolling and pitching effects can be reduced by using spe-
cific suspension systems along the horizontal and lateral
directions [16]. Humphreys et al. have investigated the sys-
tem dynamics which included the human operator and bio-
dynamic feedthrough. Then, two methods of compensation
for biodynamic feedthrough based on their models had been
developed. The results showed that the operators perform
better and prefer the vibration-compensating controllers
over their non-vibration-compensating counterparts [17].
Sim et al. had proposed a hydropneumatic suspension
applied with the semiactive control method. Then, the ride
comfort has been predicted by using the vehicle model based
on computer simulation in the end [18]. Talamonti et al. had
described a new method called “mirage scenario” to support
formative evaluation of driver alerting or warning displays
for manual and automated driving. And the results showed
that no collision avoidance maneuvers were performed;
thereby, it reduced the risk of simulator sickness [19]. Mah-
moodabadi et al. have introduced a novel combination of
particle swarm optimization (PSO) and genetic algorithm
(GA). The hybrid algorithm uses the operators such as muta-
tion, traditional or classical crossover, multiple-crossover,
and PSO formula. At the end, the algorithm had been used
for the Pareto optimal design of a five-degree of freedom
vehicle vibration model. The comparison of the obtained
results demonstrated that it has a good result in the work
[20]. Lepine et al. had proposed to use machine learning
to identify shocks present in acceleration signals measured
on road vehicles. Next, a machine learning algorithm has
been trained to identify shocks buried within road vehicle
vibration signals. The results showed that the machine learn-
ing algorithm was considerably more accurate and reliable
in identifying shocks than the more common approaches
[21]. Nariman-Zadeh et al. had proposed a new multiob-
jective uniform-diversity genetic algorithm (MUGA) called
the ε-elimination algorithm. Then, it was used for Pareto

optimization of a five-degree of freedom vehicle vibration
model considering the five conflicting functions simulta-
neously. The results showed that the 5-objective optimization
provided more choices for an optimal design of a vehicle
vibration model [22]. Burdzik had presented a novel method
for research on exposure to nonlinear vibration of passenger
car suspension as a nonlinear dynamical system. The advan-
tage of this method is possibilities of precise analysis of cho-
sen frequency bands. Then, the influence of damping of
shock absorber on exposure to vibration had been discussed
[23]. Probabilistic metrics were used for a robust Pareto
multiobjective optimum design of five-degree of freedom
vehicle vibration model by Jamali et al. The robustness
of the design obtained using such a probabilistic approach
was shown and compared with that of the design obtained
using deterministic approach in the end [24]. Auersch had
performed a complex measuring campaign including the
simultaneous measurement of vehicle, track, and soil
vibrations during train runs at 16, 25, 40, 63, 80, 100,
125, 140, and 160 km/h and analyzed the results then
[25]. Lee et al. had introduced a damper that can reduce
the amplitude of vibration in various frequency ranges.
The electromagnetic damper can change its mode to
respond to the vibration excitation at both low and high
frequencies. The results were compared with those of a
dynamic damper and indicated that the amplitude of
vibration was reduced by 95.6% when the electromagnetic
damper had been implemented on an H/Shaft [26]. Other
researchers such as Wenku, Jinwu, Lin Xijun et al., and
Lin also had made contribution to the cab vibration sup-
pression for such equipment [27–30].

As can be seen in the studies of previous researchers,
there are different studies in cab structure optimization,
vibration characteristic, and human ride comfort of a special
equipment. But so far, the study of special equipment has not
yet formed unified laws such as vehicles and trains so the
research of this special equipment such as the slag pot car-
rier vibration test is of great significance. In this paper, a
special study of such metal slag transport equipment has
been researched; then, the study of its cab vibration has
been tested aiming at obtaining the vibration and working
dynamic characteristics. This paper is organized as follows.
In section 2, the modal theory is introduced and a finite
element model of the cab has been established. In section
3, a flat road test of the special equipment has been done.
In section 4, a discussion between human body and the cab
vibration is described. Finally, section 5 gives a conclusion.
All of these give assistance to the cab structure optimization,
vibration reduction, and human operating comfort research
for engineers and doctors.

2. Cab Modal Theory and
Hammering Experiment

The motion equation of the multi-degree-of-freedom system
with proportional damping can be written as

M x + C x + K x = f t 1
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In (1),

C = α M + β K 2

Here in (2), α and β are the proportionality constants. C
is the damping matrix. So (2) has been called proportional
damping equation. M and K are the mass and stiffness
matrixes, where {} represents vector and [] represents matrix.
By coordinate transformation, (3) can be obtained.

x = 〠
N

r=1
qr φr 3

In (3), φr is the rth order mode which can be defined
by M x + K x = 0. By typing (3) into (1),

M 〠
N

r=1
qr φr + C 〠

N

r=1
qr φr

+ K 〠
N

r=1
qr φr = f t

4

Then, (4) is left multiplying φs
T , and if the modal

vibration orthogonality has been taken into account, (5)
and (6) can be written as

φs
T M φr =

0, r ≠ s,
ms, r = s,

5

φs
T K φr =

0, r ≠ s,
ks, r = s

6

Next,

φs
T C φr = α φs

T M φr + β φs
T K φr

=
0, r ≠ ,

αms + βks = cs, r = s

7

In (7), ms, ks, and cs are respective of the sth order
modal mass, stiffness, and modal damping coefficients.
And furthermore, (8) can be gotten by

msqs + csqs + ksqs = φs
T f t 8

In (8), qs is the sth order modal coordinate. Let f t =
F ejωt then qs =Qse

jωt . By substituting it into (8),

−ω2ms + jωcs + ks Qse
jωt = φs

T F ejωt , 9

Qs =
φs

T F
−ω2ms + jωcs + ks

10

In (9) and (10), Qs is a modal coordinate vector with
amplitude and phase which can be seen as a response of a
single-degree-of-freedom system with mass, stiffness, and
damping, respectively, ms, ks, cs under the action of modal
force Ps = φs

T F . Qs is the phase with respect to the exci-
tation force. So the displacement response is obtained
according to (3) as seen in (11) and (12).

x =

X1

X2

⋮

XN

ejωt = 〠
N

r=1
qr φr = 〠

N

r=1
Qr φr ejωt , 11

X =

X1

X2

⋮

XN

= 〠
N

r=1
Qr φr = 〠

N

r=1

φr
T F φr

−ω2mr + jωcr + kr

= 〠
N

r=1

φr φr
T

−ω2mr + jωcr + kr
F

12

Equation (12) is a modal shape in which the proportional
viscous damping system has been considered which can be
converted into

X = 〠
N

r=1

φr φr
T F

kr 1 − ω/Ωr
2 + j2ζr ω/Ωr

13

In (13), Ωr = kr/mr and φr are the eigenvectors
of no damping vibration system which represent the
vibration amplitude ratio of each particle at the time of
natural frequency Ωr . According to the multifreedom
modal theory and based on the test equipment, the
hammering test experiment has been carried out in the
following process.

The test object is a metal slag transfer vehicle. If the
diver operates it during a long time in the cab, he will
have dizziness, nausea, and tinnitus problems. In order
to improve the human-computer interaction and opera-
tional comfort, the special vibration test will include two
aspects: (1) cab interior hammering test which aims at get-
ting its vibration characteristics. (2) normal working con-
dition on the flat road: the purpose of the test is to
determine whether there is resonance between the vehicle
cab vibration and the body with the human physical
parameters. Furthermore, it can provide help for the study
of human comfort when operating the vehicle. The test
velocity is 25 km/H on the 500-meter-long flat road.

Dynamic data acquisition instrument called Dewesoft
has been adopted as shown in Figure 1. It has 16 input and
output channels, 6 acceleration channels, and 2 CAN
modules. The collected pressure, displacement, strain, and
data can be gotten and postprocessed by it. The cab is fixed
on a steel plate by means of a shock absorber. Then, the
ICP acceleration sensors are arranged as shown in Figures 1
and 2. Besides the test, data is collected by using DS-NET
signal collecting and processing instrument.

By hammering the around corners of the cab, the left
rear corner, and the right rake angle, the 3rd accelerator
signal time curve under the deck of the cab is shown in
Figure 3.
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By the frequency domain analysis of the cab system, the
first two order natural frequencies can be obtained: 7.8Hz
and 12.5Hz. And the damping ratio is about 0.213. The ver-
tical hammer analysis of the cab’s right front corner is shown
in Figure 4.

By the frequency domain analysis of the cab system, the
first two order natural frequencies can be obtained: 7.3Hz
and 11.7Hz. And the damping ratio is about 0.222.

According to the left and right rear corner test results, the
obtained frequencies of the cab below 20Hz are 7.1Hz,

7.8Hz, and 12Hz. In order to verify the results, a finite ele-
ment model of the cab has been established as shown in
Figure 5. Then, the vibration characteristics and the corre-
sponding vibration modes have been calculated. The cab
used Shell63 unit in the finite model. The shock absorber
between the cab and the frame used combine 14 units.
Then, the first four order modes have been calculated
then. The natural frequency values are 6.80Hz, 7.95Hz,
12.02Hz, and 12.04Hz which are in good agreement with
the test results.

# 8

# 3

Figure 1: The measure equipment and number 3 and number 8 sensor arrangement.
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Figure 2: Arrangement of the sensors in the test.
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Figure 3: The 3rd sensor acceleration time domain signal of the left
rear hammering under the driver’s seat.
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Figure 4: The 3rd sensor acceleration time domain signal of the
right front hammering under the driver’s seat.

Figure 5: Natural frequency solving finite element.
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3. Flat Road Motion Test

The equipment usually works on the flat road so it is of great
importance to do the flat road work condition test. Accord-
ing to the measuring point arrangement from the test field,
the acceleration signal data within 0.5 s has been collected.
The time domain data of the frame steel plate (acceleration
sensors 4 and 9), under the seat (acceleration sensor 8), and
the instrument panel (acceleration sensors 1 and 2) are

shown in Figure 6. Besides the acceleration sensor 4, 9, and
8 frequencies, domain curves are shown in Figure 7.

By analyzing the frame plate (acceleration sensors 4
and 9) and under the seat (acceleration sensor 8) accelera-
tion spectrum, it can be calculated that each spectrum
has a different degree of peak at the frequency of 4.8Hz.
This indicates that there exists a natural frequency near the
4.8Hz of the vehicle. This natural frequency along with the
first three order natural frequencies of the cab and the natural
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(b) The 9th sensor acceleration of the frame plate
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(c) The 8th sensor acceleration under the cab seat
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(d) The 2nd sensor acceleration of the frontier dashboard
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(e) The 1st sensor acceleration of the rear dashboard

Figure 6: Acceleration time-domain tested signal of the flat road condition.
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frequency vibrations of the driver’s body part of the
organism will resonate if they are similar. The occurrence
of resonance will cause different physiological discomforts
of the operators.

4. Human Vibration Parameter Comparison
and Result Discussion

According to the existing research, the natural frequency of a
human-standing body is about 7.5Hz, and the frequency of a
sitting posture in the cab is generally 4–6Hz. The natural fre-
quency of the main body parts is shown in Table 1.

It can be seen from Table 1 that the natural frequencies of
the human spine and head are relatively large in all parts.
This is because most of these two parts are composed of rigid
bodies, and the degree of flexibility is relatively small. The
frequency of the thoracic cavity and heart is about 5Hz,
relatively small, because both parts are muscular tissues with
a high degree of flexibility. The natural frequencies of other
parts, such as the pelvic cavity and the abdomen, are in the
middle position.

Thus, the resonance is likely to occur among the cab, the
whole vehicle, and the operator. If the special equipment
driver is in the vibration environment for a long-term

without control, the motion, urinary, digestive, nervous,
and cardiovascular system diseases will lead to physiological
health disease either. So in order to protect the driver’s phys-
ical and mental health, the vibration of the equipment must
be controlled in a reasonable range. It is close to the natural
frequency of the chest and heart. Therefore, in order to avoid
the two parts being affected by resonance, it is necessary to be
close to the seat when driving. It can form a system with the
seat, so as to improve the natural frequency of the whole
vehicle and avoid the self-resonance area. The important

Table 1: The main part of the human body natural frequency.

Body part Natural frequency (Hz)

The whole body 7.5

Body torso 7–13

Head 8–12

Thoracic cavity 4–6

Heart 5

Abdominal cavity 6–9

Spine 10–12

Pelvic 6
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(c) The 8th sensor acceleration spectrum under the cab seat

Figure 7: Number 4, 9, and 8 sensor acceleration spectrum curve.
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parts of the human body vibration frequency are generally
located in about 3Hz–17Hz. According to the International
Standard ISO 2631 in the vertical vibration of the human
body, the sensitive range is located in 6Hz–8Hz. In this
range, the EMG and EEG energies will have a substantial
increase due to the vibration. When the body vibration fre-
quency reaches 10Hz–20Hz, the skeletal muscle will have a
tight contraction. Then, it will suppress the tendon reflex.
According to the test of this special equipment, there is a nat-
ural frequency near 4.8Hz of the machine. The first three
order frequencies of the vehicle cab are 7.1Hz, 7.8Hz, and
12Hz which are close to the equipment normal work condi-
tion frequency and the driver’s physical parameters. The nat-
ural frequencies of the head and spine are closer to them.
Therefore, head fixtures can be added in the cab seat, and
try to put the head in the fixed slot as far as possible, and
the back of the body should be close to the seat either. It
can effectively avoid the resonance frequency range by mak-
ing a whole system with the seat. Finally, the drivers’ discom-
fort can be decreased to the maximum degree.

5. Conclusion

From the “people-oriented” concept, in order to reduce the
operator’s long-term operation of the special equipment,
which may cause physical and mental health damage, a spe-
cial equipment cab system hammer test and the whole vehi-
cle flat road motion test have been done. The conclusion
can be drawn as follows:

(1) By the hammering test analysis of the equipment cab,
the first 3 order natural frequencies of the system are
about 7Hz, 7.8Hz, and 12Hz. Besides, the damping
ratio is about 21%, which is close to the vibration sen-
sitive range of the human body.

(2) The cab shock absorber has a part of the vibration
suppression effect of the flat road random excitation
which improves the driver’s operating comfort to
some certain extent. The natural frequency of the
cab system is higher than that of the whole vehicle.
But the damping pad usually works at a low fre-
quency near the natural frequency of the whole vehi-
cle which cannot play a good damping effect for a
long time. At the same time, the driver and the seat
are in direct contact so the human body is in the most
uncomfortable frequency vibration range.

(3) In order to improve the comfort of the driver, it is
necessary to reduce the natural frequency of the cab
structure in the design process. Furthermore, when
the cab frequency has been reduced, the shock
absorber can work efficiently which is of help for
the working safety of the machine also.

(4) The lower the whole vehicle and the cab natural fre-
quency the more conducive for the operators to avoid
the body vibration uncomfortable area. So the equip-
ment full load capacity and cab structure design
should be considered at the same time.
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