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Abstract
Background: Driving requires sensory-motor abilities in unpredictable and complex driving scenarios. This experi-
mental study aimed to investigate the combined effects of exposure to whole-body vibration and heat on motor skill 
functions of city taxi drivers. Methods: This study was conducted using a driving simulator on 30 male taxi driv-
ers. The drivers were exposed to five exposure conditions set by a single or combined exposure of two air temperatures 
(24 and 30 °C) and two vibration levels (0.5, 1 m/s2). Motor skill functions, including body balance, hand grip 
strength, and perceived fatigue, were measured using a force plate, dynamometer, and Borg CR-10 questionnaire. 
Results: The separate exposure to heat did not modify balance and hand grip strength, but its combined exposure to 
vibration affected balance and grip strength. The effect sizes of heat, vibration, and heat + vibration on balance were 
respectively 0.003, 0.23, and 0.441. Vibration exposure made the most significant mean differences in hand grip 
strength compared with the other scenarios. The separate effect of heat on drivers’ perceived fatigue was comparable 
to vibration. The combined exposure to heat and vibration aggravated the perceived fatigue associated with expo-
sure to heat and vibration alone. Conclusion: Vibration mainly affects the driver’s postural equilibrium, handgrip 
strength, and fatigue. The heat exposure alone did not have any remarkable effects on the balance responses and hand-
grip strength; however, it significantly increased the drivers’ perceived fatigue. Exposure to heat can aggravate the 
effects of vibration on motor skills with a synergistic interaction.

1. Introduction

Using vehicles as taxis in urban life is integral 
to the lifestyle and a source of drivers’ whole-body 

vibration (WBV) [1]. The vibrations transmitted 
from the road surface to the vehicle get in touch 
with the driver through the foot, seat, and backrest 
[2]. Exposure to WBV can cause health problems in 
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the cardiovascular, respiratory, gastrointestinal, spi-
nal, and peripheral nervous systems, and it may also 
cause a disturbance to the vision and hearing systems 
[3, 4]. Hence, long-term exposure to whole-body vi-
bration in taxi drivers can cause adverse effects such 
as reduced perception, annoyance, disturbance of vi-
sion and delicate motor tasks, spinal cord injury, and 
damage to the digestive and reproductive systems. It 
can reduce blood flow to the lower back and causes 
cell damage and local fatigue [5], which may cause 
low back pain [ 6] and postural imbalance [7].

It should be noted that motor skills are defined 
as the fundamental movement characteristics of hu-
mans and are very important in job performance. 
Strength, endurance, and speed are primary skills, 
while mobility and coordination are complemen-
tary. In this regard, Savage et al. mentioned that 
human balance disturbance is one of the most 
common complications of WBV exposure, which 
sometimes leads to falls [7]. A fall accident is a 
non-traffic-related occupational injury, especially at 
high vibration frequencies, due to body imbalance of 
drivers [4]. Human postural equilibrium or balance 
is essential for human motor skills and is very im-
portant for daily activities [8] so standing and walk-
ing depend on it [4]. Balance is a complex process 
achieved from the integrated information of visual, 
vestibular, and somatosensory systems [9]. When 
these sensory systems are disturbed, the body’s bal-
ance control mechanisms change and the balance 
decreases [10]. Studies have shown that vibration 
can reduce the balance by interfering with the pro-
prioceptive system [4, 11, 12]. It should be noted 
that the force plate used to measure balance will be 
able to record the horizontal and vertical reaction 
forces. The center of pressure (COP) coordinates are 
determined, and sway from the pressure center is re-
corded as COP displacement [13].

Handgrip strength is an essential characteristic 
of the hand in different activities, especially driving, 
and reduced strength can indicate muscle fatigue 
due to exposure to vibration. Widia and Dawal 
showed strong relationships between muscle activ-
ity, grip strength, interval time and vibration level. 
Muscle activity and ratio decrease of grip strength 
increase as the vibration level and exposure duration 
increase [14]. Drivers require high motor-sensory 

skills. Hence, proper handgrip strength and suitable 
postural stability are essential for safe driving [4].

The dissatisfaction levels of extreme air tempera-
ture have even some veto power over the existing 
outdoor noise levels from traffic loads during driving. 
Due to the nature of taxi driving in outdoor areas, 
drivers are exposed to heat stress in the warm sea-
sons, aggravated by global warming [15]. Spaul et al. 
have shown combined exposure to heat and WBV 
can even reduce the effectiveness of body cooling 
mechanisms [16, 17]. Exposure to heat and whole-
body vibration (WBV) may be the risk factors for 
drivers’ physical and mental fatigue, which can result 
in poor performance or postural instability [18, 19]. 
Son et al. showed that workers’ balance ability is af-
fected by physical workload and heat exposure [20].

The related literature emphasized the interactions 
among environmental factors and recommended 
more detailed research. It can be seen that exposure 
to any of the physical factors alone can affect the 
physical and mental performance of drivers [21]. 
There are limited studies on the combined effects 
of vibration and heat exposure during driving ac-
tivities, especially among taxi drivers. This study 
empirically investigated the effects of separate and 
combined exposure to vibration and heat on some 
motor skills among taxi drivers under simulated 
driving conditions.

2. Methods

2.1 Subjects

In this experimental study, 30 healthy male taxi 
drivers participated voluntarily, and a clear expla-
nation of the testing process was given to them. 
Eligible drivers filled out a demographic question-
naire which included age, height, weight, history of 
the disease, and the Pittsburgh Sleep Quality Index 
(PSQI) questionnaire assessing sleep quality over a 
1-month time interval. The mean±SD of age and 
BMI of the participants were 34.56±5.93 years and 
22.57±2.06 kg/m2, respectively.

The drivers had not engaged in any possible med-
ications related to motor skills. The drivers had to 
get at least 7 hours of sleep the night before each 
session and not use caffeine or other stimulants. 
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All participants were paid to ensure their motiva-
tion. The Hamadan University of Medical Sciences 
Ethics Committee approved this study (Code: 
IR.UMSHA.REC.1400.036.). All drivers were in-
formed of the research, and consent forms were ob-
tained. The inclusion criteria for volunteers to make 
the study as accurate as possible are as follows:

•	 Drivers should not be older than 45 years;
•	 Weight was kept in the range of 75 to 85 as it 

can interfere with the received vibration levels;
•	 The Pittsburgh Sleep Quality Index ques-

tionnaire score should be below 6;
•	 Drivers should be healthy and be in the 

standard BMI range (18-23);
•	 Drivers should not use specific drugs or 

caffeine, or any other stimulants;
•	 Drivers should not have sleep problems and 

have at least 7 hours a day;
•	 Drivers should not suffer from daltonism 

(Ishihara test) and have correct visual acuity 
(visual acuity score=20/20) using the visual 
screening device (Optec 5000/5000P Series).

2.2 Experimental design

The research was performed using a within-
subjects design, where all drivers were considered 
their controls. A repeated-measures design was 
conducted to investigate the effect of exposure of 
30 minutes to heat or WBV in different scenar-
ios. As shown in Figure 1, the drivers exposed for 
30  minutes to five different scenarios on separate 
days under simulated driving conditions: (i) heat 
exposure (air temperature: 30 °C, WBV accelera-
tion: 0 m/s2), (ii) WBV1 exposure (air temperature: 
24 °C, WBV acceleration: 0.5 m/s2), (iii) WBV2 ex-
posure (air temperature: 24 °C, WBV acceleration: 
1 m/s2), (iv) combined heat and WBV1 (air temper-
ature: 30 °C, WBV acceleration: 0.5 m/s2), and (v) 
combined heat and WBV2 (air temperature: 30 °C, 
WBV acceleration: 1 m/s2). The WBV intensities of 
0.5 and 1 m/s2 were selected based on ISO 2,631 
exposure limit recommendation. They were also 
chosen according to the real data obtained from taxi 
drivers exposed to WBV in fields. The grip strength 
and balance test and Borg scale fatigue were tested 

before and after each scenario. Different scenarios 
were performed randomly for each driver to elimi-
nate the sequence effect. Moreover, the interval be-
tween each experiment was two days to eliminate 
the effects of previous exposure.

2.3 Driving simulation condition

The simulated driving system was derived from 
city car driving software (v1.5.9.2) that simulates 
visual driving. It was linked to a vibration simulator 
(Car racing VR-Sarisa model) with Xbox 360 con-
troller. This car simulator works with a pneumatic 
system mechanism, and it can produce vibration in 
different adjustable acceleration and frequency spec-
trums. It is powered by two air compressors that can 
generate vibrations in different regulated frequencies 
and accelerations. The vibration was set at two levels 
of 0.5 m/s2 and 1 m/s2 and monitored continuously 
by a vibration meter (SVANTEK, SV106A). Table 1 
shows the vibration acceleration values of the driv-
ing simulator system. The vibration of vehicles such 
as the studied taxi car frequently varies from 1 to 
50 Hz, and the most noticeable vibrations occur on 
the Z-axis [22, 23]. It should be noted that the output 
frequency of the driving simulator was 5 to 20 Hz.

The driving simulator was located in the 
air-conditions simulator chamber shown in Figure 2. 
Air-conditions simulator chamber can able to pro-
vide different air temperature conditions. The cham-
ber’s dimensions are 4 × 3.5 × 2.7 m (L×W×H), and 
is made of pre-made injected polyurethane panels 
with a density of 40 kg / m3, and is covered with 
alloy sheets that produce -25 to 50 °C air tempera-
ture condition in the chamber. The WBGT-meter 
(CASELLA -HB3279-03) was used to monitor air 
temperature, and it got constant at 30 °C and 24 °C. 
The digital light meter (INS-DX-200) and Sound-
level meter (LUTRON SL-4011 (Were used to 
keep brightness and background noise at the opti-
mal limit of 300 Lux and 50 to 55 dB, respectively.

2.4 Motor skill functions measurement

For measuring body balance, Subjects’ COP was 
measured in ML and AP axes in two different vi-
sion conditions, including Eyes-Open (EO) and 
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VOLUNTEER TAXI DRIVERS

INCLUSION CRITERIA

30 HEALTHY MALE
TAXI DRIVERS

MEASURE BALANCE, GRIP STRENGTH AND
PERCEIVED FATIGUE

DAY13
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SCENARIO 5

SCENARIO 5SCENARIO 5SCENARIO 5

SCENARIO 1

Figure 1. Diagram of the study experiment setup.

Table 1. Characteristics of vibration accelerations induced by the driving simulator.

Condition (1) x y z sum Condition (2) x y z sum

arms (m/s2) 0.01 0.09 0.49 0.50 arms (m/s2) 0.08 0.11 0.98 1.00

MTVV a 0.11 0.28 2.17 MTVV a 0.30 0.57 2.21

apeak 0.23 0.47 2.71 apeak 0.82 1.35 4.81

VDV b (m/s1.75) 0.24 0.85 4.88 VDV b (m/s1.75) 3.66 12.82 73.20

a= the maximum transient vibration value, calculated at a one-second interval.
b= the fourth power vibration dose value.
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be calculated from formulas to describe the balance, 
all of which are suggestive [11]. A graph of the COP 
displacement recorded by the BioWare software in 
different directions is shown in Figure 4.

Jamar hydraulic hand dynamometer was used to 
measure hand grip strength before and after each 
scenario. The mean score of handgrip strength was 
obtained by three times measured. Each time, a dy-
namometer fitting the anatomy of the individual’s 
hand was calibrated to 0. The volunteers had to keep 
the upper arm close to the body, at a 90-degree an-
gle, grabbing the dynamometer for a few seconds 
with maximum force. The kilogram number on the 
dynamometer indicates gripe strength [25, 26].

Finally, the Borg scale (CR-10) was used to de-
termine the perceived fatigue of the drivers [27, 28]. 
Each of the numbers on this scale expresses a degree 
of perceived fatigue such that a value of zero means 
nothing at all, a matter of five means moderate fa-
tigue, and a value of 10 means unbearable fatigue. 
Fatigue perceived by the individual was used to as-
sess fatigue before and after each scenario.

2.5 Statistical analysis

After confirming the normality of the data by us-
ing the Kolmogorov-Smirnov test, paired sample 

Eyes-Closed (EC), before and after exposure in each 
session. The force plate is placed on a rigid surface 
to prevent unwanted movements. The subjects stood 
barefoot in a Romberg position (stand straight and 
motionless with hands to the sides of the body and 
in a neutral position) on the Kistler 9286BA force 
platform (Winterthur, Switzerland) for 30 seconds 
while they were looking at a specific target at a dis-
tance of one meter from their eyes height [24]. Body 
balance was measured three times with open eyes and 
three times with closed eyes, and an average of these 
was reported. The stand location on the force plate 
must be the same for everyone, so a T-shaped sheet 
was installed on the force plate, and people stood on 
the marked area. The force plate was connected to 
Kistler 9865 amplifier, and recorded data were trans-
formed to BioWare software (Software for Data Ac-
quisition of Force Plates) by an analogue to digital 
converter Kistler 5691A Data Logger. The sampling 
frequency was 100 Hz, and to increase the measure-
ment accuracy, 10s first data were deleted, and the 
20s final data were extracted. Finally, 4,000 coordi-
nate points of COP (2,000 point x, 2,000 point y) 
were used to calculate the root-mean-square of COP 
anterior-posterior (y)/ medial-lateral (x) displace-
ment by using formulas in excel [12]{Cornelius, 
1994 #12;Pollard, 2017 #28}. Many parameters can 

Figure 2. The air-condition simulator chamber (a) and the driving simulator (b).
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T-test was used to determine the effects of exposure 
in different scenarios. When Mauchly’s test rejected 
the Sphericity Assumed, a Greenhouse-Geisser 
correction was used to obtain p-values. The repeated 
measure ANOVA was employed to compare the 
scenarios in pairs and to report effect size (ES). LSD 
post hoc test was used to compare the means be-
tween groups in pair scenarios. All statistical analy-
ses were performed using the SPSS 22 package.

3. Results

The comparison between the root-mean-square 
(RMS) of COP in anterior-posterior (AP) and 
Medial-Lateral (ML) displacement before and after 
different exposure and vision conditions by paired 
t-test is shown in Table 2. In the open eyes con-
dition, there were significant mean differences in 
COP-AP and COP–ML in all exposure conditions 
except for heat and WBV1 scenarios. In the closed 
eyes condition, the significant displacement incre-
ment of COP-AP and COP-ML were observed in 
all scenarios, except for the heating scenario (p=0.24 
and p=0.64). Generally, it was observed that WBV2 
and heat +WBV2 had more significant effects on 
drivers’ body balance compared with the other 
conditions.

Table 2 also shows the effect sizes of COP-AP 
and COP–ML RMS data in all exposure condi-
tions. The heat exposure scenario cannot affect bal-
ance lonely. Still, the combined exposure to heat 
with WBV1 and WBV2 can affect the displacement 
increment of COP more effectively than the single 
WBV exposure scenario.

In open eyes condition, the effect sizes of heat, 
WBV2, and heat+WBV2 on COP-AP were 0.003, 
0.23, and 0.441, respectively. The effect sizes of heat, 
WBV2, and heat+WBV2 on COP-ML were 0.01, 
0.04, and 0.54, respectively. These responses are the 
same about closed eye conditions.

The combined effects of heat and vibration were 
more than the sum of these separated effects. Table 3 
shows the significant differences for RMS data of 
COP in all directions and all exposure scenarios and 
open and closed eyes vision conditions.

Table 4 also shows the pairwise comparison of 
RMS data of COP in EO (AP and ML directions) 

and EC (AP and ML direction) in different expo-
sure conditions.

The mean differences in hand grip strength in all 
scenarios are shown in Table 5.

A significant reduction in grip strength after ex-
posure in all scenarios except in heat and WBV1 
scenarios (p=0.08 and p=0.13, respectively). Based 
on the acquired effect size, WBV2 scenario makes 
the greatest mean differences in hand grip strength 
compared with the other scenarios. It is also ob-
served that the effect sizes of heat, WBV2, and 
heat+WBV2 on hand grip strength are 0.004, 0.012, 
and 0.019, respectively. It can be stated that expo-
sure to heat has increased the effect of vibration on 
hand grip strength. As shown in Tables 4 and 5, it 
can also be seen the separate effect sizes of exposure 
whole-body vibration on drivers’ postural equilib-
rium and grip strength were considerable compared 
with the heat exposure in the domain of the studied 
scenarios.

The effects of different scenarios on the perceived 
fatigue scores were presented in Table 6. The results 
showed that all drivers experienced fatigue in all sce-
narios (p<0.001). According to the acquired effect 
size, the combined scenarios (Heat+WBV1=0.73, 
Heat+WBV2=0.98) have more effect on per-
ceived fatigue than the single exposure scenarios 
(Heat=0.31, WBV1=0.21, WBV2= 0.55).

As shown in Table 6, the separate effect sizes of 
exposure to heat on drivers’ perceived fatigue was 
comparable to vibration at the domain of the stud-
ied scenarios. Moreover, the effect of exposure to 
heat on the perceived fatigue was considerable com-
pared the hand grip strength at the domain of the 
studied scenarios.

4. Discussion

Occupational exposure to environmental factors 
can act in quite complex ways to produce their com-
bined effects on body responses. It is observed that 
the studies about the separate and combined effects 
of occupational exposure to environmental factors 
have become very important.

This study confirmed that separate exposure of 
drivers to vibration caused a significantly increased 
COP displacement in the different directions. Some 
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that visual sensory impairment is associated with 
body imbalance and falls [35].

The mean differences in perceived fatigue among 
drivers in all scenarios were statistically significant 
(p<0.001). In accordance with the current find-
ing, Fujii et al. demonstrated that activity at high 
air temperatures can increase fatigue [19]. Moreo-
ver, Ferreira-Souza et al. mentioned that exposure 
to vibration can induce fatigue among drivers [36]. 
The results confirmed that the synergism interaction 
also occurs in the driver’s perceived fatigue at simul-
taneous exposure to heat and vibration so that the 
size effect of heat and WBV on the fatigue is greater 
than the sum of each factor. The finding represented 
that the separate effect size of exposure to heat on 
drivers’ perceived fatigue was very considerable in 
the domain of the studied scenarios. Heat stress, as 
a physical stressor, can affect the body’s physiologi-
cal responses, and the resulting consequences appear 
as fatigue over time.

The separate effect of exposure to heat is not 
significant on grip strength. However, in the com-
bined exposure condition, the effect of vibration on 
grip strength was aggravated. The low acceleration 
level of vibration could not also statistically affect 
the handgrip strength, but the combined expo-
sure to heat were significant (p<0.001). It should 
be noted that the low grip strength can indicate 
muscle fatigue [37] resulting a decline in physi-
cal function [21]. Albert et al. reported that the 
physical function is an important task in a driving 
vehicle and lack of this is associated with unsafe 
driving [38].

The main limitation of this study is the short-
term exposure as compared with actual working 
hours of driving activities. More studies in the field 
seem necessary to fully validate this finding in the 
long-term exposure of drivers. Moreover, the in-
teraction of this physical factors on some psycho-
physiological responses of the city taxi drivers can 
be studied using the advanced clinical methods in 
future. It should also be noted that the findings are 
limited to the experiment configurations of air tem-
peratures and vibration levels as the most common 
real exposure levels of drivers.

Occupational health program should be carried 
out to help prevent adverse health effects among taxi 

research revealed that whole-body vibration expo-
sure can impair human body balance [4, 29, 30]. 
This impairment actually can reduce the function 
of central postural control mechanisms, especially 
at the high vibration acceleration [31]. Yung et al. 
demonstrated that the single exposure to low to 
high levels of vibration may increment to some ex-
tent in human postural sway [32].

The separate exposure to heat has no significant 
reduction effect on body balance in any direction 
and vision condition, however, the combined ex-
posure to heat and vibration can affect on body 
postural stability more effectively than the single 
WBV exposure scenario. The acquired effect sizes 
data showed that the combined effects of heat 
and vibration on body balances were more than 
the sum of these separated effects. It can be said 
that the synergist effects can be seen in the in-
teraction of heat and vibration on the body bal-
ance. Previous studies on the combined effects 
of vibration and heat on body balance were not 
found. However, Golhosseini et al. determined si-
multaneous exposure to WBV and noise can in-
crease the equilibrium effects more than a single 
exposure to WBV [33]. Raffler et al. also showed 
WBV and awkward posture have more effect than 
single factor exposure on low back pain [5]. It is 
also observed that combined exposure to vibration 
and noise can make disturbance on visual cogni-
tive process [34].

A significant difference of the body balance in 
open and closed eyes vision conditions so that it 
can be indicated the role of sight in body balance. It 
should be noted that, the acceleration of 1 m/s2 can 
upset a person’s proper balance, but acceleration of 
0.5 m/s2, has no direct significant effect on balance, 
but when vision as sensory ability is eliminated, the 
same low vibration level (acceleration 0.5 m/s2) can 
also upset the balance. Black et al. also indicated 

Table 3. The significant differences for RMS data of COP 
in all directions and in all exposure scenarios.

Directions
Mean

Difference SD F p
COP-AP -0.378 0.38 -13.23 < 0.001*
COP-ML -0.447 0.77 -7.72 < 0.001*
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effect size of exposure to heat on drivers’ ‘erceived 
fatigue was very considerable at the domain of the 
studied scenarios. It is recommended that future 
studies focus on the validation of this experimental 
design in field.
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