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A B S T R A C T   

A large number of workers are exposed to Whole-Body Vibration (WBV) on a daily basis. In the construction 
sector, the risk associated with vibration exposure is high as driving vehicles in areas with unpaved-roads or 
uneven surfaces is a very common activity. Drivers may be exposed to high levels of WBV, which may lead to the 
development of musculoskeletal disorders. Accordingly, this study developed a GIS-based methodological 
framework to reduce and manage WBV exposure in the process of routes design. The framework, providing the 
optimal route using a least-cost path analysis using the optimising criteria of travelled time and WBV exposure, 
was established. The methods set out in EU-Directive 2002/44/EC and ISO2631-5:2018 are applied. A case study 
was conducted in order to illustrate the proposed methodological framework. The information provided by the 
framework can be used by the construction companies and safety management to protect construction workers 
from excessive WBV exposure.   

1. Introduction 

Workers in different occupational sectors are exposed to physical 
hazards in the workplace such as noise and whole body vibration (WBV), 
with the construction sector being one of the most prevalent [1]. Noise 
exposure has determined the need to develop management models, both 
to protect the health of workers and to ensure the acoustic comfort to 
dwellers near the construction sites [2–5]. In the case of vibration 
exposure, construction workers might also be exposed to WBV on a daily 
basis by driving delivery vehicles or heavy equipment vehicles (such as 
earth moving equipment, trucks, dumpers, etc.) [6,7]. In fact, many of 
the activities carried out with such vehicles are performed on uneven 
surfaces, which imply a higher level of exposure to WBV, and mechan-
ical shocks compared to activities performed on regular surfaces [8,9]. It 
should be noted that vehicle operation is not limited to the construction 
site; the transport of construction materials accounts for up to 30% of 
traffic in cities and represents up to 30% of the tonnage transported in 
cities [10]. In general, the perception of comfort during vehicle driving 
is closely related to WBV, with the pavement performance being a 
critical factor in the driving comfort experience and drastically affecting 
the safety management of roads [11]. 

This situation is a major cause of concern within the workforce 
because this condition is associated with the development of a number 
of adverse health conditions, including the potential development of 

various neuropathies [12], digestive problems [13,14] and possibly 
cancer [6,15]. Moreover, previous research has shown epidemiologic 
evidence that relates this physical exposure at work to the development 
of work-related musculoskeletal disorders (WMSDs) [16,17], which 
have a high impact on health and reduce the quality of life of workers 
during their working life and retirement. These health problems include 
degenerative changes in the lumbar spine [5,18–21], low back pain 
[22–24], sciatica [25], neck pain [9,26,27] and disorders such as motor 
performance [28]. 

Currently, about a third of the worldwide population [29] and more 
than half of European workers face WMSDs [16]. Construction workers 
are among the workers with the highest prevalence of this type of dis-
order [1,30]. The research conducted by Wahlström J. et al. [19] 
showed that there was an increased risk for hospitalisation due to 
lumbar disc herniation for workers in the construction industry exposed 
to medium to high WBV compared to white-collar workers and foremen. 
Although in literature numerous studies have addressed construction 
safety problems from different facets [31,32] and some of them focused 
on the equipment and vehicles use in construction sector [33–36], less or 
little attention has been paid to the problems related to vibrations and 
driving delivery vehicles (e.g. concrete mixer truck). 

These circumstances mean that WMSDs are a significant global 
health problem with important socio-economic consequences, with a 
great impact on the most affected sectors. In consequence, governments 
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have sought strategies for the minimisation of the risks from WMSDs. In 
this context, the EU published the Directive 2002/44/EC [37] with the 
aim of laying down minimum requirements for the protection of workers 
from risks to their health and safety arising from, or likely to arise from, 
exposure to mechanical vibration. This directive is complementary to 
the European Framework Directive on Safety and Health at Work [38] 
adopted in 1989. 

Directive 2002/44/EC establishes that the WBV exposure assessment 
methods are those defined in ISO 2631-1:1997 [39], the daily exposure 
A(8) and the vibration dose value (VDV). In addition, it defines daily 
exposure limit values for vibrations, the Exposure Action Value (EAV) 
and the Exposure Limits Value (ELV). However, both methods provide 
the assessment of daily exposure to WBV without considering the cu-
mulative exposure to vibrations over longer times. In this context, ISO 
2631-5:2018 [40] has recently been published. This standard defines 
two exposure regimes to assess the risk of chronic injury from exposure 
to repeated shock based on the predicted biomechanical response of the 
bony vertebral endplate (hard tissue). It also provides values to deter-
mine whether the probability of an adverse health effect due to pro-
longed exposure to WBV is low, moderate, or high. 

This regulatory framework has been defined mainly with a preven-
tative character. In this sense, vehicle transport routing techniques can 
be included as a Prevention through Design (PtD) Tool [41] in order to 
manage the exposure of drivers to WBV. 

Furthermore, routing techniques for the identification of the most 
suitable path have been significantly enhanced by Geographic Infor-
mation Systems (GIS) and the development of the application of spatial 
optimisation techniques. The Dijkstra's algorithm [42] is one of the most 
widely used techniques for optimal routing analysis in GIS. This algo-
rithm provides the Least-Cost Path (LCP) between two nodes in a 
network based abstraction. Several studies have shown that this LCP 
analysis can be used to optimise transport routes: Marc Schröder and 
Pedro Cabral [43] propose a model based on a 3D-road network for the 
minimisation of fuel consumption and CO2-Emissions; Sosa et al. [44] 
used a network-based spatial analysis to estimate the least-cost route for 
the distribution of biomass with the use of GIS; Abdul Hakim Salleh et al. 
[45] and Bueno-Delgado et al. [46] proposed a route optimisation 
method as a solution to the problem of waste collection using network 
analysis. However, a vector-based network data structure that only in-
cludes road data cannot be applied in areas without roads, or with 
temporary unpaved roads. 

Off-road driving is a very common activity in the engineering and 
construction sector since the execution of projects may require travel in 
areas without roads. Aiming to solve this problem, many studies use a 
raster-based least-cost path algorithm based on Dijkstra's algorithm. 
This technique is broadly used in real-world applications such as finding 
layout planning in large earthmoving projects [47], minimising envi-
ronmental impacts of power lines [48] and optimising earthmoving job 
planning [49]. However, the LCP analysis has not been implemented for 
the purpose of managing WBV exposure in transport operations. 

In this context, this research develops a GIS-based methodological 
framework to identify the optimal route using an LCP analysis to manage 
WBV exposure. The proposed framework aims to offer a novel approach 
which provides easy visualisation of the routes and reliable information 
to support decision-making in the field of safety management. For this 
purpose, the optimising criteria of travelled time and WBV exposure are 
established. In this framework, the assessment method established in 
Directive 2002/44/EC is implemented in order to determine the prob-
ability of suffering health problems due to WBV exposure. The route 
obtained is displayed in the GIS software and the WBV exposure data is 
registered. From these results, a data base can be created to monitor and 
manage the worker's WBV exposure over time. Finally, an illustrative 
case of application of the proposed methodology is shown. 

The structure of the paper is given as follows. Section 2 provides the 
preliminary concepts and the spatial analysis techniques applied in this 
study. This section gives detailed information about the WBV assessment 

methodology and the LCP analysis. Section 3 describes the proposed 
methodology and the criterion for the route design optimisation. Section 
4 illustrates the proposed methodology with a case where the method-
ology is applied. Finally, Section 5 provides discussion, and Section 6 
provides final judgements and conclusions. 

2. Preliminary concepts and spatial analysis techniques 

2.1. Whole-body vibration assessment 

As stated in the introduction, the methods for assessing the risk 
associated with WBV exposure are defined in both ISO 2631-1 and ISO 
2631-5. Both methods use the acceleration recorded and measured on 
the seat surface in representative situations. This data is used to estimate 
the WBV exposure dose, which is extrapolated from this measurement to 
a recorded exposure duration in the past, or to a predicted exposure 
duration in the future. The following sections summarise the procedure 
used in both standards. 

2.1.1. ISO 2631-1:2008 parameters 
This standard defines two methods, the daily exposure A(8) and the 

vibration dose value (VDV), which are both referred to in the EU 
directive (Directive 2002/44/EC) for the assessment of exposure to WBV 
in the workplace. Both methods are based on the calculation of the root 
mean square (rmsw) of the weighted averaged acceleration and the vi-
bration dose value (vdvw), respectively. 

According to the ISO 2631-1 standard, Butterworth filters are used to 
weight the acceleration in frequency for calculating the first parameter. 
The z-axis is weighted using weight denoted as Wk and the x- and y-axes 
using Wd. The root mean square (rmsw) of the weighted averaged ac-
celeration (m/s2) is then calculated as the second power of the acceler-
ation time history as the basis for the averaging process (Eq. 1): 

rmsw =

[
1
T

∫ T

0
a2

w(t)dt
]1

2

(1)  

where aw is the frequency-weighted instantaneous acceleration (Wd on x 
and y axes, Wk on z axis), and T is the time duration of the measurement. 

The vibration dose value (vdvw) is calculated as the fourth power of 
the acceleration time history (Eq. 2), so this parameter is more sensitive 
to peaks than the rmsw: 

vdvw =

[ ∫ T

0
a4

w(t)dt
]1

4

(2) 

In order to determine the worker exposure assessment according to 
Directive 2002/44/EC, the daily exposure value (A(8)) (Eq. 3) and the 
vibration dose value method (VDV) for each axis (Eq. 4) are then 
calculated as follows: 

A(8)i = ki rmsiw

̅̅̅̅̅̅̅̅
Texp

T0

√

(3)  

VDVi = ki vdviw

̅̅̅̅̅̅̅̅̅̅
Texp

Tmeas

4

√

(4)  

where i denotes the x, y, and z-axes, k denotes the multiplication factor 
defined for each axis (kx, y = 1.4 and kz = 1), Tmeas is the measurement 
period, T0 is the reference duration of eight hours, and Texp is the daily 
duration of exposure to the vibrations. 

In those cases where the subject is expose to WBV in two or more 
operations with different vibration magnitudes, the partial vibration 
exposure values are combined to obtain the overall daily exposure value. 
In this case, the value of the parameters A(8) (Eq. 5) and VDV (Eq. 6) can 
be calculated as: 
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A(8)i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j
A(8)ij

2

√
√
√
√ (5)  

VDVi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j
VDVij

44

√
√
√
√ (6)  

where i denotes the x, y, and z-axes, j denotes the j-th WBV exposure, n is 
the total number of WBV exposure operations, A(8)ij is the A(8) value for 
the i-th axis in the j-th operation, and VDVij is the VDV value for the i-th 
axis in the j-th operation. 

Subsequently, the highest of the three single axis values can then be 
compared with the Daily Exposure Action Value (A(8) = 0.50 m/s2 and 
VDV = 9.10 m/s1.75) and the Daily Exposure Limit Value (A(8) = 1.15 m/ 
s2 and VDV = 21.00 m/s1.75) established by the EU directive (Directive 
2002/44/EC). 

2.1.2. ISO 2631-5:2018 parameters 
This standard defines two assessment methods based on different 

exposure regime conditions. This research implements the method that 
addresses what the standard calls “less severe conditions”, as the ac-
tivities considered do not contain exposure to WBV with free-fall events 
and the subject does not lose contact with the seat surface due to the 
shock. 

This method requires as input the acceleration time series. The 
measurement data from the seat surface can also be used as input for the 
backrest surface if this data is not available. In addition, the model also 
needs as input the exposure time periods (hours per day, and days per 
year), the life-time exposure history, the Posture Group, and the 
anthropometric characteristics of the drivers (body mass and height). In 
cases where the life-time exposure history data are not available, or in 
order to compare different exposures, the Appendix A of the standard 
states that the analysis should be accomplished assuming the most 
unfavourable exposure conditions. The values of the exposure time pe-
riods (hours per day, and days per year) and the life-time exposure 
history are chosen in such a way that they maximise the spinal load. 

On the basis of this data, the intervertebral compressive forces, and 
the maximum daily compressive dose for the six disc levels of the lumbar 
spine (T12/L1, L1/L2, L2/L3, L3/L4, L4/L5 and L5/S1) were calculated 
as follows (Eq. 7): 

SA =

(
∑

i

(cdyn,i

B

)6
)1

6

(7)  

where cdyn, i (N) stands for the sum of peak compressive forces acting on 
the vertebral endplate, and B (mm2) is the area of the vertebral endplate. 
The equivalent daily compressive dose (Sd

A) is calculated considering 
the total duration of the exposure during a day (Eq. 8): 

SA
d =

(
∑n

j
SA6

j
tdj

tmj

)1
6

(8)  

where Sj
A is the dynamic compressive stress of the lumbar spine due to 

vibration exposure to operation j, tdj is the time period of the daily vi-
bration exposure to operation j, tmj is the time period over which Sj

A has 
been measured, j is the j -th operation which exposes the worker to WBV, 
and n is the total number of operations which expose the worker to WBV. 

The Risk Factor RA for every disc level is estimated based on the Sd
A: 

RA =

⎛

⎝
∑n

m=1

(
SA

d Nm
1
6

SA
u,m − SA

stat,m

)6
⎞

⎠

1
6

(9)  

SA
u,m = 6.765024 MPa − 0.067184 MPA (b+m) (10)  

where m is the year counter, Nm is the number of exposure days per year 
m, n is the number of exposure years, Su, m

A is the ultimate strength of the 
lumbar vertebra for a person of age (b + m) years with b being the age at 
which the exposure started, and Sstat, m

A is the mean value of the 
compressive-decompressive force divided by the area of a vertebra 
endplate B (mm2) for year m. 

2.1.3. Health guidance caution zone (HGCZ) 
The exposure assessment methods for WBV exposure specified in ISO 

2631-1 are adopted in the European Directive 2002/44/EC. This EU 
directive also determines standardised limits to an 8-h exposure refer-
ence period. In addition, boundaries for the emergence of probable 
health effects derived from multiple shocks vibration exposure are 
defined in ISO 2631-5:2018 (Table 1). 

2.2. GIS least-cost path algorithm 

The LCP analysis is a technique of finding a sequence of cells between 
an origin cell and a destination cell with the least possible cost in a raster 
space [50]. This technique finds least-cost paths by considering a hy-
pothetical network on a raster. In this hypothetical network, one node is 
considered for each cell center, and each node is connected to its adja-
cent nodes by multiple links [51]. 

In this context, GIS technologies have proven to be quite valuable in 
the process of implementing such techniques. This analysis is based on 
applying algorithms such as Dijkstra's shortest path algorithm [42] and 
the back-link mechanism of Xu and Lathrop [52] on a cost raster. 
Dijkstra's algorithm allows creating a path on a cumulative cost surface. 
This algorithm is executed as a sequence of steps: in the first step, the 
shortest weighted distance (or accumulated travel cost) is calculated for 
each raster cell to the give origin cell over a cost surface. This process 
differs from the Euclidean distance, which is a simple function of a 
straight line between two points [53]. The cost distance tool utilises the 
node/link cell representation used in graph theory. Each link that con-
nect the cells has an impedance with it. The impedance value is derived 
from the costs associated with the cells at each end of the link (from the 
cost surface dataset) and the direction of movement through the cells. 
The cost assigned to each cell represents the cost per unit distance to 
move through the cell. As a result, this tool returns as output, a raster in 
which each cell is assigned the accumulated cost up to the origin cell. 

In the second step, the algorithm uses the path distance tool in order 
to find the least-cost path between the origin cell and the destination 
cell. This is a cost distance analysis tool accounting for the surface dis-
tance as well as the horizontal and vertical cost factors criteria. 

3. Framework to manage whole-body vibration exposure 

This study presents a GIS-based methodology to optimise WBV 
exposure in the process of routes design. The routing design process is 
optimised by minimising WBV exposure and minimising travel time. The 
model allows visualising the route that optimises both objectives and 

Table 1 
Health guidance caution zone.  

Directive 2002/44/EC ISO 2631-5:2018 

Exposure limit values and action values Probability of an adverse health 
effect 

Exposure Action 
Value (EAV) 

A(8) =

0.50
m
s2  

VDV =

9.1
m

s1.75  

Low Sd
A <

0.5 MPa 
RA <

0.8 
Moderate Sd

A >

0.5 MPa 
Sd

A <

0.8 MPa 

RA >

0.8  

RA <

1.2 

Exposure Limits 
Value (ELV) 

A(8) =

1.15
m
s2  

VDV =

21.0
m

s1.75  

High Sd
A >

0.8 MPa 
RA >

1.2  
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calculating the exposure associated with the obtained route. The 
methodology integrates the WBV assessment and the LCP model to 
obtain the optimum route according to the defined criteria. A general 
methodology overview is given in Fig. 1, where the connection between 
the data obtained from the field measurement and the consecutive 
phases of the methodology implemented in the ArcGIS software [54] can 
be seen. 

The implementation of the methodological framework is divided into 
three stages: (1) Activity characterisation. In this first stage, field work is 
carried out, where the characteristics of the activity are analysed, and 
the acceleration transmitted through the seat and the time and position 
of the vehicle are measured. (2) Raster Map Calculation and routing 
process optimisation. In this second phase, the optimal route connecting a 
point of origin and a point of destination is calculated from the data 
obtained in phase 1. This process is carried out using the cost-distance 
tool in GIS. For this purpose, the ArcGIS software ArcMap [54] was 
used to implement the Spatial Analysis tools to measure the cost dis-
tance. (3) Visualisation and decision-making. Finally, the route obtained 

in the previous stage and the parameters associated with it (level of WBV 
exposure, time and distance travelled) are shown in this stage. 

The methodological framework can also be applied to other opti-
misation criteria, as it provides the level of WBV exposure, and the time 
and distance travelled of the resulting route. This information can be 
used by the safety manager to support decision-making in the field of 
logistics and supply chain management, as well as worker health and 
safety management. 

3.1. Stage 1: Activity characterisation 

Since WBV exposure depends on different factors [55], the charac-
teristics of the activities that the driver performs with the vehicle must 
be analysed. In this sense, the following data must be collected: the 
characteristics of the activity (velocity, surface, and performance char-
acteristics), driver characteristics (weight, height, age, and posture) and 
WBV exposure characteristics (exposure duration and if the exposure 
contains multiple shocks). This data is used as input for the defined 

Fig. 1. Framework of the developed methodology.  
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methodology. The analysis of this data is used to define a measurement 
strategy which ensures that the data obtained are representative of the 
different exposure conditions as laid down in ISO2631-1 and ISO2631-5. 

Once the measurement strategy is established, the speed of the 
vehicle and the acceleration at the interface between the driver and the 
seat of the vehicle must be measured. During data collection, the ac-
celeration must be measured using a triaxial accelerometer disc placed 
on the seat pad. In addition, the time and position of the vehicle must be 
recorded simultaneously with a GPS logger. Both sensors must start the 
measurement simultaneously. In addition, since accelerations measured 
during loss of contact between the driver and the seat surface shall not 
be counted as exposure, the subject must remain seated without losing 
contact with the seat surface. 

The data obtained from the measurement are subsequently used as 
input for the defined methodology. From these, the WBV exposure 
associated with each type of activity performed by the worker is esti-
mated, considering the speed of travel of the vehicle and the nature of 
the surface where the activity is performed. The parameters A(8), VDV, 
and SA must be estimated, as described in Section 2. 

In addition, the average velocity (vs) of each different exposure 
condition must be estimated. On the basis of vs, it is possible to calculate 
the time taken to travel 1 km on each type of surface (t1km, s). This 
parameter will be used to estimate the A(8), VDV, and SA exposure 
values associated with travelling 1 km on each type of surface (A(8)i 1km, 

s, VDVi 1km, s, S1km, s
A). 

Since the exposure dose is a combination of the exposure quantity 
and the duration, the data obtained in the characterisation stage are 
used as input for the estimation of the daily exposure dose value. The 
exposure values normalised to t1km, s exposure duration are used to es-
timate the partial WBV exposure values associated with each type of 
exposure received by the worker in a day. Subsequently, these partial 
vibration exposure values are combined to obtain the overall daily 
exposure value as established in the Standards (section 2.1). 

This characterisation stage makes it possible to generate a database 
with the different conditions of driver's activities and the associated 
WBV exposures values, key data for proper preventative risk manage-
ment. This makes it possible to quantify the dose of WBV that each 
worker will be exposed to over the course of his or her lifetime at the 
workplace. The exposure measured in representative situations and the 
dose normalised to t1km, s is extrapolated to an exposure duration in the 
past or/and an anticipated exposure duration in the future: 

t1km,s =
1
vs

(11)  

A(8)i 1km,s =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

ki rmsws

̅̅̅̅̅̅̅̅̅
t1km,s

T0

√ )2
√

(12)  

VDVi 1km,s =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

ki vdviws

̅̅̅̅̅̅̅̅̅
t1km,s

tm,s

4

√ )4
4

√

(13)  

SA
1km,s =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

SA6
s

t1km,s

tm,s

6

√

(14)  

where: 
t1km, s is the time taken to travel 1 km on the s-th surface, 
vs is the mean velocity [km/s] to travel 1 km over the s-th surface, 
A(8)i 1km, s is the exposure value A(8) in the i axis due to vibration 

exposure associated with travelling 1 km on the s-th surface, 
i denotes x, y, and z-axes, 
ki denotes the multiplication factor defined for each i axis (kx, y = 1.4 

and kz = 1), 
rmsiws is the root mean square of the weighted averaged acceleration 

[m/s2] in the i axis due to vibration exposure on the s-th surface, 
T0 is the reference duration of eight hours [s], 

VDVki1km, s is the Vibration Dose Value in the i axis due to vibration 
exposure associated with travelling 1 km on the s-th surface, 

vdviws is the vibration dose value calculated as the fourth power of the 
acceleration time history [m/s4] in the i axis due to vibration exposure 
on the s-th surface, 

tm, s is the measurement time [s] on the s-th surface, 
S1km, s

A the dynamic compressive stress of the lumbar spine due to 
vibration exposure [MPa] associated with travelling 1 km on the s-th 
surface, 

Ss
A6 is the is the dynamic compressive stress of the lumbar spine due 

to vibration exposure [MPa] on the s-th surface. 

3.2. Stage 2: Raster map calculation and routing process optimisation 

Firstly, the cost dataset raster must be calculated. This process is based 
on two types of data: (1) a set of geospatial data (vector graphics such as 
polygons, lines, points, etc.) of the area under analysis; and (2) the data 
obtained in Stage 1 that will be used in the process of defining the 
optimisation criteria. 

Regarding geospatial data, the road network of the area under 
analysis is required, as well as a Digital Elevation Model (DEM) raster 
and the location of obstacles and restricted vehicle access areas (spatial 
restriction). Currently, there are Open Data repositories that provide 
geospatial information from all over the world [56]. 

In the proposed methodology, two optimising criteria have been 
selected for the route design optimisation process (see Table 2). The first 
is to minimise the travelled time, for which the attribute t1km must be 
created. In this attribute, the time taken by the vehicle to travel 1 km will 
be assigned to each type of surface. This parameter has been selected due 
to the impact it has on both the productivity of the company and the 
client. The second criterion is to minimise the WBV exposure of the 
driver. For this second criterion, the method laid down in ISO2631-1 has 
been selected and parameter A(8) has been applied. This parameter has 
been selected because the EU Directive 2002/44/EC states that A(8) is 
one of the methods on which the assessment of the level of exposure to 
vibration must be based. For this purpose, the attribute A(8)1km must be 
created. This parameter assigns to each type of surface the value of the 
daily exposure A(8) expressed as equivalent continuous acceleration 
over an eight-hour period associated with the displacement of 1 km. 

Once the optimising criteria have been defined, the geospatial data 
must be pre-processed to add an attribute for each criteria in Table 2. 
Therefore, the attributes t1km y A(8)1km must be created. These attri-
butes are used to convert vector spatial data into raster data so that two 
raster maps are generated, one for each optimising factor's criteria. Both 
resulting rasters must be combined to provide a cost surface map. For 
this purpose, both rasters must be multiplied up on a cell-by-cell basis. 

c = t1km,s∙A(8)1km (14) 

Additionally, spatial restrictions must be applied. This process aims to 
exclude areas that are not suitable for vehicle routes from the analysis. In 
this sense, spatial constraints must be applied to avoid routing in areas 
with obstacles, restricted vehicle access, and water bodies and buildings. 
In addition, areas with steep slopes (greater than 15%) can negatively 
affect travel performance and may not be safe for vehicle movement. 
The spatial analysis tools allow the analysis of the three-dimensional 
properties of landscape based on a DEM raster. Therefore, the use of 
this tool allows the calculation of the ground slope from a DEM and the 
identification of areas with a slope value higher than 15%. In order to 
exclude the areas that are unsuitable to hosting a route from the anal-
ysis, a high resistance cost value (such as 10000) is assigned to exclude it 
from potential routes. As a result of the process of combining both 
criteria raster maps and the subsequent application of spatial restrictions, 
the cost dataset raster is obtained. 

Henceforth, the next step is the identification of the origin and 
destination dataset. These three elements are used as input for the cost 
distance analysis in ArcMap. The direction dataset and distance dataset 
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obtained from this analysis are used as input to perform the cost path 
analysis. As a result, the route which provided the lowest-cumulative 
cost over the cost surface is obtained (Least-cost path calculation: 
optimal route). 

This same procedure, detailed in Stage 2, can be repeated in order to 
obtain routes that set other optimisation criteria, such as the optimisa-
tion criterion of distance (i.e., shortest route) or travelled time (i.e., 
fastest route). The visualisation of the results in the same GIS software 
interface provides an easy overview of the routes and the WBV exposure 
results obtained. 

3.3. Stage 3: Data visualisation and decision making 

After executing the routing optimisation process, the resulting route 
will be displayed in the same ArcMap software interface. From this 
output, the distance travelled by the route on each type of surface is 
estimated. Based on this data, the time spent on the route is calculated in 
this stage of the methodological framework. The following equations are 
used: 

td,s = ld,s
1
vs

(15)  

tr =
∑p

j=1
td,j (16)  

where: 
td, s is the exposure time [s] on the s-th type of surface, 
ld, s is the total distance [km] of the route over the s-th type of surface, 
vs is the average speed [km/s] of travel over the s-th type of surface, 
tr is the total time [s] taken by the vehicle to perform the route r, 
j is the counter of the types of surface in the route r, 
p is the total number of type of surfaces in the route r. 
The A(8)ir, VDVir and Sr

A values due to vibration exposure in the 
route is calculated using the following equations: 

A(8)ir =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑p

s=1

(

ki rmsiws

̅̅̅̅̅̅
td,s

T0

√ )2
√
√
√
√ (17)  

VDVir =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑p

s=1

(

ki vdviws

̅̅̅̅̅̅
td,s

tm,s

√ )4
4

√
√
√
√ (18)  

SA
r =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑p

s=1
SA6

1km,s
td,s

t1km,s

6

√

(19)  

where: 
A(8)ir is the daily exposure value in i-axis in the route r, 
VDVir is the vibration dose value in the i-axis in the route r. 
Sr

A is the dynamic compressive stress of the lumbar spine due to 
vibration exposure in the route r, 

In those cases where the driver only drives that route during the 
working day, the Sr

A, A(8)ir and VDVir values are equal to Sd
A, A(8)i and 

VDVi values, respectively. In the case that the driver performs more than 
one route, the Sd

A, A(8)i and VDVr values are calculated using the 
following equations: 

SA
d =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑t

r=1
SA6

r
6
√

(20)  

A(8)i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑t

r
A(8)ir

2

√

(21)  

VDVi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑t

r
VDVir

44

√

(22)  

where: 
r is the r-th route, 
t is the total number of routes driven during the working day. 
The WBV exposure data is exported as a .csv file. From the results 

obtained, the safety manager can assess whether the exposure obtained 
is safe for the driver and whether preventative measures should be 
implemented in the short term (e.g., organisational measures, im-
provements in machinery, etc.). This process can be done by comparing 
the Sd

A, A(8) and VDV values obtained with the health guidance caution 
values (see Table 1). 

In addition, the route optimisation process provides information to 
generate a lifetime exposure history profile. This data allows the 
calculation of the RA parameter (see eq. 9) to assess the effect of cu-
mulative WBV exposure on worker health (see Table 1). This analysis 
contributes to monitoring the worker's WBV exposure and to assessing 
whether he/she will suffer adverse health effects from long-term WBV 
exposure, in order to take preventative action to minimise them. 

4. Case study 

In order to illustrate the proposed GIS-based methodological 
framework, the application of it to a case study is shown below. The 
study was applied to a Concrete Plant site in Porcuna (Jaén). The activity 
analysed is the ready mixed concrete (RMC) delivery. In this activity, the 
RMC is manufactured at the batching plant to produce mix design 
strengths based on the client requirements [57]. The concrete is poured 
into mixer trucks for site delivery [58]. The study was applied to a 
Concrete Plan site in Porcuna (Jaén). This activity was selected because 
it is one of the most common in engineering and construction projects. 
This activity requires a high frequency of journeys to transport RMC to 
construction-sites. The number of journeys will depend on the total 
volume of RMC ordered by the client. 

In the case study, the optimal route (based on the optimising criteria 
shown in Table 2), the fastest route (optimisation criterion of travelled 
time), and the shortest route (optimisation criterion of distance) were 
calculated. The proposed methodological framework automatically 
calculates, for each route, the parameters used in the optimising criteria: 
daily exposure A(8), the total distance travelled, and the total time taken 
to travel the route. Since there is no WBV exposure during operations at 
the concrete batching plant and the dispatching RMC in the construction 
site, theses parameters are only calculated during transit for site 
delivery. 

4.1. Stage 1: Activity characterisation 

With regard to the activity, the RCM delivery requires the driving of 
concrete mixer trucks on different types of surfaces. In addition, since 
some construction projects are built in sites far away from urban areas, 
RMC delivery may require the driving of trucks off-road or on provi-
sional un-paved roads. Drivers deliver RMC throughout the working day 
and occasionally carry out equipment checks and maintenance tasks. 

Table 2 
Optimising criteria.  

Criteria Parameter Unit Equation Description 

Time t1km, s [s] 11 Time taken to travel 1 km on the s-th surface; 
WBV exposure A(8)1km [m/s2] 12 Highest A(8) value of the three directions (x,y,z) associated with travelling 1 km on the s-th surface.  
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Generally, drivers have to repeatedly drive the same route until the total 
requested quantity of RMC is delivered. 

With regard to the driver, a healthy male adult was chosen to 
participate in this field study. The subject was 49 years old, and his 
height and weight were 1.85 m and 120 Kg. His body mass index was 
35.1 kg/m2. He had experience as a truck driver at the concrete plant for 
more than 20 years and reported that he did not have current pain, nor a 
history of WMDs. These were the main reasons for his selection. With 
respect to the posture groups classified in Appendix A of ISO 2631-5, the 
driver's posture was posture group 3. The anthropometric characteristics 
of the driver and the posture group 3 were used as input to the model. 
The vehicle used in the case study was a MAN TGS 35.420 which seat has 
a passive air suspension seat. This type of seat is an manufacturing 
standard for off-road vehicles used in construction sector [59]. It should 
be noted that the seat type significantly influences the transmission of 
WBV to the driver. In fact, previous research has shown that the seat 
suspensions designs have a significant effect on the vibrations trans-
mitted to vehicle operators [60]. Therefore, the characteristics of the 
vehicle, the seat and the operator should be taken into account when 
carrying out the analysis. 

Based on this information, a measuring strategy was defined in order 
to characterise the vibration exposure in the activity under analysis. For 
this purpose, monitoring of the exposure to WBV in real concrete supply 
routes were measured in order to provide enough data to be represen-
tative of the exposure in different conditions and surfaces. The routes 
analysed comprise a variety of representative real surface conditions for 
this activity. The measurement was carried out in both urban and non- 
urban areas. 

A tri-axial accelerometer (SV38, SVANTEK) was used to measure the 
acceleration transmitted to the seat pad. The instrument enables the 
sampling of the experimental acceleration with a frequency of 6000 Hz 
in each direction: fore-to-aft (x-axis), left-to-right (y-axis) and buttocks- 
to-head (z-axis). The equipment meets the ISO 8041 [61] and ISO 2631 
requirements for measurements. A GPS logger was also used to simul-
taneously recorded the time and position of the vehicle (Fig. 2). 

Following a measurement campaign, the acceleration and travel 
velocity were obtained in representative situations on different surfaces 

to characterise the exposure. From this data, the parameters described in 
section 3.1. have been calculated. The results obtained are shown in 
Table 3. 

4.2. Stage 2: Raster calculation and routing process optimisation 

Open Source Data [62] have been used for the creation of the GIS 
database of the study area. The area layout given by the GIS database, 
that includes information of type of roads, obstacles, and type of area, is 
used to create the cost dataset raster as the stated Stage 2 defined in 
section 3.2. 

4.3. Stage 3: Data visualisation and decision making 

Based on the origin and destination dataset (Fig. 3), the optimal route 
can be calculated. The result obtained in this case is shown in Fig. 4. 

On the basis of the route obtained in GIS, the methodological 
framework automatically calculates the value of the parameters used in 
the optimisation process. In this case, the estimated time to complete the 
route is 259.9 s, the length of the route is 2.99 km, and the A(8)r is 0.056 
m/s2. 

As mentioned above, in addition to the route obtained with the cri-
terion proposed in Stage 2 of the methodology, the fastest route and the 
shortest route have been calculated. Fig. 5 shows the optimal route ob-
tained in the proposed methodology (in green), together with the fastest 
route (in red) and the shortest route (in blue) between the established 
origin and destination points. Table 4 shows the parameters associated 
with each of the routes. 

As shown in Fig. 6, the optimal route minimises the parameter A(8) 
with a 10% decrease per path from the fastest route, and a 31% decrease 
from the shortest route, which has a high impact on the WBV exposure 
value. Although the shortest route has the shortest length, this is the 
most time-consuming and provides the highest A(8) value of the three 
routes. Regarding the fastest route, this is the one that requires the least 
time, but it is the one that takes the longest distance and provides a 
higher A(8) value than the one provided by the route obtained in the 
proposed methodology. Moreover, the results obtained in the illustrative 

Fig. 2. Road network in the study area.  
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case show that only minimising the time taken to make the travel, or the 
distance, does not guarantee that WBV exposure is minimised. 

Furthermore, since the total distances travelled on each type of 
surface have been estimated, and the exposure characterisation has been 
carried out in the initial stage of the methodological framework, the 
VDVr and the Sr

A values associated with the optimal route obtained are 
determined automatically. In this case, the values are 3.9423 m/s1.75 

and 0.2419 MPa, respectively. In the case that the driver would have to 
travel 8 times the route in the working day to deliver the total volume of 
RMC ordered by client, the daily exposure values A(8), VDV y Sd

Aare 
0.159 m/s2, 6.630 m/s1.75 and 0.342 MPa, respectively. The daily values 
obtained are below the daily exposure limit values for vibrations 
(Table 1). 

As mentioned above, the daily exposure values obtained can be used 
to monitor the life-time exposure history of the worker. In this sense, the 
values of Sd

A obtained can be used to assess the adverse health effects 
related to the daily compressive dose for every disc level with the risk 
factor RA. Since the risk factor RA considers the year at which the 
exposure started and the duration of exposure in relation to the age of 
the exposed person, it is used to assess the long-term WBV exposure. In 
the case study analysed, the company states that the worker has 25 years 
of experience but does not provide specific data on exposure time 

periods (hours per day, and days per year) and the life-time exposure 
history. 

5. Discussion 

Nowadays, a large number of workers are exposed to WBV on a daily 
basis. Although in literature numerous studies have been published on 
safety management, the proposed GIS-based framework aims at 
reducing the gap arising on those problems related to WBV affecting 
construction industry drivers, such as concrete mixer truck drivers for 
example. The results obtained from the implementation of the proposed 
framework can contribute to increasing safety knowledge in the con-
struction industry and encouraging the use of best practices to reduce 
WBV exposure. This framework provides to the safety manager some key 
information to perform an assessment of the short and long-term cu-
mulative WBV exposure, as well as to establish a basis for further in-
vestigations on the PtD of routes. 

The methodological framework proposed in this study shows how it 
is possible to use GIS systems for routing in order to minimise the WBV 
exposure, as well as other specific optimisation criteria, i.e., travel time. 
The level of WBV exposure associated with the activity performance by 
the worker and the different types of surfaces, as well as the 

Table 3 
Results obtained from the activity characterisation process.  

Type of surfaces t1km, s [s] A(8)x [m/s2] A(8)y [m/s2] A(8)z [m/s2] VDVx [m/s1.75] VDVy [m/s1.75] VDVz [m/s1.75] Max 
S1km, s

A [MPa] 

Regional road 48.10 0.022 0.024 0.038 2.066 2.392 4.021 0.246 
Through road 69.65 0.025 0.018 0.025 2.026 1.658 2.612 0.187 
Urban road 120.69 0.025 0.018 0.021 2.020 1.322 1.858 0.112 
Unpaved road 354.19 0.066 0.042 0.037 3.758 2.477 2.212 0.134 
Off-road 809.86 0.143 0.089 0.065 6.329 4.411 3.379 0.193  

Fig. 3. Origin and destination dataset.  
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topographical characteristics of the area and the roads, are taken into 
account. The methodology can be applied to any area for which the road 
network and the DEM map are available. Although generating the cost 
dataset raster involves an initial effort in Stage 2 of the methodology, in 
the medium term it will allow the calculation of multiple routes between 
different origins and destinations according to specific optimising criteria. 

Three consecutive methodological stages can be distinguished in the 
methodological framework. In Stage 1, an analysis of the activity 
characteristics is carried out and a measurement strategy is defined to 
ensure that the data obtained are representative of the different expo-
sures. Based on this information, the WBV exposure and the position and 
velocity of the vehicle is measured in representative situations of each 
type of activity. Subsequently, in Stage 2, a GIS database containing the 
topographic morphology of the study area is created. It includes the road 
network available for travel, enriched with attributes coming from Stage 
1 (WBV exposure and the travel time associated with the type of sur-
face). From this data, raster files can be obtained for the creation of the 
cost raster dataset. The presence of obstacles (water bodies, buildings, 
etc.) or areas not suitable for vehicle travel (restricted access areas or 
slopes greater than 15%) are included in the cost raster dataset by 
assigning these cells a much higher value than neighboring cells. The 
provided raster-based approach allows to take into account off-road 
travel, which is very common in the construction and engineering 
sector. The raster cost dataset obtained, along with the origin and 
destination dataset, are used to determine the optimal route according to 
the optimising criteria. In Stage 3, the obtained route is displayed in the 
GIS software interface and the dose of WBV exposure, the length and the 
time taken to complete the route, is estimated. 

In addition to the parameters set as optimisation criteria, the GIS 
framework provides the dose of WBV exposure associated to the route, i. 
e., A(8)r, VDVr y Sr

A. These values can be used as input to estimate the 

risk factor RA according to ISO 2631-5:2018. RA is used to assess the 
cumulative exposure of the worker to be assessed. Since WBV exposures 
can be affected by factors such as vehicle type, surfaces conditions 
(paved-road, unpaved road, off-road, etc.), anthropometric character-
istics of the driver, seat type and tasks, these factors must be taken into 
account in the analysis. Thus, the proposed methodological framework 
should be applied on a specific case-by-case basis. Although the imple-
mentation of the proposed GIS-based framework requires an initial 
effort, the obtained results ensure the safety of the workers throughout 
their working life. 

In summary, the proposed GIS-based methodological framework 
provides key information to ensure the safety of workers through the 
design of routes. The results obtained can be used to estimate the daily 
exposure and generate a database with the life-time exposure history of 
the worker. The implementation of the proposed methodological 
framework contributes to the assessment of WBV risk in the short and 
long term, as well as to the prevention of WMSDs. These objectives are 
aligned with two of the three main occupational health and safety 
challenges defined by the EU Strategic Framework on Health and Safety 
at Work 2014–2020 [63], such as addressing the challenge of ageing, 
and the prevention of work-related and occupational diseases. More-
over, it is an example of implementing the basic concept present in all 
European occupational health and safety policies [64]: the PtD, by 
eliminating or minimising the possible adverse health effects on workers 
in the initial stages of management and organisation of activities. 
Finally, it is possible to make the jobs more sustainable through the 
activity management process using the proposed methodological 
framework. Manage WBV exposure in order to prevent MSDs, since 
initial stages of management ensure that people can work until retire-
ment age and have a good quality of life after retirement, which is one of 
the common challenges facing society nowadays [17]. 

Fig. 4. Optimal Route (based on the optimisation criteria shown in Table 2).  
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6. Conclusion 

One third of the global population is dealing with WMSDs, with 
workers in the construction sector being among the most affected pop-
ulation. WBV exposure is one of the factors related to the development of 
WMSDs. With the aim of protecting workers' health, the European 
Parliament published the EU Directive 2002/44/EC about the minimum 

Fig. 5. Case study results.  

Table 4 
Case study parameter results.  

Route Time [s] A(8) [m/s2] Length [km] 

Fastest route (red) 243.8 0.063 3.31 
Optimal route (green) 259.9 0.056 2.99 
Shortest route (blue) 400.5 0.081 2.60  

Fig. 6. Case study parameter results.  
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health and safety requirements regarding the exposure of workers to the 
risks arising from physical agents (vibration). 

In this context, the objective of this research was to develop a GIS- 
based methodological framework, which implement the assessment 
method stated in the EU Directive 2002/44/EC for the design of routes, 
and the automatic calculation of the WBV exposure dose value of 
workers. 

In summary, from the results obtained, the following conclusions 
have been drawn:  

- The implementation of the proposed methodological framework 
extends the safety management capabilities of WBV exposure in the 
route design process in a GIS environment. The model estimates the 
WBV exposure value associated with the route, as well as the time 
taken by the vehicle to travel the route and the distance travelled.  

- The proposed model includes travel in off-road areas, facilitating the 
layout of routes in non-urban areas that require off-road travel. This 
type of off-road travel is very common in the engineering and con-
struction sector during the execution of projects.  

- The results obtained from the methodological framework provide 
key information to the safety manager in the decision-making pro-
cess of activity design. In addition, the results obtained can be used to 
generate a database of the worker's life-time exposure history. This 
data can be used to apply the assessment methods to WBV exposure 
over the years, as defined in ISO 2631–5. Therefore, the safety 
manager can manage jobs not only by assessing the daily exposure, 
but also by assessing the consequences on the worker to exposure to 
WBV on a prolonged basis over the years. Therefore, the safety 
manager can manage jobs not only by assessing the daily exposure, 
but also by assessing the consequences on the worker of prolonged 
WBV exposure over the years.  

- The methodological framework is flexible, i.e., it can be applied to 
any area as long as the road network and DEM file of the study area 
are available. While generating the framework may require some 
initial effort, once developed it can be used to calculate multiple 
routes. 

Finally, the proposed GIS-based methodological framework is a tool 
for WBV exposure management whose implementation facilitates the 
management and assessment of WBV exposure with the main criteria of 
protecting worker's health. Minimising the impact of WBV exposure on 
workers' health will not only minimise the cost of work-related illnesses, 
but also improve individual workers' lives. This tool may be also com-
bined with other criteria to achieve a comprehensive optimisation based 
on the real time route planning relying on traffic flow combined with 
WBV index, which could be of interest in other applications. A natural 
extension of the current work would involve the interlock with Internet 
of Things (IoT) devices and real time monitoring. This implies to link the 
changing conditions of the construction site with the proposed frame-
work automatically, which is a long-term task. Therefore, the next step 
will be to further develop the framework in order to minimise the con-
struction workers exposure to WBV while maximising productivity in a 
real time optimisation process. 
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Appendix A. Acronyms 

aw - Frequency-weighted instantaneous acceleration. 
A(8) - Daily vibration exposure according to the Directive 2002/44/EC. 
A(8)i 1km, s - Daily vibration exposure in the i axis due to vibration exposure associated with travelling 1 km on s-th surface. 
b - Age at which the exposure started. 
B - Area of the vertebral endplate. 
cdyn, i - Sum of peak compressive forces acting on the vertebral endplate. 
DEM - Digital Elevation Model. 
EAV - Exposure Action Value. 
ELV - Exposure Limits Value. 
k - Multiplication factor defined for each axis. 
ld, s - Total distance of the route over the s-th type of surface. 
LCP - Least-Cost Path. 
m - Denotes the m-th year. 
n - Total number of operations implying worker exposition to WBV. 
Nm - Number of exposure days per year m. 
p - Number total of surfaces in the r-th route. 
PtD - Prevention through design. 
r - Denotes the r-th route. 
RA - Risk Factor according to the standard ISO2631-5. 
rmsw - Root mean square of the weighted averaged acceleration. 
rmsiws - Root mean square of the weighted averaged acceleration in the i axis due to vibration exposure on the s-th surface. 
RMC - Ready mix concrete. 
SA - Dynamic compressive stress of the lumbar spine due to vibration exposure to WBV operation. 
Sj

A - Dynamic compressive stress of the lumbar spine due to vibration exposure to operation j. 
S1km, s

A - Dynamic compressive stress of the lumbar spine due to vibration exposure associated with travelling 1 km on the s-th surface. 
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Sd
A - Equivalent daily compressive dose. 

Sstat, m
A - Mean value of the compressive-decompressive force divided by the area of a vertebra endplate B (mm2) in year m. 

Su, m
A - Ultimate strength of the lumbar vertebra for a person of age (b + m) years 

t - Total number of routes driven during the working day. 
t1km, s - Time taken to travel 1 km over the s-th surface. 
tdj - Time period of the daily vibration exposure to operation j. 
td, s - Exposure time on the s-th type of surface. 
tmj - Time period over which Sj

A has been measured. 
tm, s - Measurement time on the s-th surface. 
tr - Total time taken by the vehicle to perform the r-th route. 
T - Time duration of the measurement 
Texp - Daily duration of exposure to the vibrations. 
Tmeas - Measurement period. 
T0 - Reference duration of eight hours. 
vs - Mean velocity to travel 1 km over the s-th surface. 
vdvw - Vibration dose value of the weighted averaged acceleration. 
vdviws - Vibration dose value calculated as the fourth power of the acceleration time history in the i axis due to vibration exposure on the s-th 

surface. 
VDV - Vibration dose value according to the Directive 2002/44/EC. 
VDVi 1km, s - Vibration Dose Value in the i axis due to vibration exposure associated with travelling 1 km on the s-th surface. 
WBV - Whole-Body Vibration. 
WMSDs - Work-related musculoskeletal disorders. 
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[29] A.M. Briggs, A.D. Woolf, K. Dreinhöfer, N. Homb, D.G. Hoy, D. Kopansky-Giles, 
K. Åkesson, L. March, Reducing the global burden of musculoskeletal conditions, 

M.L. de la Hoz-Torres et al.                                                                                                                                                                                                                  

https://osha.europa.eu/en/publications/preventing-musculoskeletal-disorders-construction-sector-examples-inail-incentive/view
https://osha.europa.eu/en/publications/preventing-musculoskeletal-disorders-construction-sector-examples-inail-incentive/view
https://osha.europa.eu/en/publications/preventing-musculoskeletal-disorders-construction-sector-examples-inail-incentive/view
https://doi.org/10.1007/978-3-030-41486-3_23
https://doi.org/10.1016/j.autcon.2021.103656
https://doi.org/10.1016/j.autcon.2021.103657
https://doi.org/10.1016/0268-0033(95)00039-9
https://doi.org/10.1016/0268-0033(95)00039-9
https://doi.org/10.1080/10937404.2018.1557576
https://doi.org/10.1201/9781351008884
https://doi.org/10.1201/9781351008884
https://doi.org/10.1097/00007632-199912010-00013
https://doi.org/10.1097/00007632-199912010-00013
https://doi.org/10.1093/annhyg/mer068
https://doi.org/10.3390/su11216118
https://doi.org/10.3390/su11216118
https://doi.org/10.1016/j.autcon.2019.102882
https://doi.org/10.1186/1471-2474-5-1
https://onepetro.org/PS/article/33092/Whole-Body-Vibration-An-Emerging-Topic-For-the-SH
https://onepetro.org/PS/article/33092/Whole-Body-Vibration-An-Emerging-Topic-For-the-SH
https://europepmc.org/article/med/23213815
https://doi.org/10.1093/annhyg/mes010
https://doi.org/10.1093/annhyg/mes010
https://osha.europa.eu/en/publications/summary-msds-facts-and-figures-overview-prevalence-costs-and-demographics-msds-europe
https://osha.europa.eu/en/publications/summary-msds-facts-and-figures-overview-prevalence-costs-and-demographics-msds-europe
https://osha.europa.eu/en/publications/summary-msds-facts-and-figures-overview-prevalence-costs-and-demographics-msds-europe
https://www.eurofound.europa.eu/sites/default/files/ef_publication/field_ef_document/ef1634en.pdf
https://www.eurofound.europa.eu/sites/default/files/ef_publication/field_ef_document/ef1634en.pdf
https://doi.org/10.1016/j.jbiomech.2009.10.001
https://doi.org/10.1016/j.jbiomech.2009.10.001
https://doi.org/10.1007/s00420-018-1316-5
https://doi.org/10.1007/s00420-018-1316-5
https://doi.org/10.15282/ijame.16.2.2019.16.0503
https://doi.org/10.15282/ijame.16.2.2019.16.0503
https://doi.org/10.1272/jnms.67.186
https://doi.org/10.1016/j.jelekin.2003.09.015
https://doi.org/10.1080/00140139.2017.1314554
https://doi.org/10.1080/00140139.2017.1314554
https://doi.org/10.1016/0003-6870(94)90004-3
https://doi.org/10.1007/s00420-014-0971-4
https://doi.org/10.1007/s00420-014-0971-4
https://doi.org/10.1080/00140130902939889
https://doi.org/10.1016/j.apergo.2017.10.021
https://doi.org/10.1016/j.apergo.2017.10.021
https://doi.org/10.1016/j.ergon.2014.07.005
https://doi.org/10.1016/j.ergon.2014.07.005


Automation in Construction 131 (2021) 103885

13

Bull. World Health Organ. 96 (5) (2018) 366, https://doi.org/10.2471/ 
BLT.17.204891. 

[30] K. Nielsen, M.B. Jørgensen, M. Milczarek, L. Munar, Healthy workers, thriving 
companies–a practical guide to wellbeing at work Tackling psychosocial risks and 
musculoskeletal disorders in small businesses 102, Publications Office of the 
European Union, 2018, https://doi.org/10.2802/237140. 

[31] P. Mitropoulos, G. Cupido, M. Namboodiri, Cognitive approach to construction 
safety: task demand-capability model, J. Constr. Eng. Manag. 135 (9) (2009) 
881–889, https://doi.org/10.1061/(ASCE)CO.1943-7862.0000060. 

[32] D. Fang, Z. Jiang, M. Zhang, H. Wang, An experimental method to study the effect 
of fatigue on construction workers’ safety performance, Saf. Sci. 73 (2015) 80–91, 
https://doi.org/10.1016/j.ssci.2014.11.019. 

[33] M. Fargnoli, M. Lombardi, Preliminary human safety assessment (PHSA) for the 
improvement of the behavioral aspects of safety climate in the construction 
industry, Buildings 9 (3) (2019) 69, https://doi.org/10.3390/buildings9030069. 

[34] H. Shibuya, B. Cleal, P. Kines, Hazard scenarios of truck drivers’ occupational 
accidents on and around trucks during loading and unloading, Accid. Anal. Prev. 
42 (1) (2010) 19–29, https://doi.org/10.1016/j.aap.2009.06.026. 

[35] B. Vasconcelos, B.B. Junior, The causes of work place accidents and their relation 
to construction equipment design, Procedia Manuf. 3 (2015) 4392–4399, https:// 
doi.org/10.1016/j.promfg.2015.07.437. 

[36] M. Fargnoli, M. Lombardi, N. Haber, F. Guadagno, Hazard function deployment: a 
QFD-based tool for the assessment of working tasks–a practical study in the 
construction industry, Int. J. Occup. Saf. Ergon. (2018) 348–369, https://doi.org/ 
10.1080/10803548.2018.1483100. 

[37] Directive 2002/44/EC of the European Parliament and of the Council of 25 June 
2002 on the minimum health and safety requirements regarding the exposure of 
workers to the risksarising from physical agents (vibration) (sixteenth individual 
Directive within the meaning of Article 16(1) of Directive 89/391/EEC), 2002. 
Available from: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX% 
3A32002L0044. Accessed date: May 10, 2021. 

[38] Council Directive 89/391/EEC of 12 June 1989 on the introduction of measures to 
encourage improvements in the safety and health of workers at work, 1989. 
Available from: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex%3A3 
1989L0391. Accessed date: May 10, 2021. 

[39] International Standardization Organization, ISO 2631-1:1997. Mechanical 
vibration and shock – Evaluation of human exposure to whole-body vibration – 
Part 1: General requirements, Available from: https://www.iso.org/standard/ 
7612.html, 1997. Accessed date: May 10, 2021. 

[40] International Standardization Organization, ISO 2631-5:2018. Mechanical 
vibration and shock – Evaluation of human exposure to whole-body vibration – 
Part 5: Method for evaluation of vibration containing multiple shocks, 2018. 
Available from, https://www.iso.org/standard/50905.html (Accessed date: May 
10, 2021). 

[41] J.A. Gambatese, Research issues in prevention through design, J. Saf. Res. 39 (2) 
(2008) 153–156, https://doi.org/10.1016/j.jsr.2008.02.012. 

[42] E.W. Dijkstra, A note on two problems in connexion with graphs, Numer. Math. 1 
(1) (1959) 269–271, https://doi.org/10.1007/BF01386390. 
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