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ABSTRACT 

Literature shows that whole-body vibration (WBV) has been linked to low-back pain 

(LBP), but also that exposure to WBV while in non-neutral postures can further increase the risk 

of LBP (Bovenzi et al., 2002; T. Eger et al., 2008). Operating cranes, agricultural tractors, 

underground mining vehicles and some construction equipment can expose a worker to WBV and 

non-neutral postures (T. Eger et al., 2008; Kittusamy & Buchholz, 2004; Newell & Mansfield, 

2008; Wikström, 1993).  

This study aims to determine if discomfort is greater due to WBV alone, axial rotation 

alone or WBV and axial rotation combined. It also aims to determine if the degree or type of 

rotation (neck vs trunk) causes more discomfort when WBV is present. Ten participants (5 male 

and 5 female, 21.1±0.57 years, 169.2±9.5 cm and 74.9±11.8 kg) participated in a single elimination 

tournament of 16 postures with varying axial rotations of the neck and trunk both with and without 

WBV, to identify the most uncomfortable condition. They also rated the discomfort of each 

condition on a scale of 1-9.  

Results of the head-to-head tournament indicated, six participants selected the max neck 

and max trunk rotation posture as most uncomfortable (4 with WBV and 2 without). While two 

participants selected the 15° neck and max trunk rotation without WBV, and two participants 

selected the max neck 0° trunk with WBV. Similarly, the average discomfort scores were highest 

for the max neck and max trunk rotations with WBV and slightly lower without WBV.  

These results indicate a trend of increased discomfort when axial rotation and WBV are 

both present. They also seem to indicate that discomfort continuously increases as the angle of 

rotation increases and that any maximum rotation leads to more discomfort than a combination of 

neck and trunk rotations. Future, machine designs should focus on eliminating both factors. 
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ABBREVIATIONS 

EMG: electromyography 

ISO: International Organization for Standardization  

LBP: low-back pain 

LHD: load-haul dump  

MSDs: musculoskeletal disorders 

WBV: whole-body vibration 

WSIB: Workplace Safety and Insurance Board 

TERMINOLOGY 

Definitions were drawn from International Standard (ISO) 2041 – Vibration and Shock Vocabulary 
(1990) unless otherwise indicated. 

Awkward posture: working with various parts of the body in bent, extended, or flexed positions 
rather than in a straight or neutral position. (United States Department of Labor - OHSA) 

Axial rotation: In this case: rotation of the upper body around the vertical axis 

Discomfort: mental or physical uneasiness (Merriam Webster Dictionary)  

Frequency: The frequency of vibration is expressed as cycles of motion per second with a standard 
international (S.I.) unit of Hertz (Hz). 

ISO 2631-1: The International Standard for Mechanical vibration and shock – Evaluation of human 
exposure to whole-body vibration. 

Magnitude: Vibration magnitude is quantified by its displacement (m), its velocity (m/s) or its 
acceleration (m/s2). 

Vibration: An oscillatory motion about a fixed reference point. 

Whole-body vibration: Whole-body vibration is vibration that is transmitted into the human body 
through the buttocks, back and/or feet of a seated person, the feet of a standing person, or the 
supporting area of a recumbent person. 
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BACKGROUND 
 

Whole-body vibration (WBV) is characterised by vibration that affects parts of the body 

other than those in direct contact with the moving surface (Mansfield, 2005). For instance, this is 

the case for a seated driver or passenger in a vehicle. Although the contact occurs at the feet and 

the seat, the vibration will be transmitted through the body, causing movement of the head 

(Mansfield, 2005). Long exposure times to WBV are usually encountered in workers in industries 

such as mining, construction, forestry, agriculture, and public utilities (Bovenzi, 2005). Fethke et 

al. (2018) measured vibration levels for a variety of agricultural equipment and found that although 

the levels varied greatly between the equipment, they consistently showed high levels of vibration 

including high-amplitude shocks. 

Exposure to WBV can have negative impacts on health including increased risk of low-back 

pain (LBP), spinal degeneration, gastro-intestinal tract problems, sleep problems, headaches, neck 

problems, autonomic nervous system dysfunction, hearing loss, and nausea (Alem, 2005; Bovenzi 

et al., 2006; Grenier et al., 2010; Pope et al., 2002; Seidel & Heide, 1986). The severity of these 

effects can increase with intensity and duration (Seidel & Heide, 1986). Moreover, exposure to 

WBV while in non-neutral postures can further increase the risk of LBP (Bovenzi et al., 2002; T. 

Eger et al., 2008). Operating cranes, agricultural tractors, underground mining vehicles and some 

construction equipment can expose a worker to WBV and non-neutral postures (T. Eger et al., 

2008; Kittusamy & Buchholz, 2004; Newell & Mansfield, 2008; Wikström, 1993). In these 

examples the worker is often exposed to WBV accompanied by rotated trunk and/or neck postures. 

This rotation is often due to needing to keep an eye on trailed equipment in the case of agricultural 

tractor drivers or looking behind during reversing such as forklift or tracked type machine drivers 

(Newell & Mansfield, 2008). Kittusamy & Buchholz (2004) found that excavator operators spend 
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25% of their shift with a flexed or twisted trunk and 22% with a twisted neck. Load-haul dump 

(LHD) vehicles show high neck rotation above 40° for most of the operator’s work cycle (T. Eger 

et al., 2008). 

Furthermore, adopting a rotated posture changes the body’s response to WBV. Mansfield & 

Griffin (2002) found that although the effect is smaller than that of vibration magnitude changes, 

changing postures did impact the body’s biomechanical response to WBV. Andersson et al. (2002) 

showed that drastic changes to muscle activation may occur during trunk rotation and could be 

opposite on both sides of the body. This muscle activation changes the stiffness of the body, also 

resulting in a change in the biomechanical response to WBV.  

Newell & Mansfield, (2008) completed a study where participants completed a choice 

reaction time test in four different postures with and without WBV. Their results indicated an 

increased reaction time and workload demand when exposure to WBV was combined with a 

rotated posture. This seems to indicate that there may be a compounding effect on the operator 

when exposed to WBV while in a twisted trunk posture. Bovenzi et al., (2002) administered a 

standardized questionnaire to 219 port machinery operators and found that 12-month prevalence 

of low back symptoms was significantly greater than the controls, the cradle carrier operators, and 

the crane operators. Their findings support the theory that seated WBV combined with non-neutral 

trunk postures is associated with increased risk of LBP. 

Low back health issues have a significant impact on workforce, causing the most Workplace 

Safety and Insurance Board (WSIB) lost time claims in 2018 with 15.3% of claims (WSIB Ontario, 

2019). Roughly 80% of workers experience LBP at some time during their lives (Davis et al., 

2002). In the workplace, exposure to WBV associated with driving is one of the main causes of 

back problems (Battié et al., 2002).  
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Although research has shown the link between WBV and LBP, the link is not completely 

understood. When WBV is studied, it can be difficult to isolate the cause of LBP since drivers are 

exposed to other factors that have also been linked to LBP (Bovenzi et al., 2006). Sitting for long 

periods of time as well as certain postures have also been linked to LBP (Keyserling et al., 1992).  

To quantify the exposure to WBV, the International Organization for Standardization (ISO) 

has developed the Mechanical vibration and shock - Evaluation of human exposure to whole-body 

vibration (ISO 2631-1, 1997). This document outlines methods for the evaluation of vibrations on 

humans including locations for measurements. These measurements are taken using 

accelerometers that can detect the motions caused by vibrations. The International Organization 

for Standardization also provides some recommendations on exposure limits for discomfort and 

safety (ISO 2631-1, 1997). On the other hand, there is limited documentation of limits for awkward 

neck postures. Eklund et al. (1994) reported that the neck should not be rotated above 45° for more 

than 50% of a shift and Gellerstedt (2000) reported that operators should not be required to rotate 

the head above 30° or tilt their head above 5° upwards or 25° downwards. 

Although discomfort does not necessarily lead to injury, it is still a concern in occupational 

settings. Discomfort can present itself in many ways including muscle tension, muscle fatigue, 

paresthesia, pain and/or physical strain in soft tissues and bones (De Vera Barredo & Mahon, 

2007). It can occur when there is an imbalance between work-related physical factors and physical 

capacity (Hamberg-van Reenen et al., 2008). Although discomfort does not equate to an injury, it 

has been shown to predict some health issues. Hamberg-van Reenen et al. (2008) conducted a 

prospective cohort study and the results indicate that peak discomfort is a good predictor of low-

back, neck and shoulder pain while cumulative discomfort is a good predictor of neck and shoulder 

pain. Wikström (1993) also found a positive correlation between discomfort ratings and 
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electromyographic (EMG) activity as WBV increased which further indicates the link between 

discomfort and the biomechanical response in the body.  

 The association between discomfort and future health problems is useful, however, the 

subjective nature of comfort makes it difficult to measure reliably. There are several factors that 

affect the perception of comfort (Van Niekerk et al., 2003), including the static comfort of a seat. 

When an occupant sits in a seat, there is a level of static comfort that comes from simply sitting in 

it, but once WBV is applied, the level of comfort in question becomes the dynamic comfort. When 

comparing different exposure conditions, it is important to distinguish between these two comfort 

levels because they may have different causes.  

Methods used to reduce the subjectivity of comfort include paired comparisons, intensity 

matching comparisons and rating scales (Grenier et al., 2010). Paired comparisons involve 

choosing a more uncomfortable situation between two conditions without necessarily quantifying 

the discomfort. Intensity matching comparisons involve changing a certain parameter until two 

conditions have matching discomfort levels. Rating scales are used to assign a certain value to the 

discomfort. In 1977, NASA published a study that compared 16 scales used to measure human 

discomfort response to vibration (Dempsey et al., 1977). This review uses four characteristics that 

compose each scale including: terminology, polarity, scale type and number of scalar points. 

Terminology used to identify the scalar points of the scale are not always consistent and may 

impact a person’s response. Some scales are unipolar, where only discomfort can be identified, 

while other scales are bipolar where both discomfort and comfort can be identified. The type of 

scales varies between continuous and discrete values. Continuous scales are often depicted as a 

line and allow for decimal values to be used while a discrete scale may only allow for 

predetermined scalar values such as whole numbers. Different scales also provide different ranges 
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of values between the minimum and maximum discomfort values. Unipolar continuous scales with 

seven- or nine-points have been found to be the most reliable scales (Dempsey et al., 1977).  

Although this type of scale has been identified as most reliable, variations are still used. 

Some use a seven- or nine-point scale as suggested, but there are still several researchers who still 

use six- or ten-point scales. Body maps are also used in some research to locate the source of the 

discomfort (Tammy Eger et al., 2014; Hamberg-van Reenen et al., 2008; Mansfield et al., 2014, 

2015). This requires the participant to rate the discomfort in several locations on the body instead 

of using a single score. The number and location of these sub scores varies depending on the 

authors and the aim of the research. 

Although these tactics consider the subjective nature of discomfort, it is important to 

correctly interpret it since many factors are usually present simultaneously. In their study, 

Mansfield et al. (2015) hypothesize that some of the discomfort elicited by 30 minutes of exposure 

to WBV in a seated position may be due to fatigue since the 30 minutes without WBV also elicited 

some, although less discomfort. The length of exposure time to WBV in discomfort research varies 

greatly. Dickey et al. (2006) found no significant impact on discomfort scores for WBV exposure 

between 15 and 20 seconds. Being able to reduce the exposure time by even this small amount can 

be important during complex studies with many exposure conditions as it would limit the 

participants’ overall exposure to WBV. Some field research uses much longer exposure times such 

as four hours, however, they are collecting data during regular working hours therefore, the 

subjects are not exposed to any additional WBV (Fethke et al., 2018). 

There are several techniques used to control posture during these types of studies. In some 

cases, participants are only instructed to adopt a relaxed posture in which case no control is 

required. A sitting apparatus can ensure each participant adopts the same posture such as studies 
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comparing arm rests or not. Wang et al. (2004) used a seat made to recreate different sitting heights 

as well as varying backrest and pan angles. This method ensures that all participants adopt the 

same posture, but also that the posture remains constant if the exposure is over a longer period. A 

popular method is to measure body angles prior to exposure to ensure the appropriate posture is 

adopted. Mansfield & Griffin (2002) used a goniometer for their measurements. When the study 

aims to observe postures as opposed to imposing a specific posture, cameras are often used. These 

cameras can be placed according to the environment to provide multiple angles to facilitate posture 

identification. Eger et al. (2008) used this method to analyse the postures adopted by LHD 

operators in mines. Due to the poor lighting, reflective tape was attached to the operators to 

facilitate posture identification. Some studies instead use the CUELA (computer-based 

measurement and long term analysis) device as it is completely wireless and motion of the body 

is not restricted (Hermanns et al., 2008). It uses accelerometers and gyroscopes to measure body 

angles in real time and stores the data. Additionally, when rotated postures are studied, a visual 

stimulus can be presented off to one side to force the participant to twist to see it (Newell & 

Mansfield, 2008). 

A number of studies have been conducted to attempt to understand the relationship between 

WBV, rotated postures and discomfort. Eger et al. (2008) conducted a study of LHD operators in 

mines and determined that exposure to WBV and awkward postures appears to increase 

musculoskeletal injury risk. Morgan (2011) polled experts in the field of WBV and ergonomics. 

They found that these experts agreed that health risks increase when WBV exposure is combined 

with axial rotation, but that this does not receive the recognition it should in risk assessment 

guidance. Raffler et al. (2017) conducted a regression to attempt to identify what factors contribute 
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to LBP and sick leave and found that heavy lifting and awkward postures are more correlated to 

sick leave than WBV.  

Although these studies consistently show that adopting a rotated posture during WBV 

exposure does increase discomfort, the type and angle of rotation are not usually considered. These 

studies are mostly studying workers while they are working, the angles of rotation and the method 

of rotation (neck or trunk) are not imposed and vary widely.  

Therefore, purpose of this study is: 

1. To determine if neck and trunk rotations contribute equally to discomfort during WBV 

exposure. The goal is to determine if discomfort is higher when a rotated posture is 

achieved by only rotating the neck, only rotating the trunk, or achieving the rotation with 

a combination of the two. If a type of rotation can be identified as more comfortable, this 

could be incorporated into future training and workers could be instructed to prioritize a 

certain method of achieving rotated postures. 

2. To discover if discomfort is a function of the angle of rotation or present at any angle of 

rotation. This would be an important consideration for the developments of future 

standards. If standards such as ISO 2631-1 (1997) began considering rotated postures as 

increasing the level of discomfort for operators, should they consider angle of rotation on 

a scale like WBV levels or simply as present or not. 

3. To determine if discomfort is greater due to WBV alone, axial rotation alone, or WBV and 

axial rotation combined. 
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METHODOLOGY 

 The study received approval from the Laurentian University Research Ethics Board in 

Sudbury, Ontario, Canada. Informed consent was provided each participant.   

 

PARTICIPANTS 

 Ten participants (5 male & 5 female) were recruited from a sample of convenience at 

Laurentian University. Mean±standard deviation age, height and weight were 21.1±0.57 years, 

169.2±9.5 cm and 74.9±11.8 kg, respectively. Exclusion criteria included: a history of back or 

neck pain in the last six months and age limit between 18-65 years. 

 

STUDY DESIGN  

A single elimination tournament format was used to determine the most uncomfortable 

exposure condition for each participant as described in (Horen & Riezman, 1985). This type of 

methodology has been used in passed discomfort studies (Agresti, 2017; Ebe & Griffin, 2000). 

The exposure conditions included 16 different postures with combinations of neck and trunk 

rotations at angles of 0°, 15°, 45° and maximum rotation. These 16 postures were each presented 

with and without WBV for a total of 32 exposure conditions. These rotations were all in the left 

direction (counter-clockwise), for consistency, and lasted 20 seconds. Between each posture, 

participants rested in a neutral posture with no vibration for 20 seconds.  

The first round of the tournament included 16 pairs randomly assigned for each participant. 

The posture selected as more uncomfortable was advanced to the next round while the other 
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posture was eliminated. After each exposure condition, participants were asked to rate their 

discomfort on a scale of 0-9 with 0 as no discomfort and 9 as maximal discomfort. 

The second round included 8 pairs formed by the winner of the previous round. This 

continued until the participant identified the most uncomfortable exposure condition. When two 

exposure conditions were rated as equal, the comparison was repeated at the end of the round with 

an opposite presentation order. This method reduced the number of paired comparisons 

experienced by each participant and allowed the eight-hour. Equivalent WBV exposure to remain 

below the ISO 2631-1 (1997) health guidance caution zone. 

 

VIBRATION EXPOSURE 

An industrial seat, commonly found in heavy equipment, was mounted on a custom-made 

vibration simulator (Laurentian University, Sudbury ON). During vibration exposure, participants 

were subjected to vibration with a magnitude of 1.2m/s2 (ISO 2631-1 frequency weighted) at 3-4 

Hz dominant frequency. ISO 2631-1 (1997) predicts this level of exposure as uncomfortable. It 

also aligns with field data previously collected in agriculture and mining (Bovenzi & Betta, 1994). 

 

POSTURE 

Seated participants were asked to adopt 1 of 16 different postures during the experiment 

(Figure 1). The postures included combinations of neck and trunk rotations each including 0°, 15°, 

45° and maximal rotation. These angles were selected to reflect the conditions experienced by 

workers in industries associated with exposure to WBV and non-neutral postures which often 

required to rotate to their physiological maximum (T. Eger et al., 2008; Morgan, 2011). The 

maximum rotation was achieved by instructing the participant to rotate as far as possible while 
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maintaining the posture. The 15° position was selected to contrast the high values to give 

perspective on the impact of varying degrees of rotation neck and trunk rotation with and without 

WBV exposure on discomfort. 

 

Figure 1 - 16 postures for exposure conditions with each combination of neck and trunk 
rotations of 0°, 15°, 45° and maximum rotation 

 

Goniometers were used at the beginning of each session to ensure the proper rotation angles 

were achieved by each participant. A lasers pointer was attached to the participants’ head and 

chest. Target were placed in the room to correspond with the required angle of neck and trunk 

rotation desired when the laser was held on the target (Figure 2). This ensured that participants 

achieved the proper rotation angles, and that the rotation was maintained for 20 seconds per trial.  
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Figure 2 - Lasers were attached to participants’ heads and trunk with associated targets placed 
on the wall for each rotation angle to ensure the desired angle was maintained for the duration 

of the exposure. 

 

DATA ANALYSIS 

Paired sample T-test were completed on the discomfort ratings for each posture with and 

without vibration to determine if the addition of WBV had a significant impact on discomfort. To 

determine if neck and trunk rotations contribute equally to discomfort, paired sample T-tests were 

also completed on the discomfort ratings from the exposure conditions with only one type of 

rotation combined with WBV. The scores of the 0° neck and 15° trunk with WBV were compared 

to those of the 15° neck and 0° trunk with WBV condition. This was repeated for 45° and maximum 

rotation.  

 

RESULTS 

PAIRED COMPARISON FINDINGS: POSTURE AND VIBRATION CONDITIONS  

Each participant identified one posture as the most uncomfortable as an outcome of the 

paired comparisons during the “tournament” (Figure 3). The condition with max neck rotation and 

max trunk rotation with WBV was identified as most uncomfortable by four participants 

(participants 1, 2, 6, 8). Participant 3 and 7 selected the max neck rotation and max trunk rotation 
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without WBV, participant 4 and 9 selected the 15° neck rotation and max trunk rotation without 

WBV, and participant 5 and 10 selected the max neck rotation and 0° trunk rotation with WBV as 

the most uncomfortable. Six of the identified postures include WBV, and all ten occurred during 

a posture with either max neck, max trunk or max neck and max trunk rotation. Moreover, eight 

of the most uncomfortable postures included a max neck rotation, eight included a max trunk 

rotation and six included both max trunk and max neck rotation. 
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Figure 3 – Frequency of the overall exposure condition (16 postures with and without WBV) that was selected as the most 
uncomfortable by the end of tournament. 
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DISCOMFORT 

The highest average discomfort rating reported by the participants occurred during the 

maximum neck rotation and maximum truck rotation posture both with and without WBV (Figure 

4). This result aligns with the posture condition determined to be the most uncomfortable in the 

head-to-head “tournament” comparison. The posture with both max rotations was ranked the 

highest discomfort, shown in Figure 4 in red, while the conditions with one max rotation were all 

rated between 2 and 4, shown in yellow, and the conditions with no max rotations were all rated 

below 2, shown in green.  
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Figure 4 - Average discomfort ratings for each posture with and without vibration 

Discomfort was reported to be higher for all postures except (neck 0o trunk max, neck max 

trunk 45o and neck 15o trunk 45o) when WBV was present. Results from the paired sample T-tests 

comparing differences in discomfort ratings from the same posture, with and without WBV 

indicate that on average discomfort for the neck 45o and trunk 0o posture was greater with WBV 

(01.60±1.43) than without (0.50±0.85), t(9) = -3.97, p = .003. The remaining 15 postures did not 

have significant (p < .05) differences between discomfort scores of the same posture with and 

without WBV.  
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Table 1 - T-test of each posture with and without WBV 
Posture t Significance (p) Neck Angle Trunk Angle 

0 0 -1.406 0.193 
15 0 -1.627 0.138 
45 0 -3.973 0.003* 

max 0 -0.669 0.520 
0 15 -0.818 0.434 
15 15 -0.429 0.678 
45 15 -0.429 0.678 

max 15 -0.218 0.832 
0 45 -0.391 0.705 
15 45 1.500 0.168 
45 45 -1.861 0.096 

max 45 0.408 0.693 
0 Max 0.709 0.496 
15 Max -0419 0.685 
45 Max -2228 0.053 

max max -0937 0.373 
Note: * indicates significance below p<0.05 

 

The max neck and 0° trunk condition had a higher average rating than the 0° neck and max 

trunk rotation (Figure 6). For both neck and trunk rotations, the average discomfort scores 

increased as the angle of rotation increased. At 15°, the trunk rotation had a higher average 

discomfort score (0° neck, 15° trunk: 1.20±1.14; 15° neck, 0° trunk: 0.70±0.82), but at 45° and 

max rotations, the neck rotation had higher ratings (0° neck, 45° trunk: 1.50±1.35; 0° neck, max 

trunk: 2.40±2.27; 45° neck, 0° trunk: 1.6±1.43; max neck, 0° trunk: 3.80±3.26). Results of the 

paired sample T-tests comparing each rotation angle for neck and trunk rotations revealed no 

significant difference (p > .05) between the discomfort scores form axial rotation of the neck versus 

the trunk (Table 2).  
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Figure 6 - Comparison of average discomfort ratings for exposure conditions with WBV and 

only neck or only trunk rotation with the other type being 0° 

 
Table 2 - T-test comparing types of axial rotation (neck and trunk) 

Pairs t Significance (p) 
Neck 0o Trunk 15o Neck 15o Trunk 0o 1.861 0.096 
Neck 0o Trunk 45o Neck 45o Trunk 0o -0231 0823 
Neck 0o Trunk max Neck max Trunk 0o -1.709 0122 

 

DISCUSSION 

The purpose of this study was to determine: 1) if neck and trunk rotations contribute equally 

to discomfort during WBV exposure, 2) if discomfort is a function of the angle of rotation of the 

neck or trunk, and 3) if discomfort is greater due to WBV alone, axial rotation alone, or WBV and 

axial rotation combined. From the 32 combinations of posture and vibration conditions, the max 

neck and max trunk rotations with WBV were selected more often by the participants as the most 

uncomfortable in the head-to-head comparison. Moreover, eight of the selected postures include 

neck rotation and eight included trunk rotations.  

0
0.5

1
1.5

2
2.5

3
3.5

4

0 15 45 maxA
ve

ra
ge

 D
isc

om
fo

rt 
Sc

or
es

Angle of Axial Rotation (degrees)

Average Scores for Conditions with Single 
Rotation Type and WBV

Neck angle with trunk 0 Trunk angle with neck 0



 

18 
 

The results of both the head-to-head tournament and discomfort ratings indicate that the 

angle of rotation has a higher impact on discomfort than the type of rotation (neck vs trunk) since 

no significant difference was found between the discomfort of neck vs trunk rotations. The posture 

with max neck and max trunk rotation was selected by 6 participants, 2 without WBV and 4 with 

WBV. Average discomfort score for this posture (max neck and max trunk) is also the highest both 

with and without WBV. The average discomfort scores for the postures with one maximum 

rotation are all higher than those with no maximum rotations. This aligns with Wikström (1993) 

who also found that increasing the angle of rotation increased the discomfort. Wikström’s (1993) 

study only included three postures: with no rotation, rotation of 90° of the neck and a combination 

of neck and trunk (no specified angles), to achieve a view of the rear of a vehicle.  

 Eger et al. (2008) conducted a study of the vibration effects on LHD operators during 

regular operations in an underground mine. They found that the operators had their necks rotated 

greater than 40° for over 89% of the time and neck rotations greater than 15° for over 96% of the 

time. Six of the seven participants reported experiencing a musculoskeletal 

ache/discomfort/pain/injury which they rated between moderate and severe on a scale of mild, 

moderate, severe, and very severe. Eger et al. (2013) conducted another study of LHD operators 

in which all 13 participants indicated work related pain/discomfort. As these studies look at the 

overall experience of discomfort while this study includes the discomfort experienced at varying 

angles of rotation the results are not directly comparable, however, they do all indicate an 

association between discomfort and the combination of WBV and axial rotation. 

Both the head-to-head tournament and the discomfort scores demonstrate that any max 

rotation causes more discomfort than a combination of smaller rotations of the neck and trunk. 

This could be applied to future operator training to instruct operators to use combinations of neck 
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and trunk rotations as opposed to any max rotation. For instance, operators could be taught to use 

a 25° neck rotation as well as a 25° trunk rotation as opposed to a 50° neck and 0° trunk rotation. 

Darabad et al. (2017) conducted a review of healthy crane operators as well as those with 

musculoskeletal disorders (MSDs) and found that healthy operators had better posture habits then 

those with musculoskeletal disorders. The operators experiencing MSDs sat in further bent forward 

postures and for longer periods than the healthy operators, who did not lean forward as much and 

spent less time in these postures. Operators may be able to learn optimal postures to aid in 

preventing MSDs.  

Current International standards for evaluating WBV exposure do not consider the effects 

of posture (ISO 231-1, 1997). A health guidance caution zone (HGCZ) is used to rate the potential 

for injury (i.e. low, medium, high) for the worker/equipment operator from the WBV exposure 

experienced, extrapolated over an 8-hour shift duration. As discomfort has been found to increase 

with increases in the axial angle of rotation for both the neck and trunk, a HGCZ approach could 

be considered where the potential for injury is rated (i.e. low, medium, high) based on the neck 

and trunk axial angles that need to be maintained by the worker/equipment operator. Further 

research is required to determine exposure time recommendations as well as a scale of angle of 

rotation.  

The results of T-tests comparing discomfort scores for each of the 16 postures with and 

without WBV did not show significant differences. Previous studies have identified difficulties in 

independently studying factors that affect drivers and lead to LBP, such as vibration levels, angles 

of rotation, and posture (Keyserling et al., 1992; Van Niekerk et al., 2003). In this study the effects 

of WBV and axial rotation of the neck and trunk were studied independently as well as combined 

to gain a better understanding of their individual effect on discomfort. The results indicate that 
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awkward postures may have a higher impact on discomfort than WBV. Additionally, it has been 

found that adding WBV when axial rotation is already present did not increase discomfort Morgan 

(2011). Furthermore, Raffler et al. (2017) found that awkward postures and heavy lifting are more 

correlated to sick leave than WBV. More research is needed to continue to try isolate whether 

awkward postures are more indicative of injury risk with different levels of WBV exposure. As 

operator discomfort has been shown to lead to future health problems, future machine designs 

should prioritize WBV reduction as well as reducing or eliminating the need for operators to adopt 

awkward postures (Hamberg-van Reenen et al., 2008). As suggested by Eger et al. (2008), 

manufacturers should evaluate their designs to allow workers to adopt more neutral working 

postures. Cardoso et al. (2018) compared a standard industry truck seat to a prototype seat with 

several adjustable panels on the back rest. These additional adjustments were designed to help 

ensure posture remain neutral and participants did identify lower discomfort. This type of seat with 

additional adjustments could allow operators to customize their seat position and allow for less 

awkward postures. Rotated seats have also been investigated for safety during collisions. Becker 

et al. (2020) conducted a preliminary study on repositioning mechanisms to bring the seated 

occupant closer to standard position prior to a crash. They reported that this type of mechanism is 

feasible and future research is needed to establish occupant safety.  Rotating seats could allow 

operators to increase the range of positions where they can maintain a neutral posture (i.e. 0o axial 

rotation of the neck and trunk) and reduce their injury risk (i.e. discomfort). As these seats are 

currently being designed for automated passenger vehicles and not heavy equipment, some 

additional factors must be considered for implementation in heavy equipment. Modifications 

might include rotating not only the seat, but also the controls (i.e. joysticks and consoles). Existing 

safety features such as air bags must be adapted to remain effective and new safety features may 
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be required based on new features (Becker et al., 2020).  Ji et al. (2016) used an algorithm to match 

industrial seats to specific vibration environments for optimal seat performance. Jonsson et al. 

(2015) Jonsson, found that in low floor buses, air suspended seats and static pedestal seats have 

equal WBV attenuation. In this type of research, it has been shown that the seats response can be 

analysed without an occupant since adding a seated occupant does not affect the seat’s vibration 

response (Lo et al., 2013). In their poll of experts in the field of WBV and ergonomics, Morgan 

(2011) found that experts agreed that the combined effects of WBV and axial rotation does not 

receive the recognition it should.  

If machines cannot be redesigned or improved to reduce WBV and axial rotations, the next 

step in the hierarchy of controls would be to use engineering controls to reduce the impacts. A 

number of parameters can be adjusted to lower the WBV exposure to operators such as improving 

road conditions and reducing driving speed (Cann et al., 2004; Tammy Eger et al., 2011). To 

reduce axial rotations, it may be possible that increasing operator range of motion using stretching 

programs may eliminate their need to use maximal rotations. 

 

STUDY LIMITATIONS AND FUTURE RESEARCH 

The main limitation of this study is the low number of participants (n=10). Although trends 

can be observed, statistical analysis did not show significance. Increasing participants would 

provide more data to better understand the relationship between axial rotation of the neck and trunk 

and WBV exposure and hopefully make more definitive conclusions. A power analysis would 

need to be conducted to determine the minimum number of participants required. 

The generalizability of the results to the working population is limited, as the participant 

age ranged from 20 to 22 years old (i.e. university student population) due to recruitment of a 
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sample of convenience. Since the participants were not experienced heavy equipment operators 

who are regularly exposed to WBV through their occupation, their discomfort ratings could vary 

from the experienced population. Age and lifetime exposure to WBV have been shown to impact 

risks of LBP and could have affected how the participants experienced discomfort (Raffler et al., 

2017). Future research should involve more exhaustive recruitment methods to include participants 

from industries with exposure to WBV and non-neutral postures. In their study of LHD operators, 

Eger et al. (2013) reported that all 13 participants indicated work related pain/discomfort. As these 

participants were experienced operators, they may be more susceptible to discomfort due to the 

combination of awkward postures and WBV. 

Eger et al. (2013) also reported that two operators reported very severe discomfort, 

however, those operators were exposed to higher vibration levels. This study only used one 

vibration exposure profile. It is possible that different levels or frequencies of vibration when 

combined with different postures would influence discomfort. DeShaw & Rahmatalla (2013) 

found that rotated posture, at least that of the neck, may have more impact at lower vibration levels. 

This may be explained by known changes in resonance behaviour of the body when an individual 

alters their posture (Kitazaki & Griffin, 1997). Now that the postures deemed to exhibit higher 

ratings of discomfort have been found, future research could focus on how varying the levels of 

vibrations affects the relationship with axial rotation and discomfort. This future research should 

also include vibration profiles with shocks. When reviewing previous literature, Morgan (2011) 

suggested that mechanical shocks experienced during acceleration events may contribute to a 

portion of the LBP experienced. Agriculture in particular has been shown to subject operators to 

high amplitude mechanical shocks (Fethke et al., 2018). 
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The single elimination tournament style may also have resulted in some very 

uncomfortable exposure conditions being eliminated early due to their original randomized 

pairings. In some cases, where participants rated two conditions as equally uncomfortable, when 

repeated at the end of the round, they scored one much higher than the other. Repeating exposure 

to the same conditions in various combinations may have presented different results. This 

methodology was effective for reducing exposure times and participant requirements to test 32 

conditions, but ultimately more participants would help increase the reproducibility of the results.  



 

24 
 

CONCLUSIONS 

This study examined the relationship between WBV, axially rotated postures and 

discomfort. The results seem to indicate that discomfort is higher when WBV and awkward 

postures are both present. The results also suggest that the extent of the rotation may have a higher 

impact on discomfort than the method of rotation (neck or trunk). Discomfort seems to 

continuously increases as the angle of rotation increases and future research may need to consider 

small angle increments to better understand the relationship between axial rotation and discomfort. 

Since both factors seem to have high impacts on discomfort, future machine designs should 

prioritize limiting axial rotation as well as limiting WBV.  
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