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Chapter 3 

Abstract 

Although pushing and pulling is very common in occupational settings, this type of manual 

materials handling is less well studied than lifting and carrying. Several issues should be 

considered when obtaining exposure measures in epidemiological field studies on pushing 

and pulling. The purpose of this article is threefold: (i) to critically evaluate different methods 

to assess push and pull forces, (ii) to describe measures of exposure to pushing and pulling, 

and (iii) to consider measurement strategies for assessment of exposure to pushing and 

pulling. 

Firstly, information on the level of exerted forces with the accuracy needed for 

epidemiology can only be obtained from direct measurement methods. These methods are 

particularly required when push and pull tasks are biomechanically analysed, implying that 

also force direction and point of application relative to the worker have to be assessed. 

Secondly, to obtain a limited number of external exposure measures that reflect exposure to 

pushing and pulling over time, aggregation of various force measurements is suggested. 

Internal exposure measures and parameters corresponding to guidelines are also described. 

Thirdly, for truck drivers and refuse collectors a strategy of approximately five repeated 

measurements for each representative working situation is advised to obtain a reliable 

estimate of an individual's exposure to pushing and pulling. 

Relevance to industry 

An overview is given of methods to assess forces accompanying pushing and pulling, which 

are very common activities in industry. Examples of exposure measures and measurement 

strategies in studies on adverse health effects of pushing and pulling are presented. Such 

studies should eventually stimulate prevention of work-related musculoskeletal disorders. 
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Introduction 
Trolleys, wheeled containers, hand-pallet trucks, wheeled cages, and other wheeled manual 

handling aids make it possible to transport large quantities of goods simultaneously and to 

prevent hazardous lifting and carrying activities. Thus, it seems that logistics of companies as 

well as workers' health will benefit from an extensive use of these aids. The handling of these 

aids mainly involves pushing and pulling, and it has been estimated that nearly half of all 

manual materials handling (MMH) consists of pushing and pulling '2. However, this type of 

MMH is less well studied than lifting and carrying, and there are hardly any epidemiological 

data available to answer the question of whether pushing and pulling is related to 
T l 1 1 7 1 T. ~l 

musculoskeletal complaints ' ' .In spite of this lack of knowledge, pushing and pulling is 

generally mentioned as a risk factor associated with the occurrence of low back pain (e.g. ' " ) . 

Pushing and pulling is defined as the exertion of a (hand) force by someone on an object 

or another person, provided that the direction of the largest component of the resultant force is 

horizontal 112. In pushing, the (hand) force is directed away from the body and in pulling the 

force is directed towards the body. The push and pull forces are usually distinguished into the 

initial force which is required to accelerate the object, and the sustained force to keep the 

object at a more or less constant velocity 214. To continue this line of reasoning, an ending 

force required to decelerate the object can be considered too 274. Consequently, when 

obtaining exposure measures for epidemiological field studies, the initial forces, sustained 

forces, as well as ending forces have to be assessed in the case of moving manual handling 

aids. Apart from the distinction between different forces, several other issues should be 

considered, such as the available methods to accurately assess these push and pull forces, the 

aggregation of exposure measurements including the different exposure dimensions, the 

requirements data should meet to enable assessment of external and internal exposure 

measures, and the required number of repeated measurements. Therefore, the purpose of this 

article is threefold: (i) to critically evaluate different methods to assess push and pull forces, 

(ii) to describe measures of exposure to pushing and pulling, and (iii) to outline measurement 

strategies for assessment of exposure to pushing and pulling. When possible, results of recent 

studies on pushing and pulling are presented by way of illustration. It is stressed that the 

presented methods, exposure measures, and measurement strategies serve only as examples 

illustrating the general direction that epidemiological research should take. 
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Assessment of push and pull forces 

In epidemiological studies assessments of push and pull forces should yield unbiased 

estimates of the exerted forces. The use of self-reports of the workers is the easiest method to 

obtain information on exerted push and pull forces, but this can only generate categorical data 

with a strong likelihood of considerable misclassification. Already in the early 1970s it was 

reported that exerted forces over 130 N were experienced much greater than they actually 

were . Kumar also found that the perception of level and duration of the force exertion 

significantly differed from the actual values. Furthermore, it has been demonstrated that self-

reported levels of push and pull forces in simulated, familiar tasks are inaccurate 269. 

Ranking of occupational groups into ordinal exposure scales with respect to level of the 

exerted forces can be obtained by expert judgements, either during a walk-through or while 

systematically observing the workers. However, when quantitative assessments are needed 

bias might occur when ergonomists solely rely on their own judgements. Even when the 

weight of the handled objects is known, push and pull forces are difficult to assess on the face 

of it. By way of illustration, recent measurements of push and pull forces exerted by 

construction workers building sand-lime brick walls yielded a rather surprising finding 236. 

These large and rather heavy bricks hang on a small crane, and the workers manually 

manoeuvre the bricks to the right position upon the wall that is being built. Force 

measurements were performed at the construction site for two different sand-lime bricks, i.e. 

the standard size and half of the standard size. The bricks have differences in weight 

corresponding to their size. It appeared that the mean forces (around 35 N) and the peak 

forces (around 70 N) were the same for standard and half size bricks. Thus, in this particular 

situation knowledge of size and/or weight of the bricks does not give the ergonomist useful 

information for the estimation of exerted push or pull forces. 

It is our opinion that direct measurement methods are the only serious option to assess 

the level of the exerted forces with the accuracy needed for ergonomie epidemiology. 

Methods vary from simple, hand-held force gauges to more sophisticated devices that 

measure the external push and pull forces in three dimensions 234. For 'quick and dirty' risk 

assessment a force gauge will be sufficient to get an impression of the required forces. 

However, these instruments only yield information regarding the resultant of the external 

push and pull forces (i.e. the level in one dimension), whereas for epidemiological studies it is 

sometimes necessary to estimate level and direction. In particular when aiming at 

biomechanical analysis of pushing and pulling activities, when detailed information on level, 

direction, and point of application of the forces is inevitable. Figure 1 shows the mean of 20 

repeated measurements of pushing a 130 kg four-wheeled cage over a distance of 10 m, as an 

example of a three-dimensional force assessment 109. First of all, movement of an object 

shows a typical pattern in the forward-backward force: an initial peak force, followed by a 
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smaller sustained force to keep the cage moving, and finally a negative peak force to 

decelerate and stop the cage. It is clear that the ending forces in this pushing task are actually 

pulling forces. Secondly, apart from the horizontally directed forces, a force of more than 50 

N is exerted downwards during the whole movement. This is in accordance with Schibye et 

al. 204, who reported that the total force exerted by refuse collectors during sustained pushing 

of a 155 kg four-wheeled container was not only directed forward, but had a vertical, 

downward component of 83 N as well, while the total force was close to horizontal in the 

initial pushing phase. In general, it can be concluded that the resultant force almost always 

has a vertical component in pushing as well as pulling, often directed downwards and 

upwards respectively. 

Exerted forces during handling of a four-wheeled cage 
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Figure 1. The mean of 20 repeated measurements of the exerted forces in three dimensions for 
pushing a 130 kg four-wheeled cage over a distance of 10 m. 
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Measures of exposure to pushing and pulling 

External exposure measures 
In general, exposure to pushing and pulling should be characterised in terms of intensity 

(level, direction, and point of application of the forces), frequency, and duration 272. This 

means that, apart from assessments of the exerted forces, task analysis is needed to collect 

information on the frequency and duration of the pushing and pulling activities. 

Many different external exposure measures can be used in epidemiological studies, varying 

from simple parameters to more complicated, aggregated measures. The most simple measure 

is obtained by asking the worker whether or not he/she is exposed to pushing and pulling, i.e. 

a nominal variable (yes/no). More informative measures have also been used in 

epidemiological studies, such as the maximal or average weight of the pushed/pulled objects 

per day 39, the mean number of hours of pushing/pulling 78, and the number of years exposed 

to pushing/pulling . These measures are only crude proxies for intensity of exposure or 

duration of exposure 78113. Few publications report on cumulative measures that encompass 

both intensity and frequency of exposure. Damkot and colleagues 3 extended their proxy by 

adopting a measure based on the weight of the pushed/pulled objects multiplied by the 

number of push/pull efforts. An approach using duration combined with a more accurate 

estimate of intensity (the percentage of working time with exerted forces over 100 N) was 

reported recently by Van Wendel de Joode et al. 258. 

The development of a simple exposure metric that adequately reflects pushing and 

pulling during work is complicated. For example, consider a worker employed at a 

distribution centre, who is engaged in loading and unloading trucks at different loading docks. 

The worker manually handles several wheeled aids with cargo of different total weights. 

Working situations also differ: some of the docks might have almost ideal conditions, while 

pushing and pulling the aids might be accompanied with obstacles such as doorsteps or an 

upward slope at other places in the distribution centre. To obtain a clear picture of the 

worker's exposure to pushing and pulling, measurements of the exerted forces are needed for 

a number of representative working situations. Each working situation has its own 

characteristics that lead to required push and pull forces, frequencies, and durations. As stated 

before, the worker exerts forces to perform three different actions, so that the initial, 

sustained, and ending forces have to be assessed. For initial and ending forces only the peak 

forces to accelerate and decelerate the MMH aids and the corresponding frequencies have to 

be assessed. For sustained forces the mean exerted push and pull forces are required, 

completed with information on the frequency and duration of the action in that particular 

situation. 
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Chapter 3 

Table 1 describes an approach to aggregate various force measurements for a certain number 

of working situations into integrated exposure measures. Cumulative peak external exposures 

can be calculated for initial and ending forces in pushing as well as pulling. As an exposure 

index for each of these four actions the sum of the frequency times the peak forces is 

suggested. For sustained pushing and pulling not only level and frequency of the forces are 

included, but also duration. Consequently, the measured forces multiplied with both 

frequency and duration yield a measure of cumulative average external exposure. When 

continuous registrations of the force measurements are available, further aggregation can be 

obtained by combining the measures of average and peak exposure into one exposure 

parameter for pushing and one parameter for pulling. A suitable measure can be obtained by 

means of the time integral of the force. For instance, the frequency times the root of the 

squared force integrated over time, which incorporates frequency as well as level and 

duration, and gives extra weight to the peak forces on top of that. It should be kept in mind 

that this measure only serves as an example of weighing a particular aspect of exposure to its 

assumed impact on musculoskeletal disorders. When a more important contribution of exerted 

peak forces is hypothesised, one can equally well raise the force to a power of three or four 

before integrating over time and multiplying with frequency. When no additional weight to 

peak forces has to be given, the frequency times the force integrated over time may be 

appropriate. Finally, Table 1 presents a formula for the cumulative exerted force, which does 

not take into account the direction of the exerted forces. Likewise, the frequency times the 

root of the squared force integrated over time is given as an example for this single measure 

of exposure. 

Figure 2 presents the results of continuous force measurements in pushing and pulling 

of four-wheeled cages 61 to illustrate the above-mentioned exposure measures. In terms of the 

overview given in Table 1, the mean and standard deviation of the total forces are shown for 

each of the six actions, for which three situations were considered (i.e. different weights). 

Seven male subjects were asked to push and pull the cages with weights of 130, 250, and 400 

kg over a distance of 12 m. The required forces were significantly higher with increasing cage 

weight (pO.001). Again, it is clearly illustrated that the ending forces in pushing are actually 

pull forces, whereas ending forces in pulling are actually push forces. The initial pull forces 

were in the same order as the ending forces in this backward movement, and the same goes 

for the forces exerted to end pushing: around 170, 225, and 265 N for the cages of 130, 250, 

and 400 kg, respectively. The initial push forces appeared to be somewhat higher when 

compared with the other forces, viz. 217, 288, and 315 N for the three weights. Sustained 

forces were about the same for pushing and pulling: around 60, 90, and 135 N. To obtain the 

aggregate exposure measures described above, the actual values of the exerted forces given in 

figure 2 have to be combined with information on frequency and duration of the pushing and 
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pulling tasks. It is known from an earlier field study that cages were pushed 61 times per 

working day, while pulling occurred 88 times per day. For pushing as well as pulling the 

frequency ratio of the handled cage weights of 130, 250, and 400 kg was estimated to be 

around 2:1:4. From these figures it can be calculated that, for instance, the cumulative force 

for initial pushing equals 17404 N-day"'. Likewise, the other external exposure measures can 

be obtained. However, the mathematical procedures required to calculate the aggregated 

exposure measures deprive them from their common sense meaning. To give an impression, 

for the truck drivers working with wheeled cages the aggregated exposure measures were 

62871 N-s'^-day"1 for the cumulative push force and 58874 N-s 2-day"' for the cumulative pull 

force, while the single measure for the cumulative exerted force was 86247 N-s May" . For 

refuse collectors these measures equalled 123011, 147891, and 195797 N-s/2-day_1, 

respectively. It is obvious that these numbers and units are unique to this application and only 

mean that the exposure of refuse collectors was roughly twice the exposure among truck 

drivers. 

Exerted forces during handling of a four-wheeled cage 
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Figure 2. The mean and standard deviation of the total exerted force in pushing and pulling of 
four-wheeled cages. Seven male subjects pushed and pulled the cages with three 
different weights (130, 250, and 400 kg) over a distance of 12 m. 

Internal exposure measures 

Internal exposure refers to the moments and forces within the human body that result from 

postures, movements, and exerted external forces. To obtain internal exposure measures for 

epidemiological studies more information is required when compared to external exposure 

parameters. As input for a rather simple biomechanical model, like the widely used two-

dimensional static strength prediction model 27, not only postural details on five body link 
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angles are needed, but also both level and direction of the push or pull forces. Therefore, apart 

from task analysis to estimate the frequency and duration, comprehensive force measurements 

and posture analysis are inevitable in order to obtain estimates of the compressive and shear 

forces at the L5/S1 intervertebral disc as parameters of internal exposure. The importance of 

assessing the direction of forces in what seem to be horizontally directed push and pull 

actions, is illustrated by a study among refuse collectors . The study was performed to 

compare the mechanical workload of the handling of two-wheeled plastic dustbins with and 

without inserted tray. These trays are constructed in top of the dustbin and, thus, decrease the 

volume of the dustbin. The use of a dustbin with decreased volume entitles a household to 

reduction of refuse tax in the future. Three tray sizes were studied (content of 40, 60, and 80 1) 

and for each of these sizes two different weights were studied, which corresponded to the 

maximal load and half of the maximal load for the dustbins with inserted tray. The two-

dimensional static strength prediction model was used to estimate the biomechanical load on 

the low back while tilting, pushing, and pulling the dustbins during a simulation of the work 

in the laboratory. Figure 3 shows the compressive forces at the L5/S1 intervertebral disc 

during sustained pulling of the tilted dustbin with and without inserted tray for each of the 

dustbins and weights studied. The compressive forces while handling the dustbins with 

inserted tray were on average around three times higher than those without inserted tray, 

while there were hardly any differences in the required horizontal forces. The differences in 

compressive forces were caused by the changed position of the dustbins' centre of gravity, 

which resulted in different vertical forces. Consequently, the tilted dustbins with inserted tray 

were not only pulled, but also 'carried'. This study clearly illustrates that pushing and pulling 

forces should not be considered as being purely horizontal when aiming at internal exposure 

measures by means of biomechanical analysis. However, the absolute values of the 

compressive forces at the lower back were well below the NIOSH action limit of 3.4 kN. In 

general, the compressive forces in pushing and, to a lesser extent, pulling are lower than those 

in lifting. However, when workers bend their trunk while pushing a heavy cart with low 

handle height, high peak compression forces can occur 147196. Furthermore, Schibye and her 

colleagues stated that shear forces might be a risk factor for the development of back pain 

related to pushing and pulling. These forces as well as the forces and moments on the 

shoulder joint (see 247) deserve more epidemiological attention in the future. 
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Figure 3. The compressive forces at the L5/S1 intervertebral disc during sustained pulling of a 
tilted two-wheeled plastic dustbin with and without inserted tray. For each of three 
trays (content of 40, 60, and 80 litre) two different weights were studied. 

The importance of dynamics involved in pushing and pulling has been stressed before 

' ' ' ' . However, it is undoubtedly difficult to gather kinematic data from the work

site for ergonomie epidemiological studies with the accuracy needed for dynamic 

biomechanical models. In particular, assessment of movements of the different body parts by 

means of direct measurement methods to estimate the influence of inertia can be rather 

laborious because of time-consuming calibration procedures and subsequent analyses 232. 

More complex models use a three-dimensional approach to calculate low back load including 

lateral shear forces, which is obviously required in sidewards pushing and pulling. However, a 

three-dimensional approach might also be useful for asymmetric pushing and pulling, which 

happens quite often as workers have the tendency to push or pull MMH aids with different 

left and right hand forces 147. In the case of highly loaded MMH aids, workers try to improve 

their view, which involves rotation and/or lateroflexion of the trunk 231. Partly for the same 

reason, particularly pulling is frequently performed one-handed 204 in combination with trunk 

rotation. For this working technique the necessity of three-dimensional modelling is obvious. 

Again, the data needed for the input of these models are hard to obtain at the work-site, so that 

researchers aiming at internal exposure measures resulting from a three-dimensional dynamic 

model will probably choose a task-based exposure assessment. After gaining insight into 

exposure to different tasks by, for instance, observations at the workplace, representative 

tasks are simulated in the laboratory to get an accurate estimate of the corresponding 

biomechanical workload. 

55 



Chapter 3 

Exposure measures corresponding to guidelines 

The guidelines of Mitai et al. 169 are often used to evaluate push and pull forces in terms of 

maximum acceptable push and pull forces (both initial and sustained). These guidelines are 

based on the extensive psychophysical experiments of Snook and Ciriello 2I4 and have been 

adjusted such that the general physiological criterion was not violated. The force limits can be 

applied to pushing and pulling tasks performed under a wide variety of conditions (different 

hand heights, durations, and frequencies). For example, the forces required to push and pull 

trolleys used to transport flowers and plants from greenhouses via auction buildings to florist's 

shops were continuously assessed in several working situations 234. The initial pushing force 

appeared to be around 500 N for trolleys of 400 kg, which increased up to around 700 N when 

both castor wheels were in a crosswise position. In this example, the exerted forces were 

much higher than the highest maximum acceptable forces (i.e., those for optimal hand height, 

shortest distance, and lowest frequency), which made evaluation rather easy. However, 

situations may occur where initial forces are highly exceeded, but sustained forces are not. 

Furthermore, difficulties in the application of the guidelines arise because in many jobs 

several tasks are performed in different working situations. For some tasks guidelines might 

be exceeded, while other tasks in the same job can be safely performed. For pragmatic reasons 

the exerted forces, hand heights, durations, and frequencies of each of these tasks and 

working situations have to be combined into a single, integral evaluation of the job, because 

otherwise guidelines can be applied to hardly any job (see 169). In conclusion, the above-

described example and other studies (e.g. 230'258) showed that pushing and pulling guidelines 

are probably often exceeded at the workplace. However, it should be noted that the question 

of whether this is related to musculoskeletal disorders remains far from solved. The same 

goes of course for the situation in which guidelines are exceeded temporarily or on one aspect 

only and arbitrary choices have to be made with respect to the integral evaluation of the job. 

In epidemiological field studies different strategies can be chosen to obtain external 

exposure measures corresponding to guidelines for pushing and pulling. For instance, the 

frequency that maximum acceptable pushing and pulling (sustained and/or initial) forces are 

exceeded during a working day would be a simple solution. When aiming at validation of 

guidelines a more appropriate external exposure measure would be the percentage of the 

workforce that is considered to be capable of performing the push and pull task without 

developing musculoskeletal complaints according to that particular guideline. In the same line 

of reasoning, a simple measure for internal exposure is imaginable, for instance, the frequency 

that the NIOSH action limit for compressive forces at the lower back (3.4 kN) is exceeded. In 

particular the initial pull forces will contribute to the last-mentioned internal exposure 

measure, because pulling is more demanding than pushing from a biomechanical point of 

view and compressive forces are mainly influenced by peak forces exerted in the initial phase 
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to get an object in motion (see " ) . Again, the percentage of the workforce capable of 

performing the task without developing back disorders according to, for instance, the two-

dimensional static strength prediction model would be a more detailed measure. It should be 

stressed, however, that in risk assessments such percentages can only be used with great 

caution as, to our knowledge, there is hardly any epidemiological evidence justifying that the 

level of force is indeed acceptable to the given percent of the (working) population. 

Therefore, it is strongly recommended to include external as well as internal exposure 

measures that correspond to guidelines as much as possible in epidemiological field studies 

on MMH. 
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Measurement strategy in assessment of exposure to pushing and pulling 
In epidemiological field studies one should explicitly decide on the measurement strategy, i.e. 

how can the possible measurements best be allocated to accurately describe the exposure 

patterns in the population under study 24. To gain insight into the required number of repeated 

measurements of push and pull forces a pilot study was performed to estimate the different 

components of variance in the external exposure measures suggested in table 1. In the 

laboratory two groups of seven subjects performed different pushing and pulling tasks during 

which exerted forces were assessed 66. For the first group a refuse collecting task was 

simulated, while the second group pushed and pulled four-wheeled cages, the way it is done 

while loading and unloading (see figure 2). For both occupational groups detailed information 

on frequency and duration of their pushing and pulling tasks was available from earlier field 

studies among refuse collectors 7 and truck drivers 231. Firstly, the two components of 

variance (i.e. between worker variance and within worker variance) were estimated by one

way analysis with repeated measurements using the random effects model. This was 

performed for six exposure indices regarding cumulative force per action (i.e., initial, 

sustained, and ending forces in pushing as well as pulling; see table 1). For all but one 

exposure measure, the within worker variance was considerably smaller than the between 

worker variance. Only for initial forces to pull the four-wheeled cages into motion the 

variability was larger within workers than between workers: 65% and 35% of the total 

variance respectively. The between worker component of the remaining variables in this 

group varied from 66% up to 91%, being a contribution to the total variance of almost 70% on 

average. For pushing and pulling of wheeled dustbins the between worker variances in the 

exposure parameters were generally somewhat larger than those for the cages: the mean was 

almost 80% of the total variability (range: 58-98%). These results indicate that an unbiased 

estimate of individual exposure to pushing and pulling can be achieved for most measures 

with a relatively small number of repeated measurements per representative working 

situation. With five repeated measurements for all but three measures the reliability 

coefficient for the average exposure per worker is 0.90 or more. The ending forces in forward 

and backward movement of the wheeled dustbin would require seven and six repeated 

measurements to arrive at a reliability coefficient of 0.90. This coefficient would be achieved 

with 17 repeated measurements for initial pushing forces exerted to get the wheeled cages in 

motion. It can be hypothesised from these one-way analyses of variance that the personal 

working technique is of great importance in pushing and pulling of MMH aids. For example, 

the use of the worker's own body weight and the direction of the force are technique features 

that might differ between workers. It is imaginable that experienced workers are capable of 

exerting a more efficient direction of the force, i.e. a relatively large ratio between the 

horizontally directed force and the force in the vertical direction. It can be concluded, in 
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jeneral, that around five repeated measurements of the magnitude of the exerted force for 

each representative working situation seem to be enough to obtain a reliable estimate of 

exposure measures with respect to pushing and pulling at the level of individual workers. 

However, it should be noted that in epidemiological field studies figures on frequency and 

duration might be less accurate than those used in the present analysis, which has 

unfavourable consequences for the required number of repeated measurements. 

Furthermore, nested two-way analyses of variance were applied for the two groups. In 

this random model the workers were nested within the group factor. These analyses were 

-iformed for the same six exposure measures and also for the three aggregated measures 

(i.e., cumulative push force, cumulative pull force, and cumulative exerted force). The aim of 

these analyses was to find out whether or not the contrast in exposure between two different 

occupational groups was sufficient to distinguish both groups in an epidemiological study 

with regard to their exposure to pushing and pulling. Table 2 shows the estimated relative 

contribution of the different sources of variance to the total variability in nine exposure 

measures with respect to pushing and pulling for two groups of seven subjects. In general, 

about two third of the total variance of the external exposure measures was between groups 

; range 51% to 95%). This implies that the contrast in exposure between both occupational 

groups is sufficient to be used in an epidemiological study. It should be noted that several 

other sources of variation are not taken into account in the analyses, for instance variability 

between shifts, between days, or between seasons. Variation between shifts and days can be 

substantial among truck drivers, while seasonal variation is known to be very large in refuse 

collecting. However, it is recommended to perform pilot studies such as the one described 

above prior to the actual epidemiological field studies to achieve insight into the number of 

repeated measurements and the number of workers needed to obtain a precise estimate of 

exposure to the chosen representative pushing and pulling activities. 

This article has not addressed the fact that almost every job with exposure to pushing 

and pulling is a multi-component MMH job. It is inevitable that a measurement strategy 

should take into account lifting and carrying as well as other effect modifiers, such as postural 

work demands, and whole-body vibration. Again, the importance of aggregating data into a 

limited number of exposure parameters is stressed. Hence, a measure for cumulative internal 

exposure on the low back seems to be most suitable for epidemiological studies on 

musculoskeletal disorders 266. 
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Table 2. The estimated contribution (%) of the different sources of variance to the total 
variability in nine different pushing and pulling exposure measures for two groups of 
seven subjects. 

Source of variance 
Exposure measures Between groups Between subjects, Between trials, 

within groups within subjects 
Pushing 

Cumulative initial force 75 19 6 
Cumulative sustained force 64 27 9 
Cumulative ending force a 82 10 7 
Cumulative push force b 75 23 2 

Pulling 
Cumulative initial force 94 6 1 
Cumulative sustained force 55 44 1 
Cumulative ending force a 51 33 16 
Cumulative pull force 100 0 0 
Cumulative exerted force 94 5 1 

Ending forces in pushing (forward movement) are actually pull forces, whereas ending forces in 
pulling (backward movement) are actually push forces (see table 1 and figure 2). 

Cumulative forces are calculated as the frequency times the root of the squared force integrated over 
time (see table 1). Ending forces in pushing and ending forces in pulling contribute to cumulative 
forces for pulling and pushing respectively. 
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Concluding remarks 
In this article different methods to assess push and pull forces are described and critically 

evaluated. It is considered that the level of exerted external forces can only be assessed with 

the accuracy needed for ergonomie epidemiology by direct measurement methods. Preferably, 

these measurements are performed at the workplace. However, Wiktorin et al. ' found that 

workers were able to reliably reproduce the exerted forces in simulated, familiar tasks. This 

finding suggests that the required push and pull forces in daily working situations can also be 

assessed in simple simulations, for instance at the end of a work shift. 

Secondly, aggregation of multiple force measurements into a limited number of 

measures of exposure to pushing and pulling is needed in order to evaluate their impact on the 

occurrence of musculoskeletal disorders. Apart from the intensity of the exerted push and pull 

forces, (weighted) estimates of the exposure dimensions of frequency and duration should be 

included in these cumulative external exposure variables. To obtain internal exposure 

measures biomechanical analysis of pushing and pulling is required, which implies that not 

only the level of the forces, but also the direction and point of application relative to the 

worker should be known. It is often incorrectly assumed that push and pull forces are purely 

horizontal, because the resultant force has almost always a vertical component as well. It is 

strongly recommended to validate exposure measures derived from present pushing and 

pulling guidelines in epidemiological studies. 

Thirdly, a measurement strategy for assessment of exposure to pushing and pulling was 

presented for two occupational groups, viz. refuse collectors and truck drivers. With accurate 

information on frequency and duration, it appeared that around five repeated measurements of 

the force level for each representative working situation may be enough to obtain a reliable 

estimate of exposure measures with respect to pushing and pulling at the level of individual 

workers. It cannot be sufficiently emphasised that the success of an epidemiological study 

strongly depends on contrast in exposure. This holds for studies at the individual level but 

also for those in which occupational groups are compared. Thus, groups of workers with 

substantial contrast in exposure to pushing and pulling should be selected in order to study the 

relationship between exposure to this type of MMH and the development of musculoskeletal 

disorders. 

Finally, the presented methods, formulae and measurement strategies with respect to 

assessment of exposure to pushing and pulling need to be applied in an occupational setting 

relating them to specific musculoskeletal disorders. Actual use of the presented approach as 

an epidemiological tool in studies among large populations will show whether, for instance, 

the measurement effort, which accompanies accurate assessment of the proposed exposure 

measures, is realistic or not. More importantly, the exemplified formulae need to be validated 

as many questions remain unanswered, e.g. to which extent the likelihood of musculoskeletal 
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injury is affected by peaks in force level? Therefore, it is recommended to longitudinally 

study the relationship between (aspects of) exposure to pushing and pulling and the 

occurrence and recurrence of musculoskeletal disorders, focusing on the low back and 

shoulders in particular. 
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Abstract 
The objective of the present study was to determine the validity of methods to assess 

push/pull forces exerted in a construction task. Forces assessed using a hand-held digital force 

gauge were compared to those obtained using a highly accurate measuring frame. No 

significant differences where found between the methods, except for peak push forces, for 

which the forces assessed with the force gauge were significantly lower than those assessed 

with the measuring frame. When the construction task was reproduced close to the workplace 

by simulation against a fixed object using the force gauge, all exerted forces on the force 

gauge were significantly lower than those on the measuring frame, except for mean pull 

forces. When self-reports were compared to the exerted forces on the measuring frame, the 

construction workers overestimated the exerted push/pull forces by 50%. In conclusion, when 

applied for direct measurements, the force gauge can be used to validly assess push/pull 

forces at the workplace. 
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Introduction 
Working in the building and construction industry is associated with one of the highest risks 

for work related back complaints 4°.98'105-"6'275 Reviews of the epidemiological literature on 

low-back pain show that the manual handling of materials, which is a common feature at 

construction sites '' ' ' 6 , is associated with the occurrence of back problems 2373'133. Lifting 

ioads is generally considered hazardous and has been extensively studied. Pushing and pulling 

has, so far, received less attention but is also found to be associated with low-back pain 112, 

although conclusive evidence is lacking 133. Lifting loads at construction sites is avoided 

increasingly by introducing new lifting and hoisting equipment. Often, however, these loads 

still have to be positioned exactly by pushing and pulling '30. Excessive pushing and pulling 

was observed when objects suspended from a crane had to be guided manually, especially in 

; mations where the co-ordination between crane driver and construction worker was poor 4'. 

in the same study it was reported that frequent pushing and pulling was necessary when 

construction workers were receiving buckets containing concrete. 

For biomechanical analyses and epidemiological research, as well as for evaluation of 

.;rgonomic interventions in the building and construction industry, it is often necessary to 

quantify the mechanical exposure 260. With respect to pushing and pulling, the weight of the 

object that has to be displaced will only give limited information. Therefore, the actual forces 

that are exerted have to be assessed, for which several methods are available 232. The methods 

should be easy applicable when the exerted forces are measured at the construction site, while 

the construction worker is performing a push/pull task. The easiest method is the use of self-

reports of the workers 23 269. If self-reports can be considered valid, this method of exposure 

assessment will hardly interfere with the work performed at the construction site. 

Furthermore, following Wiktorin et al. 69, the workers can be instructed to reproduce the 

forces they have just exerted by simulation on a portable measuring device. Although more 

time consuming, this method may yield more precise measurements. By reproduction of the 

exerted forces away from the actual workplace, possible hazardous situations can be avoided 

because of handling the measuring device. Moreover, this method would still be applicable 

when it is impossible to attach the measuring device to the object that has to be displaced. 

Finally, a simple measuring device could be used to assess the exerted forces at the workplace 

while the workers perform the actual task 232. If valid, such a method is to be preferred 

because the assessment takes place during the actual performance and the method should be 

less susceptible to any subjective interpretation. Furthermore, this method of direct 

measurement should not be time consuming because the actual work can be continued during 

the measurements and should hardly interfere with the performance of the task itself. 

The objective of the present study is to determine the validity of methods to assess 

push/pull forces exerted in a construction task. An experiment was conducted to answer the 
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following questions: (1) Can a simple hand-held digital force gauge be used to validly assess 

the exerted push/pull forces at the workplace? (2) Are construction workers able to reproduce 

the exerted push/pull forces correctly by means of simulation? (3) Are construction workers 

able to quantify correctly the exerted push/pull forces by means of self-reports? To determine 

the validity of these methods, the results are compared to push/pull forces assessed using a 

highly accurate measuring frame. 
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Methods 

Subjects 

Ten healthy male construction workers, age 32 years (SD 5), length 1.79 m (SD 0.07), body 

mass 79 kg (SD 10) and 12 years (SD 7) of experience in construction work, participated in 

the experiments, after they had given written informed consent. None of the participants 

reported a history of low-back disorders or other musculoskeletal problems. 

Tasks and procedures 

At construction sites, construction workers manually push/pull a concrete hopper, which is 

carried by a large crane, to pour concrete in formwork. The construction task of pushing and 

pulling a concrete hopper was simulated outside of the construction area. Care was taken to 

simulate the daily practice of the construction workers as closely as possible. Therefore, the 

participants were asked to push/pull a loaded concrete hopper of 750 1, weighing 900 kg 

(figure 1), following standardised instructions. The hopper was suspended from a horizontal 

steel beam at a height of 4 m. A measuring frame was attached to the hopper to assess the 

exerted forces needed to push/pull the hopper (figure 1). The handle height of the measuring 

frame was standardised at 1.3 m, in accordance with the actual working situation. All 

construction workers participated in four experiments (table 1). For experiment A, the 

participants had to push with one hand at the measuring frame and hold it for 3 s, giving the 

iowest part of the hopper a deviation of 0.2 m out of the perpendicular. Except for the 

instruction of using one hand, the participants were free in choosing their standing posture. 

However, they were asked to handle the hopper as they would in practice. In part 2 of 

experiment A, the participants were asked to estimate the actual force needed to accelerate the 

hopper from the stable centre position to the deviated position. Next, the construction workers 

were asked to estimate the actual force needed to hold the hopper in the deviated position. 

The self-reports were made in kilograms. Part 3 of experiment A was designed to test the 

ability of the construction workers to reproduce the magnitudes of the exerted forces. For this, 

they had to simulate handling the hopper using a hand-held digital force gauge, which was 

attached to a vertical steel pillar, also at a handle height of 1.3 m. 

Experiment B consisted of pushing the hopper following the instructions mentioned 

above, only this time the construction workers had to push the force gauge, which was 

attached to the measuring frame. Experiments C and D were similar to experiments A and B 

respectively, except that the construction workers had to pull with one hand instead of push. 

The sequence of experiments was randomised and for each experiment five repeated 

measurements were done. 
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Figure 1. A concrete hopper of 750 1, filled up to 900 kg, used in the present experiments. The 
photograph on the right shows the high precision measuring frame in detail. 

Apparatus and data acquisition 

Force assessments were obtained by a measuring frame attached to the hopper (figure 1) and 

by a hand-held digital force gauge. The measuring frame consists of six strain gauge force 

transducers (Maywood Instruments Limited U4000). Forces, exerted in all directions could be 

registered continuously and were found to be highly accurate (maximum error of 1.5% 109). 

The analogue force signals from the transducers were low-pass filtered (150 Hz) and stored 

on a tape-recorder (TEAC R-71). Afterwards, the signals from the tape-recorder were AD-

converted at 50 Hz (PC-LabCard PCL-818L, Advantech Co., Ltd.) and stored on a PC. Force 

assessments obtained with the measuring frame were compared to those obtained with a hand

held digital force gauge (AFG-500, Mecmesin Limited, England). The force gauge measures 

forces in two opposite directions in one plane at a maximum of 500 N. It could be easily 

attached either to the measuring frame or to the vertical steel beam and connections were 

constructed such that exertion of force was possible in all directions. After the assessment the 

peak forces during pulling as well as pushing, and the average force during the time of 

assessment could be read off the display. 
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Table 1. Scheme of the experimental procedure. The sequence of the experiments was 
randomised. 

Part Part 2 Part 3 
Experiment A Push with one hand at the 

measuring frame 

Experiment B Push with one hand at the 
hand-held force gauge 
attached to the measuring 
frame 

Experiment C Pull with one hand at the 
measuring frame 

: xperiment D Pull with one hand the hand
held force gauge attached to 
the measuring frame  

Estimate the 
actual force 

Reproduce the exerted forces by 
simulation with hand-held force 
gauge 

Estimate the 
actual force 

Reproduce the exerted forces by 
simulation with hand-held force 
gauge 

Data-analysis and statistics 

The force signals of the measuring frame were low-pass filtered at 3 Hz and further analysed 

using MATLAB (The MathWorks Inc.). Peak values of the resultant force vector were 

.-alculated for the acceleration of the concrete hopper from the stable position (initial peak 

force) and for holding the hopper at the deviated position (holding peak force). Furthermore, 

;he mean resultant force of the entire action was computed. For further analyses, self-reports 

of the construction workers were translated into Newtons. 

To examine whether the hand-held force gauge can be validly used at the workplace, 

peak and mean forces (for pushing as well as pulling) assessed using the force gauge and the 

measuring frame were compared. Firstly, forces were compared while handling the force 

gauge that was attached to the measuring frame, i.e. the comparison is made within the same 

experiment (experiment B for pushing and experiment D for pulling). Secondly, the forces 

assessed using the force gauge (experiments B and D) were compared to the forces assessed 

using the measuring frame while handling the frame only by hand (experiments A and C), i.e. 

the results from two different experiments were used for the comparison. 

To test the ability of the construction workers to reproduce the exerted forces by means 

of simulation, mean and peak forces assessed using the measuring frame were compared to 

the forces assessed using the force gauge when simulating the same action (experiments A 

and C). 
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Finally, estimations by construction workers of the initial peak force and the holding peak 

force were compared to the forces assessed using the measuring frame within experiments A 

andC. 

For each participant the average of the five repeated measurements of forces and self 

reports was calculated. For ten participants, the mean and standard deviation of these average 

values were calculated. Analysis of variance (F-test) with a repeated measurements design 

was performed to detect differences between methods. A significance level of 5% was used. 
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Results 

Validity of the hand-held force gauge 

To test whether forces measured with the hand-held digital force gauge were valid, results 

were compared to forces simultaneously assessed with the measuring frame (experiments B 

and D). Table 2 shows that the exerted mean forces were, on average, in the order of 130 N. 

Pulling forces were somewhat higher than pushing forces. Maximum forces were on average 

225 N for pushing as measured with the measuring frame and 247 N for pulling. Using the 

hand-held force gauge, maximum forces were 228 N for pushing and 260 N for pulling. 

Analysis of variance with five repeated measurements revealed that there were no significant 

differences between forces assessed with the measuring frame and the force gauge with 

respect to the mean and peak resultant force for pushing as well as pulling. 

Table 3 presents the results of assessments using the measuring frame by hand 

compared to the assessments of forces using the force gauge attached to the measuring frame 

• different experiments). For pulling, the exerted forces assessed with both methods were not 

significantly different. For pushing the difference in the mean resultant force was marginally 

significant 0=0.051). The peak resultant force significantly differed between both methods of 

assessment, i.e. exerted forces assessed with the force gauge (228 N) were systematically 

lower than those assessed with the measuring frame (267 N). 

Ability of reproduction by simulation 
The results concerning the ability of the participants to reproduce the exerted forces using the 

hand-held force gauge just after the actual handling of the hopper are presented in table 4. 

Except for the mean pull forces, all exerted forces on the hand-held force gauge attached to 

the steel beam were significantly lower than those on the measuring frame attached to the 

hopper. 

Self-reports 
Table 5 shows that all construction workers overestimated the exerted forces. The self-

reported forces were about 1.5 times higher than the measured forces, which was significant 

for all variables. For pulling, the overestimation of the exerted force was higher than that for 

pushing, but differences between pushing and pulling were not significant. Table 5 also shows 

the relatively high standard deviations for the self-reports representing a large variation in 

estimations of the exerted forces between and within subjects. 
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Table 2. Averages, standard deviations (SD) and ^-values of exerted forces to examine the 
difference between the measuring frame and the hand-held force gauge when applied 
simultaneously. 

Measuring frame 

Pushing 
Mean force (N) 
Maximum force (N) 

Pulling 
Mean force (N) 
Maximum force (N) 

Average 

126.3 
225.4 

139.1 
246.7 

SD 

16.9 
33.0 

16.9 
32.2 

Hand-held force gauge  
Average  

121.6 
228.2 

131.4 
260.0 

SD 

11.6 
35.3 

18.3 
52.3 

/»-value 

0.194 
0.592 

0.211 
0.300 

Table 3. Averages, standard deviations (SD) and p-values of exerted forces to examine the 
difference between the measuring frame and the hand-held force gauge when not applied 
simultaneously. 

Measuring frame 
Average SD 

Hand-held force gauge p-vuhie Measuring frame 
Average SD Average SD 

Pushing 
Mean force (N) 
Maximum force (N) 

Pulling 
Mean force (N) 
Maximum force (N) 

133.7 
266.8 

136.9 
267.6 

16.6 
27.4 

17.6 
30.6 

121.6 
228.2 

131.4 
260.0 

11.6 
35.3 

18.3 
52.3 

0.051 
0.005 

0.508 
0.606 

Table 4. Averages, standard deviations (SD) and ̂ -values of exerted forces to examine the ability 
of the partcipants to reproduce on the hand-held force gauge the forces needed to handle 
the hopper with the measuring frame. 

Measuring frame 

Pushing 
Mean force (N) 
Maximum force (N) 

Pulling 
Mean force (N) 
Maximum force (N) 

Average 

133.7 
266.8 

136.9 
267.6 

SD 

16.6 
27.4 

17.6 
30.6 

Hand-held force gauge 
reproduction 

Average 

110.8 
171.4 

127.8 
204.6 

SD 

13.8 
35.0 

26.1 
40.8 

p-value 

0.000 
0.000 

0.234 
0.000 
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Table 5. Averages, standard deviations (SD) andp-values offerees to examine the ability of the 
participants to estimate the force needed to accelerate the hopper from the stable centre 
position to the deviated position (initial peak force) and the force needed to hold the 
hopper in the deviated position (holding peak force). 

Measuring frame 

Pushing 
initial peak force (N) 
Molding peak force (N) 

Pulling 
initial peak force (N) 
Holding peak force (N) 

Average SD 
Self-reports 

Average 
/rvalue 

SD 

191.0 
266.8 

199.8 
267.6 

35.8 
27.4 

32.9 
30.6 

283.7 
377.5 

352.4 
448.5 

114. 
126.i 

174.0 
195.3 

0.029 
0.019 

0.023 
0.020 
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Discussion 

The present study was designed to'determine the validity of methods to assess push and pull 

forces at the workplace. Three methods to assess forces were compared to forces assessed 

using a highly accurate measuring frame. In general, assessments using the hand-held force 

gauge were found to be valid and those by simulation and estimation were not. Of course, the 

application of the measuring frame or a measuring device with comparable specifications at 

the workplace would be ideal. However, there are several disadvantages. Firstly, 

measurements using this type of apparatus are time consuming, which interferes with the 

work that is to be measured. Secondly, these devices are relatively heavy, which affects the 

measurement of the external forces. Thirdly, application of these devices at the workplace can 

be difficult because of the difficulty attaching the apparatus to the object that has to be 

displaced and/or the necessity of the use of wiring, amplifiers or portable data loggers. 

A more practical alternative is the hand-held digital force gauge that is used in the 

present study. It is easily applicable at the workplace and can be used while the actual 

push/pull task is performed. However, it is not possible to measure the direction of the exerted 

force, although the position of the device will give some information. Furthermore, the force 

gauge only registers the maximum of the push and pull force and the average force during the 

assessment. The question remains whether the assessments using the force gauge can be 

considered valid. The assessment of forces using the measuring frame or the hand-held force 

gauge are not statistically different when applied simultaneously. However, when the devices 

are not applied simultaneously, the pushing forces assessed with the force gauge were 

systematically lower. This could be explained by the fact that pushing against the relatively 

heavy concrete hopper using a very small connection with the force gauge is unstable 

compared to using the firm grip of one hand. Therefore, it was not easy for the construction 

workers to apply a relatively large pushing force using the hand-held force gauge. 

Another method to assess the push/pull force is to instruct the worker to reproduce the 

effort close to the actual workplace. This method can be very helpful if it is impossible or 

hazardous to let the worker perform the push/pull task with the hand-held force gauge 178. 

However, the results of the present study indicate that the reproduced forces are 

systematically lower than the actual forces, except for the mean pull forces. Earlier findings in 

the studies of Wiktorin et al. 269 and Hammerskjöld et al. 10° could not be confirmed. Wiktorin 

et al. -' hypothesised that individuals have a neuro-muscular 'memory' of the forces exerted 

at work, which was indicated by the high reproducibility of the simulations. However, in the 

study of Wiktorin et al. 269 the reproduced forces were not compared to the actual forces at 

work and it is still possible that the workers systematically underestimated the actual effort 

when reproducing the forces. 
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in the present study, experienced construction workers were not able to estimate the push/pull 

forces they had exerted during the displacement of the concrete hopper. Even though the time 

between the exertion and the estimation of the forces was very short, the workers 

overestimated their effort on average with about 50%. Although differences in overestimation 

were found between pushing and pulling, the differences were not statistically significant. 

Strindberg and Petersson 220 reported that exerted forces during pushing of trolleys beyond 

130 N were experienced as being greater than they actually were. In the present study an 

initial pushing force of 190 N was experienced as 280 N. The study of Strindberg and 

Petersson 22° would predict a subjective force of 250 N. Initial pushing forces below 130 N 

were not assessed in the present study. Therefore, the results of Strindberg and Petersson 22° 

could not be verified. Furthermore, the results of the present study are not entirely in line with 

the results of Wiktorin et al. 269. They reported a correlation between the exerted and the 

estimated forces of 0.21 to 0.69, but reported that underestimation was more common than 

overestimation, which is not the case in the present study. It is clear that estimation of the 

absolute level of the exerted forces by the subjects themselves is not a valid method to 

quantify the exerted forces. Other easily applied methods are (a) the estimation of push/pull 

forces by expert judgements 232, which to our knowledge has not yet been studied, and (b) the 

application of a scale with a more crude level of assessment. With respect to the latter, the use 

of a visual analogue scale (VAS) as applied in the self-administered questionnaire of Pope et 

al. may look promising. However, in the study of Pope et al l90 subjects still had to 

estimate the weight handled and not the level of forces exerted during the manual handling of 

materials. 

Differences between the reproduction and estimation of forces and the actual exerted 

forces during the displacement of the hopper may be explained by the fact that handling the 

hopper is (quasi-) dynamic. The inertial properties of the hopper as well as gravity, affect the 

exerted forces. Both factors are not present while reproducing force exertions against a fixed 

point of application. As a result, the dynamical aspects may influence the perception of effort. 

It can be argued that this phenomenon may also explain the contrast with findings of Wiktorin 

et al and the results of the present study with respect to the under- and overestimation of 

forces. In the study of Wiktorin et al, subjects had to estimate the forces exerted during static 

pushing or pulling, while in the present study the construction workers had to estimate the 

forces exerted during a dynamic push/pull action. The dynamics may result in an 

overestimation in perceptual effort. Striking, however, is that the 'physical' perception of the 

exerted forces resulted in lower exerted forces during the reproduction while the 'mental' 

perception resulted in overestimation of the exerted forces. 

In the experiment, conditions of the daily practice of the construction workers were 

simulated as closely as possible, while on the other hand certain aspects of the task had to be 
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standardised. Therefore, the level of the exerted forces is only indicative of the level of forces 

the construction workers are exposed to when working at construction sites. For instance, for 

practical reasons the concrete hopper was filled up to 900 kg, while in real practice a 750 1 

concrete hopper could weigh up to 1800 kg when fully loaded with concrete. Also larger 

concrete hoppers are frequently used at construction sites, which means that the level of 

forces could be underestimated. However, the hopper was suspended from a horizontal beam 

at a height of, only, 4 m. At constructions sites, concrete hoppers are usually suspended from 

cranes at greater heights, which will result in relatively lower push/pull forces. Another study 

indicates that the exerted pulling forces (maximum as well as mean forces) while handling the 

hopper at the construction site are on average somewhat lower than presented in this study 27°. 

To the authors' knowledge, the studies that compare objective and subjective methods 

to assess push/pull forces are limited to those already mentioned above. However, the 

importance of the reliable quantification of exerted hand forces within epidemiological and 

biomechanical settings can hardly be underestimated. The intensity of the exposure, i.e. 

exerted forces, and posture or movement are vital input information for biomechanical models 

. Therefore, in our opinion, attention should also be given to the valid assessment of intensity 

(level and direction of the exerted hand force), duration and frequency as well as posture or 

movement. These are important aspects of the exposure to pushing and pulling (and other 

manual handling activities) and are needed to establish the relationship between pushing and 

pulling and the development of musculoskeletal complaints " 2 as well as for evaluation of 

ergonomie intervention. 

It can be concluded that a relative simple hand-held force gauge can be used for the 

assessment of push/pull force at the workplace. Attention should be paid to a firm and stable 

connection between the force gauge and the object that has to be pushed. However, this 

connection should not disturb the push/pull task that has to be performed. When it is not 

possible or it is hazardous to assess the exerted forces during the actual task, it is not 

advisable to reproduce the task to the side of the workplace by simulation against a fixed 

object. Finally, the present study showed that experienced construction workers were not able 

to estimate the exerted push/pull forces. For epidemiological as well as ergonomie purposes, 

it is recommended to study the estimation of push/pull forces using crude measures of force, 

which could be a nominal, ordinal or VAS scale. 

Acknowledgements 

The present study was supported by a grant from the Arbouw Foundation. The authors thank 

Nathalie Donders, Tineke Piersma and Nienke van der Meulen for their valuable help in data 

acquisition and processing. Erik Lute, Erik Zandbergen and the firms Winder Limmen and 

Commandeur are greatly acknowledged for making the experiments possible. 

78 







3.3 

Group-based measurement strategies 
in exposure assessment 
explored by bootstrapping 

Vlarco J.M. Hoozemans ' 

\lex Burdorf 

AJlard J. van der Beek ' 

Monique H.W. Frings-Dresen 

Svend Erik Mathiassen ~ ' 

Scandinavian Journal of Work, Environment and Health 2001 ;27(2):125-132 
Coronel Institute for Occupational and Environmental Health, AmCOGG Amsterdam 
Centre for Research into Health and Health Care, Academic Medical Centre / University of 
Amsterdam, The Netherlands 
Department of Public Health, Erasmus University Rotterdam, The Netherlands 
Division of Production Ergonomics, Faculty of Technology and Society, Malmö 
University, Sweden 
National Institute for Working Life, Stockholm, Sweden 



Chapter 3  

Abstract 
Objectives The precision of mean exposure to pushing was examined in 2 occupational 

groups using various combinations of the number of workers and measurements per worker. 

Methods The frequency and duration of pushing of the 2 occupational groups was 

assessed using onsite observation. All data were divided into successive periods of 30 minutes 

of observation. The precision of the group mean exposure to pushing was expressed by 90% 

confidence intervals obtained by bootstrapping. The effect on the confidence interval of 

varying numbers of workers and numbers of periods per worker was examined. 

Results For both occupational groups there was little precision to be gained when >10 

workers were observed. Within the maximum number of workers used in the bootstrap 

simulations, it appeared that, beyond 10 workers, the confidence intervals decreased by <5% 

for every worker that was added, when each worker was observed at least 8 periods of 30 

minutes. If workers were observed exactly 4 periods of 30 minutes per worker, an additional 4 

workers were required to compensate for the loss of precision. An unbalanced strategy with 

approximately 8 periods of 30 minutes per worker hardly decreased the precision of the group 

mean, however. 

Conclusions The precision of the group-based mean exposure to pushing is influenced by 

the number of workers observed and by the number of repeated measurements per worker. In 

the planning of the measurement strategy, it is advisable to account for possible sources of 

variance in advance and to assess the exposure variability. 
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Introduction 
The assessment of exposure to risk factors is one of the essential ingredients of the study of 

the aetiology of musculoskeletal complaints. Risk factors for musculoskeletal complaints 

have often been divided into physical, psychological, and individual factors . It is generally 

[bought that physical loading induces stress to the musculoskeletal system that may result in 

degeneration of structures and the development of pain (e.g. 254). Hence, considerable 

attention has been given to the physical loading of the musculoskeletal system and, especially, 

the manual handling of materials in relation to low-back pain. These associations are not 

always clear, often because of inadequate exposure measurement ' . Exposure measures 

are often crudely defined, using job title or a limited number of ordinal levels. This crudeness 

nfluences the accuracy and precision of exposure and, as a result, attenuates the association 

with musculoskeletal complaints "7". To quantify exposure-response relationships, the 

exposure should be measured at a sufficient level of detail. Several methods are available for 

assessing mechanical exposure (e.g. onsite observation, direct measurements at work, and 

simulations at the laboratory)232. Moreover, Winkel and Mathiassen 7~ state that mechanical 

exposure should be assessed by its principle dimensions, namely, duration, repetitiveness 

requency), and amplitude (intensity). 

Besides the choice of measurement technique and parameters, the selection of workers 

end the variation of the exposure measure between and within workers are important aspects 

of the measurement strategy 24. According to Burdorf and Van Riel 24, an efficient 

'leasurement strategy aims at reducing the number of measurements required. At the same 

:ime, the number of measurements should be sufficient to achieve the required level of 

precision of the exposure measure. Hence, the number of workers to be measured should be 

considered, as well as the number of repeated measurements per worker and the duration of 

each measurement. Another fundamental aspect of the measurement strategy is whether the 

measurement strategy should be individual-based or group-based. The data presented in this 

laper were gathered in a comprehensive epidemiologic study of pushing and pulling in 

'elation to musculoskeletal complaints that is aimed at group level. The mean level of 

exposure has been assessed for subgroups, and all the individuals within a subgroup were 

assumed to have the same exposure level. Generally, group-based strategies generate less 

precise but essentially unbiased estimates of the risk estimate when compared with individual-

based strategies 205. Therefore, within a group-based epidemiologic study an accurate (zero 

biased) and precise (small random error) estimate of exposure is essential for the biological 

and statistical significance of the exposure-response relationship. The question arises as to 

how much measurement effort is needed to arrive at an estimate of the group mean of the 

exposure measure which is relatively unbiased with respect to the true group mean. Therefore, 

the objective of the present study was to examine the precision of the group-based mean 
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exposure to pushing using various combinations of the number of workers within the group and 

the number of repeated measurements per worker. 
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Subjects and methods 

Participants 

Observational data of 2 occupational groups were used in the present study. Their characteristics 

are described in table 1. The first group consisted of 15 train stewards out of a total of 97 train 

stewards of a rail company. The train stewards daily pushed a 135-kg cart to provide train 

passengers with food and drinks. Beforehand, after a walkthrough and interviews, shift (early or 

late) and city of departure were identified as possible sources of variance with respect to the 

•xposure to pushing and pulling. The participants and their shifts were randomly chosen from the 

...roup of train stewards that worked at the city of departure. The number of participants observed 

at each city of departure depended on the relative number of train stewards on point-duty at the 

city in comparison with the total number of train stewards. All the train stewards received 

information concerning the study, and none of the approached participants refused to take part. 

The second group consisted of 18 nurses out of a total of 136 nurses from a nursing home. Their 

ork consisted of, for instance, patient-handling activities, bed making, medical assistance, and 

jeding patients. Two levels of need for care in the ward (somatic or psychogeriatric care), shift, 

and work during the weekend were expected to be possible sources of variance. To obtain 

representative samples of both types of care, a predetermined number of observation days for 

aach type of care was set depending on shift and workday. The participants were randomly 

..hosen from the nurses that were scheduled to work at that time. The study was intensively 

encouraged among all employees of the nursing home, which did not object to participation. All 

the participants signed an informed consent before the observations. 

Fable 1. Age, height, and weight of the 33 workers categorised into two occupational groups. 

Occupational group Number of workers Age (years) 
Mean SD 

Height (m) 
Mean SD 

Weight (kg) 
Mean SD 

Train stewards 
Nurses 

15 
18 

33.7 8.6 
36.7 13.5 

1.75 0.07 
1.64 0.09 

71.6 6.9 
70.4 20.6 

Exposure assessment 

All the participants were continuously observed at their workplace for a full workday on a real

time basis using TRAC (task recording and analysis on computer) 76. The observations were 

continued during breaks and unexpected events. Preceding the observations, the 2 participating 

observers were trained to improve inter- and intraobserver reliability. During a week of intense 

training, the percentage of agreement and the Cohen's kappa between and within the observers 
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were assessed for all the variables. At the end of the training period, it was ensured that all the 

variables had a percentage of agreement of at least 80% and at the same time a Cohen's kappa of 

at least 0.50, which is acknowledged to be an acceptable standard of observer reliability2i9. Each 

observer was assigned to one of the occupational groups. Tasks, activities, and materials handled 

were observed. The activities were divided into lifting, carrying, pushing, pulling, standing, 

sitting, walking, and kneeling. Only pushing was used for the analyses in this study. Since 

observations were recorded on a real-time basis, the absolute frequency and duration of pushing 

could be assessed. 

Exposure characteristics of the occupational groups 

The average total observation time for the train stewards was 8 hours 11 minutes (SD 103 

minutes), and for the nurses it was 8 hours 3 minutes (SD 40 minutes). For the train stewards an 

average of 17% of the time was spent pushing [duration of pushing 4882 (SD 1321) seconds], 

while the nurses spent only 2% of their worktime pushing objects [duration of pushing 538 (SD 

338) seconds]. The average daily frequency of pushing was 219 (SD 66) times for the train 

stewards and 57 (SD 32) times for the nurses. Generally, for both occupational groups, pushing 

occurred more frequently than other manual materials handling activities, including pulling. 

Data analysis 

The observational data of each participant was divided into successive periods of 30 minutes. 

This way a workday of 8 hours was divided into 16 periods, which were considered repeated 

measurements within workers. For the 15 train stewards a total of 235 observation periods of 30 

minutes were gathered, while for the 18 nurses 272 periods were available. 

The variation of exposure to pushing within the 2 occupational groups was described by 

the 5th and 95th percentile of the 30-minute averages of the 15 and 18 workers with respect to 

the frequency and duration of pushing. Thus all 30-minute periods of a worker were averaged, 

and all 15 or 18 means were averaged again, which can be described as a mean of means 

approach. These results can be compared with the average and the 5th and 95th percentiles for all 

of the 235 and 272 observations of 30 minutes, independent of worker. This procedure gives 

some indication of the between- and within-worker variance, and also of the differences 

introduced by the method of averaging the exposure of the occupational group. 

The influence of the number of workers and the number of periods on the precision of the 

group mean of the exposure measures was studied using a bootstrap method l9'68. According to 

Bnggs et al. , the bootstrap method estimates the sampling distribution of the exposure measure 

through a large number of simulations, based on sampling with replacement from the original 

observational data. For instance, the distribution of the exposure measure among the unknown 

real population can be estimated by drawing 5 times with replacement a value out of 15 values 
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{representing the average exposure values of 15 persons, which is a random sample taken from 

the real population). The 5 values are averaged, and this procedure is repeated, for instance, 1000 

mes. The 1000 average values represent an estimate of the distribution in the population with a 

mean of the 1000 average values that is more or less equal to the average of the 15 values. This 

istribution can be compared with a distribution when values are drawn 6 times with 

placement. The latter, of course, will have a somewhat smaller distribution. The bootstrap 

lethod does not rely on parametric assumptions concerning the underlying distribution. To 

determine the precision of the group-based mean exposure to pushing when the assessment of 

exposure is varied among the number of workers within the group and the number of 

peated measurements per worker, a nested bootstrapping procedure was performed. First, a 

! redetermined number of workers was drawn with replacement and, second, for each of the 

selected workers a predetermined number of periods was drawn with replacement. Each 

mulation consisted of 1000 replications of this whole procedure. The predetermined number of 

workers was increased from 1 to the maximum number of workers of the occupational group (ie, 

5 or 18 for the strain stewards and the nurses, respectively). The predetermined number of 

nods was 2, 4, 8, and 16 periods per worker. Of the 1000 replications the mean and a measure 

f precision could be deduced. The precision of the empirical estimate of the sampling 

listribution of the exposure measures was defined using 90% confidence intervals. The 

confidence intervals were calculated using the bias-corrected percentile method as described by 

Jifron and Tibshirani68 with adjustment for possible bias in the bootstrap estimate of the mean 

ompared with the mean of the observations. For each bootstrap distribution the confidence 

îiiterval was calculated using the range between the bias-corrected 5th and 95th percentiles. 

Within the practical setting of observing workers at their workplace it is often difficult to 

arrive exactly at a predetermined number of measurements per worker. To explore the effect of 

obtaining different numbers of 30-minute periods per worker, bootstraps were performed 

allowing the number of 30-minute periods to vary. A hypothetical distribution of the obtained 

periods was made in which 4 was the most common and 2, 3, 5, and 6 were obtained in fewer 

amounts (figure 1). Again, a predetermined number of workers was first drawn with 

eplacement. Then, for each of these workers the number of periods per worker was drawn with 

replacement from the hypothetical distribution. Compared with the approach using an exact 

number of periods per worker, the procedure using the hypothetical distribution of periods will 

be referred as an unbalanced procedure because, for a predetermined number of workers, the 

nimber of periods per worker is unequal. Because they served as an example, these bootstraps 

were only performed on the frequency of pushing for the train stewards and for unbalanced 

procedures with approximately 4 and 8 periods per worker (figure 1). The bootstrap procedures 

were performed using MATLAB (The Math Works, Inc.). 
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Figure 1. Hypothetical distributions to explore the effect of obtaining different numbers of 30-
minute periods per worker. The distributions were used to obtain approximately 4 and 8 
periods of 30 minutes per worker. 
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Results 
The variation in exposure to pushing during 30 minutes as a result of averaging over the 

workers' means of the 30-minute periods (mean of means approach) was compared with the 

ariation as a result of averaging over the total number of 30-minute periods (table 2). For both 

occupational groups, as well as for both frequency and duration of pushing, standard deviations 

and the range between the 5th and 95th percentile were smaller for averaging over workers. This 

finding indicates that a reasonable part of the variance can be explained by the within-worker 

variance (ie, the worker means were not that different from each other, while the 30-minute 

periods within each worker differed because exposure to pushing was not equally divided over 

the workday). Furthermore, for the nurses, the distribution of the total number of 30-minute 

periods of the frequency, as well as the duration, of pushing appeared to be skewed to the right. 

his finding indicates that high values of these exposure measures were incidental over the 

orkday for the nurses. 

'fable 2. Frequency and duration of pushing for the train stewards and nurses. 

Pushing frequency Pushing duration  
Occupational group Mean SD 5th %ile 95th %ile Mean SD 5th%ile 95th %ile 
: 'ain stewards 

Exposure of 13.4 3.2 8.8 17.6 297.4 63.5 197.1 379.2 
individual workers 
(N=15) 
Total sample of 30- 13.4 8.8 0.0 29.0 295.6 176.7 0.0 578.0 
minute periods 
(N=235) 

Nurses 
Exposure of 3.6 2.0 0.4 6.3 34.2 20.6 3.3 65.6 
individual workers 
(N=18) 
Total sample of 30- 3.6 4.2 0.0 11.0 34.2 40.3 0.0 108.1 
minute periods 
(N=272) 

Figure 2 presents the results of the bootstraps that were performed by randomly taking 2, 4, 8 or 

16 periods of 30 minutes per worker. For each of these numbers of periods the number of 

workers was increased. Generally, the gain in precision from increasing the number of workers 

was considerable at low initial numbers. Thereafter the gain in precision dropped off rapidly as 

the number of workers increased (figure 2). Within the maximum number of workers that was 

observed in the present study, it appeared that, beyond 10 workers, the inclusion of an additional 

worker improved the precision by <5%. On the basis of trivial statistical considerations ~ , it was 
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expected that, beyond 10 workers, an additional 30 workers would be needed to increase the 

precision of the estimate of the group mean by 50%. Furthermore, observing randomly 2 periods 

of 30 minutes yielded the largest 5th-95th percentile interval. Using 4 periods resulted in more 

precise estimates of the group mean, and also the observation of 8 periods per worker resulted in 

improvement in the precision. In comparison with the random observation of 8 periods per 

worker, there was little to be gained by observing 16 periods of 30 minutes (full workday). 
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Figure 2. Results of the bootstraps performed by randomly taking 2, 4, 8 or 16 periods of 30 
minutes per worker with replacement for 1000 replications. For both occupational 
groups and for both the frequency and duration of pushing the 5th-95th percentile 
range is presented. 

From the point of view of reaching a certain level of precision, table 3 presents the number of 

workers that had to be observed with respect to the frequency of pushing in train stewards. 

The table is based on the corresponding figure in figure 2. For instance, to reach a 5th-95th 

percentile range of 10, 5 workers had to be observed with randomly 2 periods of 30 minutes 

per worker. To reach the same level of precision, 2 workers had to be observed if these 

workers were randomly observed for 16 periods of 30 minutes. A more precise estimate with 

a 5th-95th percentile range of 5 could be reached if 8 workers were observed with randomly 8 

periods per worker. Observing randomly 2 periods per worker would not reach this level of 
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precision within the maximum number of workers available in the present bootstrap 

imulations (N=15). 

' able 3. Number of workers needed to arrive at a specified value (10, 7.5, and 5) of the 5th-95th 
percentile range if different numbers of periods (2, 4, 8, and 16) are sampled per worker. 
The results are presented for the frequency of pushing for the train stewards. 

Necessary number of workers 
lumber of 30-minute periods 10.0 of 95th-5th /óile 7.5 of 95th-5th%ile 5.0 of 95th-5th%ile 

.'liods 
4 periods 

periods 
i periods 

5 
3 
2 
2 

9 
5 
3 
3 

* 
12 
8 
7 

this level of precision was not reached within the number of workers used in the simulations (N-15) 

rhe results of the pushing frequency of the train stewards were further explored considering that, 

practice, not every worker in the population could be observed exactly 4 or 8 periods. The 

suits obtained by using an unbalanced procedure with approximately 8 periods per workers 

hardly differed from those using a strategy with exactly 8 periods per workers (figure 3). Only 

hen the number of workers was small (fewer than 6), was the 5th-95th percentile range slightly 

• ider for the unbalanced strategy. When the same comparison was made for 4 periods per 

. orker, the unbalanced strategy showed wider percentile ranges for all numbers of workers. 

Exact and unbalanced number of periods 
pushing frequency train stewards 

~5~ " 
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1 —— exactly 8 
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figure 3. Results of the bootstraps performed by randomly taking an exact or a variable number of 
periods of 30 minutes per worker with replacement for 1000 replications. The 5th-95th 
percentile range is presented for bootstraps on the frequency of pushing among train 
stewards. A comparison is made between drawing exactly 4 or 8 periods per worker and 
drawing following the unbalanced procedure as described in figure 1. 
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Discussion 

The influence of the number of observed workers and the number of repeated observations per 

worker on the precision of the average group exposure to pushing was studied. Two occupational 

groups were examined, which were, on the average, exposed differently to pushing. For both 

occupations, when more than a random sample of 10 workers was observed, the precision of the 

estimate of the group mean did not dramatically increase for every worker added to the 

occupational group. The same held true when each of the workers was observed for >8 random 

periods of 30 minutes. Although the occupations showed different exposures, there were no 

remarkable differences in the results of the bootstrap procedures. For other manual materials 

handling activities, such as pulling, lifting, and carrying, which were not presented in the present 

paper, the same patterns as those for pushing were found in both occupational groups. 

The results of our study were somewhat different from those reported by Burdorf and 

Van Riel . They concluded that, for duration of worktime with trunk flexion over 20 

degrees, between 15 and 25 workers must be observed to estimate the group mean exposure. 

At least 3 factors may explain the differences. First, each worker in the study of Burdorf and 

Van Riel ~ was observed for 4 periods of 30 minutes on 2 separate days compared with our 

observations of 1 full workday. Figure 2 and table 3 show that fewer workers had to be 

observed for the same level of precision when the number of 30-minute periods was increased 

from 4 to 8 periods per worker. Second, Burdorf and Van Riel observed the relative time 

spent with the trunk flexed using 1 observation every 20 seconds. In our study, real-time 

(continuous) observation was used to calculate the absolute time and frequency of pushing. 

The within- and between-worker variance of the relative measure trunk flexion, in comparison 

with the absolute values of activities such as pushing, may be different and may, therefore, 

have a direct influence on the relation between the number of workers and repeated 

measurements and the precision of the estimate of the group mean exposure 225. Third, with a 

low number of observed workers the precision increased relatively fast for every worker that 

was added. Beyond a certain point little in precision is gained for every worker added. The 

interpretation of this point may be prone to subjectivity depending on the shape of the figure. 

Furthermore, for instance, statistical or epidemiologic considerations influence the decision of 

whether the precision of the estimate of the group mean can be assumed to be sufficient. 

Both the measurement technique (onsite observation) and the bootstrap method could have 

had a direct effect on the results of our study. It is expected that, when onsite observation is used, 

frequency and duration are assessed with a reasonable level of accuracy 126-239. The bootstrap 

method is an empirical method for estimating the population's mean exposure. Under the 

assumption of normality, confidence intervals of the group means may also be obtained by 

analytical methods based on between- and within-worker variance components 201. In large 

samples, the mean values are normally distributed irrespective of the underling distribution. 
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Because of the relatively small sample size of our observational data the normality assumption 

can be questioned. The large standard deviations relative to the group mean, especially with 

respect to the nurses, are the result of large differences in pushing frequency and duration 

between workers and within workers (days). Hence, the use of the bootstrap method is justified. 

Moreover, the bootstrap procedure is particularly appropriate for exploring the unbalanced 

measurement strategy, the precision of which cannot be estimated by any available analytical 

method. Another consideration to be taken into account when the bootstrap method is applied is 

the number of replications. The results of the present study may have been biased when the 

lumber of replications was too low, but the 1000 replications applied in our study can be 

considered sufficient . 

The bootstrap procedure considers the observations as a true representation of the 

copulation. It is very important that the sample of observational data used for bootstrapping be 

representative of the larger population if the results are to be used to establish an efficient 

measurement strategy. In this study the participants were selected using a stratified sampling 

procedure in order to take into account a priori the most important sources of variation in 

exposure. Within each of the strata, for instance, late shift, workers were selected randomly. In 

ddition, the number of workers within each of the sources of variance was in proportion to the 

lumber of workers that worked within these sources in relation to the total population. Although 

the variance caused by these sources of variance was not studied further, accounting for possible 

.ources of variance should be an important part of the measurement strategy, especially when the 

umber of observations is kept to the minimum. Our considerations as to measurement efforts 

assumed that the observational data were correct and invariable. Acceptance of a stochastic 

variability of the data would increase the estimates of the measurement efforts. Such acceptance 

is acknowledged in standard procedures for power assessment. 

An interesting question is whether many workers should be observed for a short period of 

;ime or a few workers for a longer period of time to arrive at a relatively precise estimate of the 

»roup mean. The first hypothetical answer is shown in table 3. To reach a 5th-95th percentile 

range of 5 for pushing frequency of train stewards, 12 workers must be observed when each 

worker is observed for 4 random periods, which account for a total of 48 periods. The same level 

of precision is reached when 8 workers are observed for 8 periods per worker. This situation 

accounts for a total of 64 periods. As an example, table 3 can be rewritten into table 4. The 

general message is that it is favourable to observe more workers for a short period of time (a 

small number of repeated measurements). This procedure would take a smaller total number of 

periods and could reduce costs and measurement effort. However, there are some practical 

considerations as to observing more workers for shorter periods of time. For practical reasons it 

is convenient to switch between workers on the day of observation. The occupational setting 

determines whether or not such a switch can be made. For our study, for instance, it was 
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impossible to switch between train stewards because only 1 train steward worked at a time on a 

specific train. Observing more than 1 nurse per day would have been feasible, because they all 

work in the same building or ward. 

Table 4. Number of 30-minute periods that must be observed to arrive at a specified value (10, 
7.5, and 5) of the 5th-95th percentile range for the frequency of pushing for the train 
stewards. Results are presented for an exact number of periods per worker, as well as for 
an unbalanced number of periods per worker. 

Necessary number of 30-minute periods  
10.0of95th-5th%ile 7.5 of 95th-5th%ile 5.0 of 95th-5th%ile 

Number of 30-minute periods Exact Unbalanced Exact Unbalanced Exact Unbalanced 
4 periods 12 12 20 24 48 60 
8 periods 16 16 24 24 64 64 

Another practical consideration was already shown in figure 3. Due to various reasons it is not 

always possible to get exactly 4 or 8 periods per worker. Since the precision of the group mean 

can be reduced by unbalanced sampling, the total number of periods needed to arrive at a certain 

precision would be increased in this case. Table 4 demonstrates this effect in quantitative terms. 

While an unbalanced procedure with approximately 8 periods per worker results in an equal total 

number of periods in comparison with exactly 8 periods per worker, an unbalanced procedure 

with approximately 4 periods increases the total number of periods compared with exactly 4 

periods. In addition, an increase in the desired precision results in an increase in the difference 

between exactly 4 periods and the unbalanced strategy. The practical unbalanced concept was 

only applied to 4 and 8 periods per worker. Applying the same methods to 2 and 16 periods per 

worker would be predictable. The precision of an unbalanced procedure with approximately 16 

periods will decrease in comparison with the precision for exactly 16 periods because 16 periods 

would be an upper limit for the number of periods obtained per worker. Thus, with this strategy, 

the average number of periods per worker is smaller than 16. An unbalanced strategy at 2 periods 

will increase the precision due to the opposite effect, namely, the lower limit is 2 periods per 

worker, and hence the average will be larger than 2. 

In conclusion, the results of our study show that the statistical precision of the average 

group exposure to pushing is influenced by the number of workers observed, and at the same 

time by the number of repeated measurements per worker. For the 2 occupational groups under 

study, an efficient measurement strategy would be to observe 10 workers randomly for at least 8 

periods of 30 minutes per worker, because there was little to be gained in the precision of the 

estimate of the average group exposure when more workers or more observations per worker 

were added. If workers are observed for 4 random periods per worker, at least 12 workers must 
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be observed, and for 2 random periods per worker about 20 workers have to be observed, to 

arrive at the same level of precision. This measurement strategy could not be considered as a 

general rule. Between- and within-worker variance will affect the number of workers and 

repeated measurements needed to arrive at a certain relative precision of the estimated group 

mean exposure. Although it is often recommended to conduct a pilot study in order to get the 

exposure variability data needed to assess necessary measurement efforts in the main study _ , 

this may not explicitly reduce costs and measurement effort. Therefore, it is advised to account 

or possible sources of variance in advance and to assess the exposure variability during the 

ctual measurements. 
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