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ABSTRACT 
 

CHEMICAL EXPOSURE IN THE WORK PLACE:  
MENTAL MODEL OF WORKERS AND EXPERTS 

 
  
 

Anita Pettersson-Strömbäck, MSc, Occupational and Environmental 
Medicine, Department of Public Health and Clinical Medicine; Umeå 
University, S-901 87 Umeå, Sweden 
 

Many workers are daily exposed to chemical risks in their work 
place that has to be assessed and controlled. Due to exposure 
variability, repeated and random measurements should be conducted 
in for valid estimates of the average exposure. Traditionally, experts 
such as safety engineers, work environment inspectors, and 
occupational hygienists have performed the measurements. In self 
assessment of exposure (SAE), the workers perform unsupervised 
exposure measurements of chemical agents.  

This thesis studies a prerequisite for SAE, i.e. the workers’ mental 
models of chemical exposure. Further, the workers’ mental models are 
contrasted with experts’ reasons and decision criteria for 
measurement. 

Both qualitative and quantitative data generated from three studies 
(Paper I, II, and III) were used to describe the workers’ mental model 
of chemical exposure. SAE was introduced to workers in three 
different industries; transports (benzene), sawmill industry 
(monoterpenes), and reinforced plastic industry (styrene). By 
interviews, qualitative data were collected on the workers’ 
interpretation of measurement results and preventive actions. To 
evaluate the validity of worker measurement, the measurements were 
compared with expert measurements. The association between each 
worker’s number of performed measurement and mean level and 
variability in exposure concentrations was calculated. Mean absolute 
percent error (MAPE) was used to assess whether the workers’ 
decision models were in accordance with a coherence or 
correspondence model. In Paper IV, experts (safety engineers, work 
environment inspectors, and occupational hygienists) were interviewed 
to elucidate their mental models about the triggers and decision 
criteria for exposure measurements.  



 
The results indicate that the workers’ measurement results were in 

agreement with experts’. However, the measurement results were not 
a strong enough signal to induce workers to take preventive actions 
and sustained exposure measurements even if the measurement result 
were close to the occupational exposure limit. The fit was best for the 
median model, indicating that the workers’ mental models for 
interpretation of measurement data can best be described by the 
coherence theory rather than by the correspondence theory. The 
workers seemed to mentally reduce the variation in the exposure to a 
measure of central tendency (the median), and underestimated the 
average exposure level. The experts were found to directly take 
preventive actions instead of performing exposure measurements. 
When they performed exposure measurements, a worst case sampling 
strategy was most common. An important trigger for measurement for 
the experts was “request from the employer” (safety engineers), “legal 
demands” (work environment inspectors), and “symptoms among 
workers” (occupational hygienists). When there was a trigger, all 
experts mentioned expectations of high exposure level as a decision 
criterion for measurements. 

In conclusion, the studies suggest that workers’ mental 
interpretation model is best described in terms of a coherence model 
rather than a model of correspondence. The workers reduced the 
variation mentally in favor of an estimate of average exposure 
(median), which may imply that they underestimate short-term, high 
exposure health risks. A consequence is that interpretation of 
measurements such as SAE cannot be given to the individual worker 
without some support, e.g. from an expert. However, experts often 
chose to directly take preventive actions, without measuring the 
exposure. The results indicate that also the experts need support e.g. 
from the legal system if exposure measurements are to be done. 

 
Keywords: self-assessment of exposure, predictions, expert 

judgment, risk, interpretation, time series analysis, MAPE, benzene, 
monoterpenes, styrene. 
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ABBREVIATIONS 
 
SAE Self assessment of exposure 
OEL Occupational exposure limit 
CV Coefficient of variance 
MAPE Mean absolute percent error 
OHS Occupational health and safety 



 

ORIGINAL PAPERS 
 
This thesis is based on the following papers, which will be referred to 
by corresponding Roman numerals: 
 
 
I. Liljelind IE, Strömbäck AE, Järvholm BG, Levin JO, Strangert BL, 
Sunesson A-LK. Self-assessment of exposure: a pilot study of 
assessment of exposure to benzene in tank truck drivers. Appl Occup 
Environ Hyg 2000; 15:195-202. 
 
II. Pettersson-Strömbäck AE, Liljelind IE, Neely G, Järvholm BG. 
Workers’ interpretation of self-Assessment of exposure. Submitted to 
Annals of Occupational Hygiene. 
 
III. Pettersson-Strömbäck AE, Liljelind IE, Nordin S, Järvholm, BG. 
Workers’ mental models of chemical exposure in the work place. 
Submitted to Scand J Work Environ Health. 
 
IV. Pettersson-Strömbäck AE, Bergdahl IA, Järvholm, BG, Nordin, S. 
When and why do experts perform exposure measurement. An 
exploratory study of safety Engineers, work environment inspectors, 
and occupational hygienists. J Occup Environ Hyg, 2006; 3: 713-717. 
 
 
 
Reprints were made with the kind permission of the publishers. 

•



Introduction 
 

 1

INTRODUCTION  
 

Every day, many workers are exposed to chemical agents in their 
work place, which implies a risk for the workers’ health and well 
being. In Sweden, the Swedish Chemical Agency product register 
contains information about 120 000 chemicals, and in 2005, 22% of 
the working population reported that they were exposed to air 
pollutants in the work place (Arbetsmiljöverket, 2005).  

Chemical exposure can cause many types of diseases. Solvents, e.g. 
styrene, can disturb the nervous system, some may cause cancer, e.g. 
benzene, asbestos, radon, wood dust. According to statistics from the 
Swedish Work Environment Authority, 5.2% of all workers (all males) 
in the building and manufacturing industry reported work-related 
disorders from chemical exposure. The figure for workers working as 
process or machine operators was 4.8% for men and 3.6% for women. 
In absolute figures, this is about 30.000 to 40.000 Swedish workers 
(Arbetsmiljöverket, 2006). There is today no assessment of the societal 
costs from ill-health and sickness due to occupational exposure from 
chemicals.  

In order to avoid poor worker health, the exposure must be 
measured and, when necessary, reduced by preventive actions. 
Exposure has traditionally been measured and interpreted by experts, 
such as safety engineers, work environment inspectors, and 
occupational hygienists. These measurements are often costly and 
surrounded by practical difficulties (Balsat et al., 2003). To complicate 
the picture even more, chemical exposure is characterized by a large 
variation, and has to be measured at several occasions for a valid 
measure of the average exposure (Rappaport, 1991a; Kromhout et al., 
1993; Rappaport et al., 1993; Kromhout, 2002). However, there is a 
new method for measuring exposure in which the workers perform 
the measurement themselves and interpret the measurement results. 
This method, self assessment of exposure (SAE), renders the workers 
new opportunities for learning, self control and participation in the 
work environment practices.  

Today, there is limited knowledge about how workers react upon 
the possibility to perform measurements and how they interpret 
measurement results. Cognitive processes as interpretation, judgment, 
and choice are dependent on the individual’s current mental model of 
the situation at hand. A mental model can be defined as a 
representation of some domain or situation that supports 
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understanding, reasoning, and prediction (Markman, 2001). Thereby, it 
is of most importance to understand the workers’ mental 
interpretation models in order to understand their behavior.  

One important aspect of SAE is the validity of the measurements, 
which has to be guaranteed. Another aspect is the rational 
interpretation and handling upon the measurement results, i.e. the 
repetition of measurement when exposure shows high variability and 
the performance of preventive actions when the exposure is too high. 
This aspect is presumably dependent on the worker’s perception of 
risk associated with the exposure, which is a part of the worker’s 
mental model.  

In contrast to the workers’ mental models of chemical exposure is 
the experts’ judgment of work environment risks. If workers and 
experts are to communicate health risks with each other, they must 
share mental models about the question at hand; otherwise they will 
not understand each other. A lack of understanding can imply neglect 
of exposure measurements and preventive actions. Because both 
workers and experts are to judge and handle risk associated with 
chemical exposure, a deeper theoretical understanding of their risk 
construct is necessary. 

 

The risk construct 
 

Risk is an elusive concept. Years of research trying to understand 
and explain human reactions to danger have not provided a single 
definition of an intuitive risk concept. According to Lopes (1997), risk 
is a situation in which a decision is made with consequences that 
depend on the outcome of future events. Several authors have defined 
risk (for example, Vlek & Stallen, 1980; Vlek & Stallen, 1981; 
Hansson, 1989; Drottz-Sjöberg, 1991; Yates & Stone, 1992a; Vlek & 
Keren, 1992), all of them including an estimate of uncertainty and 
severity. 

In the plethora of risk definitions, there are two major perspectives. 
One perspective is related to formal probability theory, with the aim to 
formulate rules or procedures to calculate risk in an objective, rational 
way. The theories define risk as a product of the probability of a loss 
times its magnitude. However, there is doubt about the multiplicative 
operator as there are occasions when it does not represent the relation 
between the probability and severity factor, at least not among lay 
people (Slovic, 1967; Bettman, 1973; Bettman, 1975; Slovic et al., 
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1980; Kaplan & Garrik, 1981). It is difficult to equal a high probability 
for a small loss (such as a cold) with a low probability for a server loss 
(such as a nuclear disaster), even if they give the same objective risk 
estimates.  

The second perspective concerns lay peoples’ perception of the 
term risk, related to a subjective view on probability. These definitions 
are more descriptive in character (Vleck & Hendrickx, 1988). Yates 
and Stone (1992a) define risk as a subjective concept, and state that 
the critical elements are a) a probable loss, b) the significance of the 
loss, and c) the uncertainty of the loss.  

One can wonder whether a single valid definition can be postulated 
that holds for different situations, which is in line with Hansson 
(2005). Also, Brehmer (1987) argues that the majorities of the risk 
definitions are context free, refer to abstract terms, and are designed 
for cross-sectional generality. He questions the psychological validity 
of these definitions, and argues that the content or meaning of the 
term risk is so closely associated with the nature of the single event so 
that the definition must be an interpretation of the total context in 
which the concept is used. This implies that informing workers about 
abstract risk estimates, without translating them into the workers’ 
context with both physiological, psychological, practical, and social 
consequences, will not be an efficient way to develop safer work 
places. 

 

Risk perception 
 

Despite the different opinions about how to define the probability 
and magnitude aspects in risks, they are still important factors in both 
experts’ and lay people’s perception of the concept. However, lay 
people differ from experts in that they to a larger extent let other 
characteristics than probability and magnitude influence them when 
they perceive a risk, as feelings of dread the risk evokes or the 
potential disaster the risk is associated with. The result is that certain 
situations are perceived more or less risky than risk measures derived 
from statistical risk estimates of the same risks (Slovic et al., 1980). 

In cognitive psychology, risk perception has been related to the 
discovery of a set of mental strategies, or heuristics, that people use to 
understand an insecure world (Kahneman & Tversky, 1973; Tversky 
& Kahneman, 1974). These heuristics are called the representativeness 
heuristic (what is typical for a case), the availability heuristic (what is 
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most easy to remember about a case), and the adjustment/anchoring 
heuristic (what information comes first). These heuristics can be useful 
in certain situations, but can in other situations hamper a rational 
perception of risk, as when lay people use an irrelevant factor as the 
availability of evidence (Kahneman & Tversky, 1973; Tversky & 
Kahneman, 1974).  

Risk perception has mainly been studied by three approaches: 1) the 
experimental approach, 2) the psychometric approach, and 3) cultural 
theory (Brun, 1994). The approaches of interest for this thesis are the 
experimental and psychometrics because of their theoretical 
foundation in psychology. Cultural theory, on the other hand, origins 
from anthropology, and strives at understanding how groups in 
society interpret danger, and build trust or distrust in institutions that 
create and regulate risk (Douglas & Wildavsky, 1982; Douglas, 1992).  

Studies in the experimental approach have primary focused on the 
determinants for risk behavior, while the aim of the psychometric 
approach has been to demonstrate the most important cognitive 
components in lay people’s perception of risk (Brun, 1994).  

Within the experimental approach, the traditional way to study risky 
decision making in psychology and economics has been trough 
gambling studies. The best known theory is subjective expected utility 
(SUE) theory, in which people are assumed to “compute” something 
similar to the expected value of a risky choice (Freidman & Savage, 
1948; Markowitz, 1952; Kahneman & Tversky, 1979). Many studies 
have focused on violations of the utility models explained by the three 
heuristics (representativeness, availability, adjustment/anchoring) 
trying to test general rules for risky choice (Kahneman & Tversky, 
1979). The violation of the utility models has been attributed to flaws 
in peoples’ information processing (Sjöberg, 1998b; Hammond, 2000). 
One of the findings is that people tend to satisfy rather than optimize 
their outcomes when confronted with decisions, and to use strategies 
that not necessarily maximize the gains, but instead guarantee a 
positive outcome and avoid large disasters. Except for the main 
elements in the lotteries (probability and magnitude) individual, 
contextual, and social characteristics have been studied as predictors 
for risk behavior. 

However, the methodological stringency of the gambling studies is 
also their weakness. In real life, e.g. in work places, the decision 
situations are not well defined with all relevant parameters clearly 
pointed out to the workers. Here, the losses and gains are 
multidimensional (physical, psychological, social, and economical) and 
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the uncertainties related to the outcomes are vague and ambiguous. In 
addition, these decisions are often made under time pressure. All this 
sums up to a situation far more complex than in the laboratory. Also, 
the gambling studies have received major criticism due to the 
underlying theoretical assumptions about the unlimited information 
capacity of the human brain (Simon, 1983, Hogarth, 1987).  

The other perspective on risk perception, the psychometric 
approach, was founded by the “Oregon group” (Paul Slovic, Sarah 
Lichtenstein, and Baruch Fischhoff). It originates from the 
dissatisfaction with the experimental paradigms’ lack of ecological 
validity. The basic assumptions are that the situations produce the risk 
perception that can be measured, and that risk perception is a 
subjective cognitive phenomenon. An early finding was that lay people 
have a different risk concept than experts. This was studied by letting 
subjects formulate global estimates of risk in different situation. A 
number of basic factors influencing or at least correlating with risk 
perception were identified. These include familiarity, novelty, degree 
of control, chronic-catastrophic potential, immediacy of effect, 
severity of consequences, equity, trust, level of knowledge, whether it 
involves a large number of potential victims, and affect (Glendon et al, 
2006). Through statistical analysis, these factors were reduced to a 
two-axis system; dread and novelty, and later work also stressed affect 
as a determinant of perceived risk (Loewenstein et al., 2001). Given 
hazards can be plotted and compared against these two factors 
(Fischhoff et a., 1978; Slovic et al., 1980; Slovic, 1987).  

Initially, the psychometric factors explained much of the variance in 
perceived risk, but these findings were mostly due to the fact that 
correlations were computed between mean ratings of risks and the 
psychometric dimensions (i.e. dread and novelty), across hazards. 
When raw data for a single hazard over time across individuals is used, 
only about 20% of the variance can be explained (Sjöberg, 2000b). 
There is a weakness due to its methodology also (Brun, 1994). The co-
variation between psychometric risk dimensions and risk magnitude 
might be of causal nature, but it can be an artifact due to the particular 
set of stimuli. Sjöberg has developed the psychometric model further, 
called the Basic Risk Perception Model (BRPM), by incorporating 
features such as attitudes, worry, risk sensitivity, trust, life styles, world 
views, and moral values (Sjöberg, 2000a; Sjöberg, 2000b; Sjöberg, 
2000c). He regards the psychometric model as insufficient for 
understanding risk perception as it is thoroughly cognitive and 
neglects the effects of emotions as moral outrage. He argues that the 
dimensions extracted by using the BRPM methodology are more 
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stable (Sjöberg, 2002b). The methodology is similar to the 
psychometric methodology, but BRPM studies tend to include 
emotions and to use larger and more representative samples. 
Furthermore, the individual is considered the response unit rather 
than response means of different hazards.  

The experimental and psychometric approaches have given results 
that are not easy to compare. Risk perception may be one – among 
several – determinants of risk behavior. As in other research areas in 
decision making, these kinds of studies are susceptible to 
methodological difficulties. Thus, how questions are stated, the choice 
of response format, or the given context might influence the answers 
through framing effects, anchoring processes, attention biases, and 
limitations of cognitive resources (Tversky & Kahneman, 1981; Slovic 
et al., 1982; Fischhoff & MacGregor, 1983).  

Furthermore, these two approaches (experimental and 
psychometric) have to be incorporated in the larger picture of theories 
in judgment and decision making, where there are two grand 
metatheories (Hammond, 2000); the correspondence metatheory and 
the coherence metatheory. The coherence metatheory is based on the 
assumptions that there is an “objective” risk, waiting to be assessed in 
a coherent, rational, and mathematically consistent fashion. Both 
approaches in risk perception can be incorporated in this grand 
metatheory, as they concern flaws in lay persons’ judgments of risky 
situations. The correspondence metatheory aims at describing and 
explaining the process by which a person’s judgment achieves 
empirical accuracy, irrespective of the cognitive process the person 
uses. Real life offers contextual information and clues that facilitate 
the decision task. In this field, studies of how accurate people are in 
judging risky situations are performed (e.g. by Brehmer, Gigerenzer 
and Einhorn).  

For workers performing SAE of chemical exposure, the results 
derived from research in risk perception and decision making raise 
two major implications. First, risk perception is not a self-evident 
factor for the performance of repeated measurement and preventive 
action by workers, at least not if the risk perception does not reach a 
critical level. The findings in risk perception from laboratory studies 
may not be transformed to real life settings. Second, the judgmental 
process by which the workers reach a decision of performing/not 
performing measurements and preventive actions is important. If the 
workers are coherent in their judgments, information containing 
statistical measures of exposure might be rather unproblematic. On 
the other hand, if the workers’ judgmental process is of 
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correspondence character, they might neglect the information of 
exposure levels and rely more on contextual cues. 

One way to understand cognitive processes in risk perception is to 
elucidate the individual’s mental models about a phenomenon (Atman 
et al. 1994). In human cognition, there are two kinds of judgments that 
are common in almost all choice situations: evaluations and 
predictions (Hogarth; 1987). The predictive judgments reflect what the 
individual expects to happen based on his/her current mental model 
of the world. It is therefore useful to apply predictive task for the 
uncovering of mental models.  

 

The role of the expert 
 

One relevant actor for occupational health and safety (OHS) is the 
expert (e.g. safety engineer, work environment inspector and 
occupational hygienist). He/she has the education and professional 
experience to perform and interpret measurement results and to 
suggest relevant preventive actions. However, experts often lack time, 
and the organization often lacks economical resources to perform 
thorough monitoring of workplace exposure (Post et al. 1991). 
Alternatively, the experts often perform an inventory walkthrough 
survey to gather information about used materials and chemicals, the 
production technique, and working conditions. According to Post et 
al. (1991) this walkthrough often leads to selection of a restricted 
number of workers with a high probability of exposure, and 
eventually, a limited number of spot samples. The information 
collected in the walkthrough, the results of the eventual spot samples, 
and the professional experience are then used by the experts to assess 
the probability of over exposure and workers’ safety and health risks. 
This is not unproblematic as the variation in chemical exposure is 
quite large (Kromhout el al., 1993; Rappaport et al., 1993; Kromhout, 
2002). This implies that it is difficult to judge exposure levels on 
qualitative information only (Kromhout et al., 1987; Post et al., 1991; 
de Cock et al.; 1996; Stewart et al. 2000; Benke et al. 2001). Also, this 
process contains the decision whether to perform measurements or 
not, as the walkthrough not always leads to exposure measurements. 
This part of the decision process, why some situations are chosen by 
the experts for exposure measurements and others are not is not well 
studied. This might have implications for how data collected for other 
purposes than epidemiological studies can be used in such research. 
Today there is evidence for a decrease in the number of performed 
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exposure measurements (Rappaport & Kupper, 2008). Therefore, in 
epidemiological studies, routine collected data by occupational health 
services is often used due to the lack of randomly collected 
measurement data for epidemiological purposes only.  

When the experts have estimated the risk, they are to communicate 
the risk with the employers and workers. As lay people and experts 
differ in their risk perception, it is often a source of conflict (Mertz et 
al. 1998; Sjöberg, 1998a). The most common situation with work 
environment risks is that the expert is likely to be concerned about the 
risk whereas workers are not (Sjöberg, 1998a). The problem is not that 
the workers are unaware of the risk, but they interpret them as being 
personally irrelevant, i.e. other workers are exposed to fatal risks, but 
not themselves. This phenomenon is called “optimistic bias” 
(Weinstein, 1980; Horswill & McKenna, 1999; Weinstein & Lyon, 
1999). Weinstein (1980) explains this by the mechanism “illusion of 
control”, that is, when people believe that they are in control of a 
situation, they assume that they can take actions to increase the 
probability of a positive outcome. This means that situations that are 
perceived to be more controllable tend to be associated with greater 
optimistic bias. Workers might interpret the situation in such a way 
that they know the work tasks, and thereby have high control over the 
situation. The expert might perceive the situation as the opposite, low 
control over the factors that determine exposure. The essence is that 
risk communication is not a straightforward information problem, as 
experts and politicians often assume. It is rather a much more 
complex problem to deal with as it concerns peoples’ mental models 
of the world (Sjöberg, 1998a).  

Furthermore, there are studies indicating that the individuals' 
organizational role influences risk perception (Mertz et al., 1998; 
Weyman & Clarke, 2003). The person who has the decision authority 
for preventive action is the employer, and managers judge risks as 
smaller than toxicologists in the academy, workers, and lay people 
(Mertz et al., 1998). This can also imply that experts from different 
contextual settings, i.e. safety engineers, occupational hygienists, and 
work environment inspectors judge and interpret risk differently. For 
example, a safety engineer that works as a consultant may perceive risk 
as smaller than a clinical occupational hygienist due to his/hers role as 
a person working on commission. This difference must be recognized 
and understood to facilitate risk communication between experts, 
workers, and employers. 
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AIMS  
 
The aims of the thesis were: 
 
 to evaluate whether workers perform valid exposure 

measurements when the measurement responsibility is given to the 
individual worker, 

 
 to gain understanding of workers’ mental models of measurement 

results from chemical exposure measurements, risk of exposure, 
and preventive actions, 

 
 to gain understanding of experts’ mental models of exposure 

measurements and preventive actions, i.e. to describe the experts 
decision process leading to measurements, 

 
 to increase the knowledge on why workers/organizations 

performs exposure measurements and preventive actions, and also 
what makes exposure measurements a regular part of the 
organization’s work environment practice. 
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MATERIAL AND METHODS 
 

Overview 
 

An overview of the aims and four studies included in this thesis is 
shown in Figure 1. 

 

 
 

Figure 1. Overview of the aims, papers, study basis, and designs used 
in this thesis. 

 

Both qualitative and quantitative data was used in the four papers 
that constitute the basis for the thesis. The conducted studies are 
primary based on case study design (Yin, 2003). The case study design 
is preferable when the study area is relatively unknown, as in these 
cases. In the first two studies, interviews with workers at a petroleum 
distribution company and four sawmills were done in order to evaluate 
whether it was possible to leave the measurement procedure to the 

Aim – evaluation of 
workers’ performance 
of valid exposure 
measurements 

Aim – understanding 
of worker’s mental 
models of chemical 
exposure 

Aim – understanding 
of experts’ mental 
models of chemical 
exposure 

Aim – increase knowledge 
on the incentives for 
exposure measurements 
and preventive actions 

Paper I. Pilot study of SAE. 
Petroleum distribution 
company. Interviews, 
qualitative data analysis. 

Paper II. Evaluation of 
workers’ interpretation of SAE. 
Sawmill industry. Interviews, 
qualitative data analysis, 
measurement frequency, 
correlation. 

Paper III. Workers’ mental 
models of chemical exposure. 
Reinforced plastic industry. 
Time series analysis (MAPE). 

Paper IV. Experts’ mental 
models of chemical exposure 
Expert groups. Interviews, 
qualitative data analysis. 
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workers and to evaluate workers’ interpretation of measurement 
results. Also, at the sawmills (Paper II), the association between each 
worker’s number of performed measurement and mean levels and 
variability in exposure concentrations was calculated. Paper III was 
performed in the reinforced plastic industry, and was based at the 
calculation of a measure called mean absolute percent error (MAPE) 
(Rayer, 2007). This measure was used to examine whether the 
workers’ decision models of future exposure followed a coherence or 
correspondence decision model. 

Paper IV was performed with different expert groups. Qualitative 
data generated from interviews were used to describe the experts’ 
mental model of chemical exposure.  

The committee of ethics, Umeå University (dnr 97-23) approved the 
studies included in this thesis. 

 

Information to workers and supervisors about SAE 
 

In the first three studies, information about SAE was given to both 
workers and supervisors. In order to evaluate the workers’ incentives 
for performing SAE, workers at the petroleum distribution company 
and in the saw mills were instructed to decide themselves how many 
measurements they found appropriate to perform and when to 
perform these. 

Before performing the first measurement, the company was visited 
by the project personnel, who gave the workers oral and written 
instructions and information. They were given instructions how to 
handle the samplers, where the tubes should be placed, and that they 
should be worn during the entire work shift. The workers were told to 
decide themselves when, and how many measurements over time they 
found appropriate to accomplish. The only restrictions were that the 
tank truck drivers should deliver gasoline and the sawmill workers 
should be sawing pine, as it was during these work tasks the workers 
were exposed to benzene and terpenes, respectively. More details 
about the given instructions are found in Liljelind et al. (2001). 

The workers were also informed about the toxic effects of the 
exposure (benzene, terpenes, and styrene), the Swedish occupational 
exposure limit (OEL) for the different agents, and that exposure levels 
could vary between days. Further, the workers were informed about 
the need for repeated measurement in order to make good estimates 
of the average exposure, and about preventive actions. 

•
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The management received information similar to that given to the 
workers, and was additionally informed that the decision about when 
and how often to measure should be made by the individual worker.  

After each measurement, the workers received their own results 
presented in a diagram (Appendix A); with a short comment that 
exposure levels may vary from one day to another, and with 
information about the OEL. The comment included a telephone 
number to an occupational hygienist if the worker had any questions. 
A more detailed description of the SAE procedure, including analytical 
methods, can be found in Liljelind et al. (2001). 

Summaries of all measurements were regularly sent to the supervisor 
(Appendix B), together with the mean value compared to the OEL.  

 

The SAE method 
 

The chemical agents at the different companies were collected by 
diffusive samplers using Perkin Elmer tubes®. The technical sampling 
procedure and chemical analysis is further described by Liljelind et al. 
(2001). 

The day that the workers performed a measurement, they were 
requested to use three passive samplers simultaneously by placing 
them in a chest pocket oriented with the open ends extending out of 
the pocket. The samplers were opened at the start of the work shift 
and closed at the end of the shift. Although the workers were not 
requested to close the monitors during the lunch break, they were 
asked to note how long the break lasted. When the workers in the 
reinforced plastic industry occasionally wore respirators, they were 
requested to close the diffusive samplers during these periods and to 
note when this occurred.  

After the measurements were finished, the samplers were closed and 
given to the responsible contact person who sent all tubes to a central 
laboratory for analysis. The samplers were sent to the company by 
mail, except for the first measurement, when the project personnel 
brought sampler with them when they visited the company. Samplers 
were always available at the work place. 

During the same period that the workers performed the self 
assessments, expert measurement were carried out by a trained 
occupational hygienist using the same kind of diffusive samplers as the 
workers. The occupational hygienist contacted the worker to make 
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these measurements after each worker had made two or more 
collections themselves. 

 
Paper I 

 

The study was performed at a petroleum distribution company in 
Umeå in Northern Sweden. It involved nine tank trucks and eighteen 
male drivers (age 25 – 60 years). The company owned one of the tank 
trucks and employed two of the drivers. The other drivers were from 
sub-contractors. The organizational structure of the company was 
fairly vague with the primary task of co-ordinate the activity of the sub 
contractors. No formal safety organization could be identified. The 
tank truck drivers’ delivery routes were planned in advance by the 
supervisor at the depot.  

Data on attitudes, work practices and individual sampling were 
collected by interviews and observation during spring 1997. Three 
months after the onset of the study, five of the tank truck drivers were 
interviewed by telephone. The interview contained questions about 
the instructions and presentation of the individual results, to 
determine whether the workers perceived them as easy to understand. 
The workers were asked for their opinion about the SAE as a method 
for exposure control, whether they could identify any problems related 
to the sample collections and how they perceived the information 
about the results. The drivers were also asked questions about their 
knowledge about benzene, and if the measurements had caused any 
change in their work behavior.  

The supervisor was also interviewed by phone, and asked the same 
questions as the drivers. Also, he was asked if any attempts had been 
made to organize the measurements.  

 

Paper II 
 

The study was conducted at four sawmills (A-D) in the northern 
Swedish county of Västerbotten in 1997. The sawmills processed 
different types of wood, but primarily birch, pine, and spruce.  

For each worker (26 men, one woman) the number of 
measurements, measured concentrations, and date of each 
measurement were recorded by the project personnel, as well as all 
possible questions by telephone to the occupational hygienist. 

•
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Both workers and supervisors were interviewed at two occasions. 
The interviews included open-ended questions about attitudes and 
handling of the SAE program, particularly with regards to preventive 
actions and control. The first interview was made by telephone two 
months after the introduction of SAE. The second interview was done 
year after the measurement started. 

On average, an interview lasted 15 minutes. All interviews were 
recorded and transcribed. The transcribed interviews were content 
analyzed (Kvale, 1996; Shadbolt & Burton, 1990). Meaningful units 
where identified in the text, in this study blocks of sentences. Natural 
language understanding was the underlying model for segmentation of 
the text. 

The blocks of sentences were analyzed according to a modification 
of the theory of planned behavior (Fishbein & Ajzen, 1975; Ajzen, 
1985). This theory links stimuli in an individual’s surrounding (in this 
case the measurement results) to behavior (preventive actions and 
future measurement) by a chain of cognitive concepts. Applied to 
SAE, the theory predicts that if workers have positive attitudes toward 
SAE, perceptions of control over the SAE method and preventive 
actions, and perception of an organizational desire take action, the 
workers will perform preventive actions and use SAE in future 
surveillance as a means to estimate exposure. 

The verbal statements were categorized as 

- attitudes, if they concerned beliefs and feelings about SAE 

- perceived norms, if the statements were about organized 
activities and managerial support 

- perceived control, if they concerned the possibility and 
knowledge about how to perform measurement and preventive 
actions 

- behavioral intentions, , if they reported intentions to perform 
further measurements for surveillance. 

 

Paper III 
 

The study was performed at six companies within the reinforced 
plastic industry in the northern part of Sweden, in which styrene was 
used. All participating workers were men, since no woman handled 
styrene.  
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As previous study results indicated that organizational support is 
needed to obtain sustainability in SAE (Paper II), approval of the 
project was first guaranteed at the highest managerial level. To 
facilitate the implementation of SAE in the companies, the 
organization of the project was tailored-made for each company.  

The workers performed between four and seven measurements 
(median = 6). The project personnel used the result from each 
worker’s measurement as a base for interview with that worker. The 
worker was interviewed (by phone or personal visit) the first time right 
after they received the result from his first measurement up to the 
seventh measurement, respectively. 

In order to avoid framing (Tversky & Kahneman, 1981; Slovic at al., 
1982) and to calibrate the workers’ cognitive scales, the workers were 
before their first interview presented with examples of results. One 
example was 1/10 of the OEL and the other 9/10 of the OEL for 
styrene. 

To estimate how well the workers’ predictions were in accordance 
to the coherence model, the difference between their mean and 
median based on their previous measurement data, and predictions 
were calculated. For example, the prediction for the 6th measurement 
was compared with the mean or median calculated for the previous 
five measurements. The difference between the measured exposure at 
time t – 1 and the prediction (called “last value”) was also calculated. 

To test the correspondence model, the worker’s prediction for time 
t was compared to his measured exposure at time t. In order to have a 
reference for the correspondence test, the difference between each 
worker’s measured exposure at time t and mean, median, and last 
value at time t was calculated.  

The mean absolute percent error (MAPE) was calculated for each 
worker separately as: 

T

t tt III
T 1

/)(1*100MAPE  

where T is the total number of measurements for each worker. This 
is a robust measure when there is a limited number of measurements 
done by each worker, when the number of measurements between 
each worker varies, and when there is a dependency between 
measurements (Rayer, 2007). The MAPE approaches zero if the 
model has a good fit.  
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Paper IV 
 

The design used was a multiple case study (Yin, 2003). The 
interviewed expert consisted of four safety engineers, work 
environment inspectors, and occupational hygienists, respectively.  

The experts were interviewed according to a semi-structured 
scheme, with open ended questions, in order to elucidate the experts’ 
knowledge structure about exposure measurement (Shadbolt & 
Burton, 1990; Wood & Ford, 1993; Hoffman et al. 1995). The experts 
were asked: i) why they performed chemical exposure measurements, 
i.e. about the triggers for measurements; ii) under what circumstances 
they carried out measurements, i.e. if some decision criteria had to be 
met; iii) what sampling strategies they used. 

All interviews were documented by field notes, and were typed 
immediately after the interview. Content analyses were preformed on 
the typed text, and different categories of triggers, decision criteria and 
sampling strategies were identified during the analysis of the text. 
Finally, frequencies of different categories for the experts were 
counted (Kvale, 1996; Silverman, 2000). 

 

Ethical considerations 
 

The participation in these studies was informed and voluntary. Both 
single supervisors and workers had the possibility to deny or withdraw 
from the study they participated in without giving any reasons for this 
withdrawal. All results were confidential and data from single 
employers and workers were identified by codes. When the 
supervisors received the summarized measurement results from all 
measurements, each worker was identified by code.  

If any worker received measurement results close to or over the 
OEL, the project personnel informed both workers and supervisors 
about the need for preventive actions at the end of the project. No 
risks and no discomfort associated with the participation in the studies 
can be identified. 
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RESULTS 
 

Workers’ performance on SAE 
 

The workers did indeed perform exposure measurements. At the 
petroleum distribution company, seven tank truck drivers performed 
31 exposure measurements. At the sawmills, 28 workers performed 
100 measurements. In the reinforced plastic industry, 30 workers 
performed 159 measurements. The measurements were evaluated by 
comparing worker measurements with expert measurements (Liljelind 
et al., 2001) and were found to be valid with respect to agreement with 
to expert measurement.  

When interviewed, the workers at both the petroleum distribution 
company and at the sawmills generally reported that SAE was 
interesting, the samplers easy to handle, the instructions were 
sufficient for performing measurements, that it was interesting to get 
feedback about exposure results, and that the results were easy to 
understand. One worker at the sawmill stated, “It’s like a pencil; you 
just put them in your chest pocket.” 

Four of the sawmill workers were negative to SAE, and reported 
two reasons for this (Table I). One worker said that as he had worked 
for a long time at the mill without experiencing any symptoms, and 
saw no reason for SAE (Sawmill B). When his supervisor persuaded 
him to measure and he got his first result (257 mg/m3, and the 
Swedish OEL is 150 mg/m3) he became a bit surprised and measured 
additionally four times. Three workers were also negative to SAE due 
to low measurement result. Despite their initial perception of high 
exposure at the mill, the result were far below the OEL, and due to 
that, they were not motivated to continue the measurements. They 
said that if SAE would have any significance for them, then the 
exposure levels ought to be over the OEL, otherwise the supervisor 
would ignore the result (Sawmill D). 
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Table I. Workers’ answers about attitudes and perceived control 
towards Self Assessment of Exposure. 

SAEa – Self Assessment of Exposure 

 
 

One sawmill worker denied to participate, as he thought that the 
fume from the cigarettes he smoked should ruin the measurement 
results. In the reinforced plastic industry, one worker denied to 
participate. He thought that the sampling procedure was non valid 
because it did not measured the uptake through the skin. At the petrol 
distribution company, none of the workers was negative to SAE or 
denied to participate.  

 

Attitude and control 
Sawmill 

A, 
n = 6 

Sawmill 
B, 

n = 7 

Sawmill 
C 

n = 7 

Sawmill 
D, 

n = 7 

All 
sawmills, 

n = 27 

Positive to SAEa 
Yes 
No 

 
6 
0 

 
6 
1 

 
7 
0 

 
4 
3 

 
23 
4 

Risk with exposure 
Yes 
No 

Don’t know 

 
1 
2 
3 

 
0 
2 
5 

 
1 
2 
4 

 
0 
1 
6 

 
2 
7 
18 

Risk with terpene vs risk with 
mould, dust, noise 

Higher 
Lower 

Don’t know 

 
 

1 
3 
2 

 
 

0 
3 
4 

 
 
0 
5 
2 

 
 

0 
3 
4 

 
 

1 
14 
12 

Actions due to measurement 
results 

Necessary 
Not necessary 

Don’t know how to take 
preventive actions 

 
1 
4 
1 

 
0 
5 
2 

 
0 
6 
1 

 
0 
6 
1 

 
1 
21 
5 

Initiative for measurements 
Own 

External 

 
1 
5 

 
0 
7 

 
0 
7 

 
0 
7 

 
1 
26 

Worker in charge of SAEa 1 0 2 1 4 

Worker have control of the 
work process 1 0 2 0 3 

Intention to measure  
in the future 2 2 2 2 8 
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Workers’ mental model of chemical exposure 
 

It seems that the sawmill workers did not perceive the exposure as a 
high-risk factor, and that knowledge of the exposure agent was 
restricted, despite initial information about the substance. Two of the 
workers at the sawmills believed that their exposure to terpenes 
implied a risk, seven believed not so, and eighteen of the workers said 
that they did not know whether terpenes exposure implied a risk. 
Fourteen of the workers thought that exposure to mould, dust and 
noise were worse than exposure to terpenes, one worker believed the 
opposite, and the rest of the workers stated that they lacked the 
knowledge to make that judgment (Table I). At the petroleum 
distribution company, the workers stated that their knowledge about 
benzene was restricted to the fact that it could cause cancer. 

At the petroleum distribution company, none of the drivers said 
that they worried about exposure variation. Furthermore, the results 
from the reinforced plastic industry indicate that the workers reduced 
the variance in their measurement results to a measure of central 
tendency, i.e. the median. The average MAPE for the median and the 
mean, according to the coherence model, had similar fit to the 
workers’ predictions, though the difference was statistically significant 
(MAPE = 29 and MAPE = 31, respectively, p = 0.034, Wilcoxon 
Signed Rank Test) (Figure 2). A prediction model using the value 
preceding the actual measurement showed a poorer fit, with an 
average MAPE of 40.  

There was a large variation in MAPE between workers (Appendix, 
Paper III). Worker 10, who worked at company 2, had high MAPE 
values. This company had a large variation in work task from one day 
to another. Four workers (22, 23, 25, and 26) from company 4 also 
had high MAPE values, but these workers had the lowest mean 
exposure (7.5 mg/m3). We suspected that the workers might have had 
difficulties to interpret small values when making predictions. For this 
reason, we calculated MAPE after having excluded the workers from 
company 4. The results differed about 30%; the average MAPE for 
the median, mean, and last value were 19, 21, and 29, respectively. The 
difference between the MAPE for the median and last value was 
statistically significant (p = 0.043).  

A comparison between the workers’ prediction and the actual 
outcome according to the correspondence model, showed a mean 
MAPE of 49 (MAPE = 43 when excluding the workers from 
company 4). For comparison, the mean MAPE between each worker’s 
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median, mean, and last value and the actual outcome was, 54, 53, and 
69, respectively.  

We also analyzed the MAPE measures with regards to measurement 
trial to identifying any learning effects, but there was no such evident 
trend (data not shown). 

 

 

CorrespondanceMedian valueMean valueLast value

200

150

100

50

0

26

26

10

25

26

23

 

Figure 2. Box plot of workers’ mean MAPE values for the models “last value”, 
“mean”, “median”, and for “correspondence” between predictions and actual 
values. The * indicates workers (numbers are workers´ identification number 
according to Appendix, Paper III) who strongly deviate from the mean MAPE 
value.  

 

The results also indicate that the workers underestimated their 
average exposure. A distribution of differences between mean 
exposure level and prediction is presented in Figure 3, which shows 
that the difference between each worker’s mean exposure and his 
prediction is in general larger than zero.  

Exposure  
(mg/m3) 
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Figure 3. Distribution of differences between the mean value and the workers’ 
prediction.  

 

 

Experts’ mental models of chemical exposure 
 

Safety engineers 

All four safety engineers reported “request from employer, safety 
committee, or workers as a trigger. Another trigger reported by all 
safety engineers was “basis for and control of preventive actions”. 
Three of the safety engineers mentioned symptoms among workers 
(Table II). 

 

Exposure (mg/m3) 
•
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Table II. Triggers for conducting exposure measurements reported 
by the experts. More than one trigger could be mentioned by a 
certain expert. 
 

Triggers 

Safety engineers,  

n = 4 

Work environment 

inspectors, n = 4 

Clinical occupational 

hygienists, n = 4 

Request from 

employer, safety 

committee or workers 

4 0 0 

Legal demands, i.e. 

comparing exposure 

with OELa  

3 4 3  

Basis for and control of 

preventive action 

4 1 1 

Symptoms among 

workers 

3 2 4 

Risk assessment  2 0 0 

Sustain measurement 

competence 

0 2 0 

Confirm exposure  1 0 0 
aOEL: Occupational Exposure Limit 

 

As decision criteria, all safety engineers mentioned both “acceptable 
cost” and “expectations that certain levels would be obtained” (Table 
III). The latter usually implied that when the experts presumed low 
levels of exposure they performed no measurements at all. 
Furthermore, two safety engineers explained that if the employees 
showed symptoms (a trigger) but the safety engineer expected levels 
below the OEL (their decision criteria), they would directly take 
preventive actions and would not perform any measurements. Their 
argument was that if they measured and the results showed levels 
below the OEL, the employer might be reluctant to take preventive 
actions, even if the workers showed symptoms. Another criterion for 
measurement, mentioned by three safety engineers, was “no other 
cues, e.g. substances with high odor thresholds” when no indicators 
such as odor or fog that could be used to roughly assess the exposure 
levels and the workers showed symptoms or when compliance with 
OEL had to be assessed. 

 



Results 
 

 24

Table III. Decision criteria for conducting exposure measurements 
reported by the experts. More than one decision criterion could be 
mentioned by a certain expert. 
 

Decision criteria 

Safety engineers, 

n = 4 

Work environment 

inspectors, n = 4 

Clinical occupational  

hygienists, n = 4 

Expectations that 

certain levels would 

be obtained  

4 4 

 

4 

Acceptable cost 4 3 2 

No other perceived 

cause to symptoms 

3 0 2 

No other cues, e.g. 

substances with high 

odor thresholds. 

3 2 0 

Acceptance for 

measurement from 

worker and employer 

3 1 2 

Available methods 2 1 2 

Other factors  1a, 1b, 2d 1a, 2b  4a, 1b, 3c, 1e 

 
a scientific support for a relation between symptoms and agents,  
b measurement should give new information 
c unchanged work environment in clinical cases 
d employer willing to take preventive action, 
e need to influence employer and employee 

 

Worst case strategy was a common strategy among the safety 
engineers (Table IV), especially when the aim of the measurement was 
to investigate whether a worker had been exposed to high levels. On 
the other hand, if a mean exposure was to be estimated, a day of 
normal production was chosen.  
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Table IV. Sampling strategies when conducting exposure 
measurements reported by the experts. More than one strategy could 
be mentioned by a certain expert. 
 

Sampling strategies  

Safety engineers,  

n = 4 

Work environment  

inspectors, n = 4 

Clinical occupational  

hygienists, n = 4 

Worst case 3 3  

 

1  

 

Normal production 

 

2 3 2 

Random sampling 

 

1 1 1 

 

 

Work environment inspectors 

As a trigger, all four environment inspectors mentioned “legal 
demands for exposure assessment”, e.g. comparing exposure to the 
OEL. A unique trigger for the inspectors was to “sustain measurement 
competence”, which two of them mentioned, i.e. they performed 
measurements just to keep up with the technique and measurement 
methods. Two inspectors mentioned “symptoms among workers” as a 
trigger (Table II).  

All four work environment inspectors mentioned the decision 
criterion “expectations that certain levels would be obtained”. When 
controlling a company’s compliance with the OEL, the inspectors 
chose to measure in situations where an exceedance of the OEL was 
most probable. The judgment of whether the OEL was exceeded was 
based on their experience from similar environments. Three 
inspectors mentioned “acceptable cost” as a decision criterion, both 
for the company and for the Swedish Work Environment Authority 
when the inspectors performed measurement project (Table III). 

Reported sampling strategies were “worst case” and “normal 
production” (Table IV). One inspector stated that the problem of 
yielding representative measurements with the restraint of an 
economical budget in combination with the variation in exposure 
levels made him address other aspects of the work environment (e.g. 
legally prescribed routines for monitoring and improvement of the 
work environment) instead of performing measurements.  
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Clinical occupational hygienists  

All four clinical occupational hygienists reported “symptoms among 
workers” as a trigger (they were all involved en examination of clinical 
cases). Three of them reported “legal demands (e.g. comparing 
exposure with the OEL) as a trigger (Table II). 

All four hygienist mentioned “expectations that certain levels would 
be obtained” as a decision criterion. A specific decision criterion for 
all four clinical occupational hygienists was “scientific support for a 
relation between symptoms and agents”. A further decision criterion 
for measurements was “unchanged work environment in clinical 
cases”, that was reported by three of the occupational hygienist. They 
would not perform any measurements in a case where the work 
environment had changed significantly. Two hygienists mentioned 
“acceptable cost” as a decision criterion, i.e. cost for those clinics that 
the hygienists worked in (Table III). 

The clinical occupational hygienists were reluctant to specify a 
standard sampling strategy. Instead, they reported that the choice of 
strategy was dependent on the individual cases (Table IV). 

 

Incentives for exposure measurement and 
preventive actions 

 

The major determinant for the performance of measurement was 
organizational support. At both the petroleum distribution company 
and at the sawmills, the measurement procedure was organized in 
contrary to the instructions given from the project personnel. At the 
sawmills, workers and supervisors reported a spontaneous, voluntary 
organization of the performance of the SAE measurement at the mill 
(Table V). When asked what made them measure on a particular day, 
all workers but one reported that they had measured as a consequence 
of some form of reminder or instruction from a colleague or 
supervisor. The worker at Sawmill B that was negative to SAE stated 
that he was persuaded by his supervisor to measure.  
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Table V. Measurement frequency, exposure levels and preventive 
actions in the Self Assessment of Exposure project at the sawmills  

Results Sawmill A Sawmill B Sawmill C Sawmill D 

Total number of 

measurements 
24 40 16 20 

Measurements 

per worker 
3 – 4 2 – 12 2 – 3 2 – 4 

Exposure mean 

and 

range (mg/m3) 

53 (11-128) 97 (6-516) 71 (16-137) 31 (0-62) 

Number of 

measurements 

exceeding OELb 

0 4 0 0 

Organizational 

support 

Work group took 

responsibility for 

SAEa and 

organized 

measurements 

Supervisor 

made one 

worker 

responsible for 

organizing 

SAEa 

Supervisor took 

responsibility for 

SAEa and 

organized 

measurements 

Supervisor took 

responsibility for 

SAEa, organized 

and pursued 

measurements 

Preventive 

actions 
Yes No No No 

SAEa – Self Assessment of Exposure 
OELb – Occupational Exposure Limit 
 

All supervisors at the sawmills pointed out the importance of some 
kind of organizational support for measurements, as they thought that 
the workers would have difficulties to perform SAE on their own due 
to other priorities, such as work task or forgetfulness. As the 
supervisor of Sawmill C expressed it, “The tubes do not speak for 
themselves”. The supervisor at Sawmill B stated that he thought that 
the workers would have problems remembering the SAE as they saw 
both pine and spruce. He believed it would be difficult for them to 
then remember to measure when they were about to saw pine. To 
control for that, he made one of the workers responsible for the SAE. 
The supervisor at Sawmill D pursued his workers to perform 
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measurement, as he was concerned that after the project was finished 
the workers would falsely accuse him not permitting measurements. 
The supervisor of the petroleum distribution company thought that it 
was necessary to organize the measurements, and consequently did so. 
The reason for this was that he was the only person who knew the 
delivery schedule in advance. He was doubtful about the endurance of 
the workers’ measurements. If the exposure levels were around the 
OEL or below, the supervisor thought that the drivers would not 
make an effort to perform any further measurements. The supervisor 
was of the opinion that the measurements had become tiresome, 
especially remembering to send back the samplers.  

Further, when asked if SAE was something that the workers were in 
charge of, 15% of the workers considered SAE as their “own” project; 
the rest stated that they participated in order to satisfy the researchers. 
One worker at Sawmill A considered SAE as something he controlled 
in cooperation with the researcher, which was the same worker who 
said that the preventive action at Sawmill A was a result of the SAE 
measurement (Table I). 

In Paper II, one hypothesis was that exposure concentration or that 
variation in exposure level would influence the worker to perform 
measurement. Therefore, the correlation between each worker’s mean 
exposure level and number of measurements was calculated, and 
between the coefficient of variance (CV) and number of 
measurements, but non of them were significant To test whether the 
initial measurements had more influence than later measurements, we 
also analyzed the relation between the mean and CV of the first two 
measurements made by each worker and their number of 
measurement, but there was no significant correlation. The only 
significant association was at sawmill level. At Sawmill C, the 
correlation between each workers’ mean exposure level and number of 
performed measurements was (  = 0.79, p = 0.03). At Sawmill B, who 
had the highest concentrations of terpenes and exceeded the OEL 
four times (Table V) one of the seven workers was negative to SAE 
(Table I), and no preventive action was taken (Table V). 

Seventy percent of the workers at the sawmills could not identify 
any reasons for additional measurements, as they felt that they now 
knew the exposure levels. The other thirty percent of the workers 
noted diverse reasons for additional measurements, such as control of 
exposure levels, more knowledge of health effects, perceived health 
effects, warm summer days, expected levels close to the OEL and that 
the project personnel wanted more measurements (Table I).  
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When it comes to preventive actions, is seems as if symptoms 
would have induced prevention. Five workers at the sawmills reported 
that it was not necessary to perform preventive actions due to low 
measurement results. The worker who had the highest measurement 
result (516 mg/m3 at Sawmill B) reported, “I have worked at the mill 
for over 30 years and I have not felt any symptoms, so I do not react 
in any special way”. That measurement was the last of four 
measurements he performed. Another five workers’ stated that they 
did not know how to tale preventive actions. One worker stated that 
mold and dust was a larger problem that ought to be handled first. 

Only one preventive action was taken because of the measurements. 
At Sawmill A, the workers reported that they had repaired a heat 
exchanger in order to increase the ventilation. At the petroleum 
distribution company, no preventive action was taken as a 
consequence of the measurement result. The drivers reported that the 
measurements had no impact on their work behavior or performance 
of preventive action, because the work tasks were controlled by 
technology, i.e. bottom loading and vapor recovery. 

None of the sawmill supervisors mentioned the need for preventive 
actions due to the measurement results. The supervisor at Sawmill A 
did not mention the repair of a heat exchanger in the first interview. 
In the second interview, he mentioned this repair, but took no credit 
for it. He said that he left the entire project to the workers themselves 
and that this was possible at that mill because it was a small 
organization.  

In summary, the results indicate that organizational support was the 
foremost incentive for the performance of exposure measurement, 
and that preventive actions were a rare consequence of the exposure 
measurements.  
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DISCUSSION  
 
 
Problems of interpretation and handling of 
measurement results 
 

The results from three of the studies suggest that the workers can 
perform SAE but they do not interpret and handle SAE in a rational 
manner. That is, they do not perform preventive actions when the 
exposure levels are over the OEL and do not perform sustained 
exposure measurements when exposure shows large variation. The 
workers’ mental model of exposure measurements can best be 
described by a coherence (the median) model rather than a 
correspondence model. That the median is a better description than 
the last value of the workers’ interpretation implies that they neglect 
exposure variation with respect to a measure of central tendency. 
Furthermore, when comparing the workers’ predictions to a measure 
of central tendency, e.g. their mean exposure, they in general 
underestimate their exposure. If the mean is a proper risk estimate for 
the agent in question, then the workers underestimate the risk with 
exposure. The experts often decide not to perform exposure 
measurements in favor of for preventive actions, and when they 
perform exposure measurements they use a worst case measurement 
strategy.  

Why do not workers consider sustained exposure measurements 
and preventive actions even if the measurement results show large 
variation and are close to or over the OEL? Many regulations, statues, 
and programs, build on implicit assumptions about human cognition 
and behavior that may not have empirical support. One assumption is 
that humans are rational, an assumption that occupies a central role in 
practically all fields of inquiry in which human behavior matters 
(Shafir & Leboef, 2002). This is also an implicit assumption when it 
comes to information and education about OHS issues. However, the 
conventional wisdom of “tell them and they will know” does not 
always work (Hale, 1984; Finnegan and Viswanath, 1997). Research in 
risk communication shows that simply educating the public does not 
translate into increased knowledge or behavior change (England Will, 
2005). This is in line with the findings in these studies, in which SAE 
was implemented at the sawmills by information and instructions only. 
The workers were given both oral and written instructions and 
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information about the agents they were exposed to, how to measure 
the exposure, the importance of repeated exposure measurements, and 
how to take preventive actions. The workers reported that SAE was 
interesting and that one reason for exposure measurement was to 
satisfy the researchers.  

Furthermore, even if the workers’ interpretation of numerical 
measurement data best can be described by the coherence metatheory, 
it does not imply that they transfer this rational interpretation to a 
rational handling of the measurement results. One of the goals 
according to the coherence metatheory is to describe how human 
cognition achieves rationality. However, rationality does not directly 
imply accuracy (the goal of human cognition according to the 
correspondence metatheory) and vice versa (Hammond, 2000). 
Rationality always operates in a closed system; given the premises, 
certain conclusions always follow by a rational reasoning process. 
When the reasoning process satisfies a logical test, the system is 
coherent. If you believe that every word in the Bible is true, it is 
coherent to believe that the world is flat. In that belief system, you 
ignore empirical evidence of a round earth (the correspondence goal). 
Markman (2001) differs between causal mental models and logical 
mental models. It might be so that these systems are separate, so that 
the transfer from a rational interpretation of numerical results to 
casual reasoning about exposure and preventive actions is not self 
evident.  

The theoretical foundation in Paper II was the theory of planned 
behavior (Fishbein and Ajzen, 1975; Ajzen, 1985), which links stimuli 
in an individual’s surrounding to behavior by assuming a chain of the 
cognitive concepts attitudes, perceived norms, and behavior 
intentions. However, both the workers at the sawmills and the tank 
truck drives reported that they lacked control over the work process, 
which implied no opportunity to take preventive actions. A 
consequence of this is that no matter how much information about 
SAE the worker is given and the risk with exposure, it will not be able 
to take any preventive actions as they perceive that there is nothing 
they can do about their work situation. Thus, the rationality 
assumption is not valid under these circumstances. This control an 
important issue to examine for researchers and practitioners who wish 
to implement OSH programs in organizations.  

Applied to the experts, the theory of planned behavior can explain 
why they in general went directly to preventive actions instead of 
performing exposure measurements. The experts report that their 
expectations on exposure levels influenced their decision to perform 
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an exposure measurement or not. When the experts expected that the 
measurement results would be far below the OEL at the same time as 
the workers experienced symptoms, the experts suspected that the 
employer should be reluctant to take preventive actions (a perceived 
norm) and thereby went directly on preventive actions. Otherwise they 
would not have the authority to implement preventive actions 
(perceived behavioral control) despite symptoms among the workers. 
Here, low measurement result is interpreted as an obstacle for the 
performance of preventive actions (the experts’ attitude).  

Also, due to the experts’ roles and knowledge, the experts have 
developed different mental models for the concept of measurement, 
and act on the basis of these. The work environment inspector 
primary role is to assure the employers’ compliance with the work 
environment laws. The safety engineers works on commission for the 
organization, and the clinical occupational hygienists deal with clinical 
cases. 

One can discuss the rationality concept in relation to these results. 
The behavior among workers and experts can be described in terms of 
bounded rationality (Simon, 1978; Todd and Gigerenzer, 2001), i.e. 
rational choices that take the human cognitive limitations of both 
knowledge and cognitive capacity in to account, as well as 
organizational constraints. As both workers’ and experts’ behavior is 
constrained by organizational contextual factors, simply providing 
exposure measurement data might not be a useful tool for sustained 
exposure measurements and preventive action. To reach that goal, 
other factors must be present.  

  

The role of risk perception as a predictor of behavior 
 
The role of risk perception as a determinant for preventive action 

has been discussed by several authors (Nordenstam & Vaughan, 1991; 
Brun, 1994; Stewart-Taylor & Cherrie; 1998; Stave et al., 2007). At the 
sawmills, high exposure levels alone did not make the workers nor 
supervisors take preventive actions. The predictions of the workers at 
the reinforced plastic industry about future exposure were in general 
below their average exposure level. It might be so that individuals do 
not take the risk seriously enough until they perceive symptoms 
(Rundmo, 1995). This notion is supported by statements from the 
workers at the sawmills where only two workers thought that their 
exposure to terpenes implied a risk, and the worker who had the 
second highest measured level (516 mg/m3 at Sawmill B) said, ‘I have 
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worked at the mill for over 30 years and I have not experienced any 
symptoms, so I do not react in any special way’. The optimistic bias 
phenomenon (Weinstein, 1980; Horswill & McKenna, 1999; 
Weinstein & Lyon, 1999) working through the mechanism “illusion of 
control” (Weinstein, 1980; Horswill & MacKenna, 1999) seems not to 
be the case as both workers at the sawmills and the tank truck drivers 
reported that they lacked control over the work situation. The 
optimistic bias can perhaps be attributed to the lack of symptoms.  

There are also difficulties in separating cognitive from emotional 
reactions to risks in studies of risk perception (Sjöberg, 1998b). Risk 
perception is a more intellectual phenomenon in contrary to worry, 
which tends to refer to an emotional reaction. None of the sawmill 
workers and the tank truck drivers indicated that they were worried 
about the exposure. Instead, they stated that it was interesting to see 
the measurement results. Brehmer (1987) has discussed the 
psychological meaning of risk. The author argues that perceived risk is 
a subjective concept in a specific multidimensional context, with 
physical, psychological, practical, and social consequences. Therefore, 
it might be so that the harmful effect of exposure must be present in 
some or all these dimension before risk perception will affect 
behavior. Taken together, a worker might have to experience physical 
symptoms from the exposure, feel anxious and worried about the 
exposure and symptoms and also perceive practical and social 
obstacles in performing his/her work task and interacting with co-
workers before the risk perception is strong enough to enforce action.  

A further important notion to discuss is the difference between 
judgments and choice. Research indicates that there are different 
information-processing strategies used during these tasks (Einhorn & 
Hogarth, 1981). The choice of not to perform further measurements 
or to take preventive actions, even if the perception of exposure 
indicates risk, is most certainly influenced by other factors than risk 
perception. As the results from the present studies suggest that 
perceived lack of control, attitudes to low measurement values or 
underestimation of exposure are examples of such factors.  

Sjöberg (2000b) raises an important question about the cause-effect 
direction regarding attitudes and risk perception. Conventional 
attitude theory assumes that the attitude is a function of beliefs and 
values (Fishbein & Ajzen, 1975). But arguments can be given for the 
opposite direction of influence (Sjöberg, 1992). If so, risk perception is 
a function of the workers’ attitude to work, i.e. if you have a positive 
attitude to your work, you perceive risks as lower than if you have a 
negative attitude to your work. Hence, to only inform workers about 
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work-related risks with the aim to influence the workers’ risk 
perception would not be very efficient.  

Risk perception is also influenced by the actors’ perspective (Mertz 
et al. 1998; Weyman & Clarke, 2003). Thus, organizational role seems 
to influence risk perception (Mertz et al. 1998) in such a way that 
magnitude of perceived risk is greater for persons closest to the 
hazards (the workers) then for persons in more distal settings 
(managers and supervisors). Furthermore, mangers in general tend to 
judge risks as smaller than academic toxicologist, workers, and lay 
people. The fact that the supervisors at the sawmills did not find 
preventive actions necessary despite of measurement results close or 
above the OEL, is therefore not surprising. Sjöberg (1998a) found that 
experts are often more concerned about the risks than the workers. 
This result may be explained by lack of perceived control, as was the 
case in these studies. If the worker cannot control the work 
environment, it does not matter whether experts from outside the 
company have other opinions about the need for preventive actions.  

 

Implication for self assessment of exposure  
 

Apart from the way individuals interpret measurement data and 
react upon risks, research has shown that there are difficulties with 
effective and sustainable OHS implementation (Hale, 1984; Lazovich 
et al. 2002). One reason for this difficulty can be referred to the 
existing exposure paradigm (MacDonald et al., 2008), which focus 
largely on the characterization of risk factors at the job level. This 
paradigm implies a focus on OHS training as a way to change the 
behavior of individual workers (Reason, 1993).  

However, extensive research outside the safety field has shown why 
this exposure paradigm focus is insufficient to reach sustainable 
change in safety behavior. The failure to consider organizational 
factors and conditions as antecedents to job-level hazards limits our 
ability to design and implement effective and sustainable hazard 
controls also for chemical risks (MacDonald et al., 2008). The authors 
refers to Rappaport and colleges (1995) whose exposure determinant 
modeling emphasize technological rather than organizational 
determinants even though a large proportion of exposure variation 
remains unexplained across a range of chemical and biological hazards 
(Burstyn & Teschke, 1999; Symanski et al., 2001). MacDonald et al. 
(2008). request industrial hygiene studies that examine organizational 
factors as antecedents to chemical hazards. 
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There are a number of studies concerning factors that affects the 
prevalence and implementation of OHS programs. These include 
organizational culture (Krause and Finley, 1993) organizational climate 
(Basen-Engquist et al., 1998), degree of management support (Cole 
and Parker Brown, 1996; Glasgow et al 1990; Krause, 1997; Salim, 
1982), managerial style, (Witte, 1993), worksite size (Emont and 
Cummings, 1990), and worker participation (Krause, 1995; Krause, 
1997; Hess et al. 2004). Cole and Parker Brown (1996) highlight three 
aspects describing why and how organizational factors influence 
workers’ behavior in organizations:  

First, to simply analyze the individual level does not grasp the 
complexity of actions in organizations. “Actions” in an organization 
are shaped and intervened by factors such as superiors, coworkers, 
regulations, technology, and capital resources.  

Second, the behavior of individual workers is sharply restricted by 
institutional limits. Organizational change is usually beyond the 
control of individual workers, so by giving the workers responsibility 
for what happens at the work place and not giving them resources and 
authority to make changes is blaming the victim.  

Third, organizational conditions and workers’ behavior may change 
before or in spite of changes in the workers’ knowledge or attitudes, 
such as changes in regulations for the work environment or in market 
forces. 

Thus, the organization lays a restricting force on the workers’ 
behavior. That is why safety issues should be decisions for the 
management, and safety behavior must be supported, encouraged, and 
induced by the managerial system. These factors are evident in these 
studies. In both Paper I and II, the supervisors organized the 
measurement procedure contrary to the instructions. One reason was 
organizational routines, as in the petrol delivery company. In that 
company, the supervisor was the only person who knew the delivering 
schedule in advance. Another reason, mentioned by the supervisors at 
the sawmills, is other priorities among the workers, such as the work 
task and forgetfulness. At Sawmill D, the supervisor went even further 
and pursued his workers to perform measurements.  

In the light of the current work environment laws in Sweden, in 
which the employer is prescribed to perform self control of the work 
environment (AFS: 2001:1), this result is disappointing, but 
foreseeable from research results in human judgment and decision 
making. One aspect that might have been ignored is the fact that 
rationality operates in a closed system. What is rational in a societal 
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level is not the same as rationality on an organizational or individual 
level. The Society’s intention about self control of the work 
environment may be rational on that level as it among others things 
reduces the society’s’ cost for control. For the employer, it is maybe 
more rational to optimize the economic gain by not performing costly 
preventive actions in a system that constitutes a business company.  

Due to the problems in the workers’ and supervisors’ interpretation 
and handling of measurement data, they need support from experts. 
However, the experts reported difficulties in the performance of 
exposure measurements due to the lack of both control and authority 
implementing preventive actions. This rises the question of what kind 
of support that is necessary? The conclusion is a two-step support 
system. First, the workers and supervisors need support from the 
experts. Second, the experts need support from the governmental 
system, who prescribes the employer to perform a number of 
exposure measurements on a yearly basis. To simply communicate risk 
is not enough. 

These results are in line with the rationality discussion. The 
assumption about a rational worker or a rational expert without 
considering their contextual setting is rather naïve. This is surely a 
major determinant of poor efficiency in implementing OHS programs 
in organizations and self control of the work environment. 

 

Use of routinely collected exposure data in 
epidemiological studies 
 

The experts stated that one trigger for their exposure measurements 
was that the workers showed symptoms. Here the question arises, 
from what? Is it symptoms steaming from the chemical agent in 
question or are the symptoms due to other kinds of exposure. It was 
only the occupational hygienists that reported the decision criteria of 
scientific support for the causal relation between agent and symptoms. 
This implies that other expert groups can perform exposure 
measurement when there is a doubtful relation between the agent and 
symptom.  

The experts’ professional knowledge constitutes their mental 
schema. It seems that the experts’ mental schema might lead to a 
"selection bias"; i.e. exposure data will only exist from certain types of 
environments under certain conditions. Such a selection bias would 
imply that measurements cannot be assumed to reflect the average 
work place exposure in an unbiased way (though the magnitude of this 
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bias is unknown). If the experts use a worst case strategy when 
performing exposure measurements, the assessed dose-response 
relation would be and underestimation of the real relation. As the 
number of performed exposure measurements declines (Rappaport & 
Kupper, 2008), qualitative estimates of exposure and routinely 
collected exposure measurement data e.g. by occupational health 
services are often used for other purposes than epidemiological studies 
(Kromhout et al. 1987). The possible underestimation of the real 
average exposure in such data must be considered. Also, different 
expert groups may make different kinds of judgments (Rybicki et al. 
1998). This is probably due to a set of factors such as the agent in 
question, the experts’ training and experience, and their professional 
role. Experts working as consultants may come to other conclusions 
than an expert in a academic settings.  

 

Methodological considerations and limitations 
 

This thesis is predominantly based on case studies (Yin, 1994). A 
case study design is preferable when the research question regards 
possible underlying mechanisms, when the research area is rather 
unknown, and when there is low control of contextual factors. All 
these factors are present in the performance of this thesis. Available 
theories about workers’ risk perception in a real life setting when 
performing self assessment are nil. Furthermore, the research question 
regarded what workers’ and experts’ mental models looked like, and 
how workers interpreted SAE and measurement data. As the 
generalization in case studies is of theoretical rather then of a statistical 
nature, and the goal is to provide theories which later may be 
statistically tested.  

Interview methodology is afflicted with reactivity problems as 
ordinary and motivational forgetting, and response styles. Response 
styles means that different people may have habitual ways of 
answering questions. The habits may result from self image and from 
expectations of the researcher and the society. In general, there are 
three kinds of response styles: response deviation (nay-saying), 
response acquiescence (yea-saying), and social desirability (Elmes et al. 
1999). It might be so that the workers’ answers on the questions about 
SAE reflected what the workers thought that the researchers wanted 
to hear (social desirability). However, the fact that the answers were 
compared with behavior strengthens the results from the studies, i.e. 
the workers stated that they thought that SAE was interesting but the 
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results nothing to worry about, consequently took no preventive 
actions, and did not sustain the measurements.  

It should be noted that these results should be considered within 
the context of the present studies. Swedish workers have completed at 
least nine years of compulsory education, and given the small 
population of northern Sweden, the workers in the present study were 
relatively homogenous in terms of background and lifestyle. Workers 
with shorter theoretical training have probably limited possibilities in 
interpreting the results, while more skilled or trained workers may 
have better possibilities to interpret the results. Further, all mills and 
plastic reinforced industries were unionized and this fact might also 
influence the results. For example, workers may perceive safety-related 
issues as a task for the union to handle and not for the individual. As 
discussed above, the mental model of the experts has certain 
implications. In Paper IV, the result origins from a small material 
consisting of four experts in each group. Specific triggers and decision 
criteria may differ between countries. In Sweden there are provisions 
requiring and suggesting exposure measurements from the Swedish 
Work Environment Authority. According to these provisions, the 
expert is supposed to perform measurements in favor of the 
employees, even if it is the employer who pays for the service. This 
contrasts countries in which the experts are consultants acting on 
behalf of the employer. For example, in the present study experts 
would avoid measurements in cases where there were symptoms in 
workers but low exposure levels were expected. In countries where 
law-suites are more common, a consultant hired by the employer 
could act in the opposite way. This notion highlights the importance 
of examine contextual factors that might influence the individuals’ 
behavior. 

Another important aspect not considered in this thesis is gender. It 
is well known that women are more risk aversive than men, for and 
excellent meta-analysis see Byrnes et al. (1999). However, there were 
no women working in these organizations except for one worker at 
Sawmill B. A fair guess is that the results may have been different in 
organizational settings dominated by women.  

Framing is an effect of how a decision problem is formulated, and 
the effect is noteworthy as it is sizable and sometimes completely 
reverses an individual’s preferred choice (Slovic et al., 1982; Tversky & 
Kahneman, 1982). This problem is met in Paper IV, in which the 
workers were first presented with the same example of measurement 
results before doing their judgments. In Paper I and II, however, the 
aim was to study whether the workers could perform SAE and 
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interpret SAE data. Therefore, no calibration of the workers’ mental 
scales was done in order to study the workers’ spontaneous reaction to 
SAE. 

Another advantage of these studies is that they were performed in a 
real life setting. Lopes (1997) points out that much of the research in 
risk taking has been through gambling studies. However, the 
methodology stringency of the gambling studies reduces the ecological 
validity of the gambling results as they rule out the complexity of real 
life. Furthermore, many studies of risk perception use questionnaire 
and interview measurement tools, and one drawback of these 
techniques is that there might be an element of intellectualization in 
that process, i.e. people tend to rationalize when they are asked those 
kinds of questions (Horswill & McKenna, 1999). In this study, we 
used the workers’ self measured exposure data from their work 
environment. This implies that the workers had to interpret their own 
work situation, not some abstract risk scenario, which ought to give 
the results high ecological validity.  
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CONCLUDING REMARKS  
 
 
 The workers are capable to perform valid exposure assessment 

through diffusive samplers, but need support to be able to 
interpret the measurement result in a rational manner, i.e. to 
perform repeated measurements when exposure shows high 
variability, and to take preventive actions when exposure levels are 
high. 

 
 The workers mental model of exposure measurements can best be 

described by a coherence (the median) rather than a 
correspondence model. That the median is a better description 
model might imply that workers neglect exposure variation, and 
instead use a measure of central tendency. The neglect of variation 
in risky short term exposure may lead to underestimation of such 
risks. 

 
 Even if the workers’ mental model of future exposure is best 

described by the coherence model (a rational model), high 
exposure levels close of over the OEL does not make workers or 
supervisors to take preventive actions, i.e., high exposure levels 
were not sufficient signals for preventive action.  

 
 The workers’ and supervisors’ perception of risk with the chemical 

exposure was not strong enough to evoke preventive actions and 
sustainable exposure measurements.  

 
 However, experts often chose to directly take preventive actions, 

without measuring the exposure. The results indicate that also the 
experts need support e.g. from the legal system if exposure 
measurements are to be done. 

 
 As the experts often perform worst case measurement, the 

possibility of a biased estimation of average exposure levels must 
be considered. 
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Appendix A 
Results from the measurements Name: Worker 
 
The results from the measurements are presented as bars in the enclosed 
diagram. Both the most recent and all previous values are included. 
  
As can be seen in the diagram the results of the measurements vary from day 
to day. The occupational exposure limit, which corresponds to the mean 
exposure during a working day, is currently 1.5 mg/m3. The long-term health 
effects of benzene are due to the mean exposure level over an extended 
period of time, while acute toxicity depends on the mean level of exposure of 
one day. More frequent measurements provide a better picture of the mean 
exposure, as well as a clearer view of the variation between different working 
days.  
 
After each sample you collect is analyzed, you will receive a new document 
including all the measurements.  
Your own comments on the latest measurement:  

 
Best regards 
 
 
 
Ingrid Liljelind 
Dept. of Occupational and Environmental Medicine 
Umeå University 
S-901 87 UMEÅ 
Phone: 090-785 24 52, fax: 090-785 24 56, e-mail: 
ingrid.liljelind@envmed.umu.se 
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Appendix B 
 
Results from the benzene measurements 
Company: Supervisor 
 
This is a summary of all the benzene measurements involving the participating 
workers. To obtain a clear picture of the mean exposure in the working 
environment, several samples must be collected on each occasion. In the diagram, 
the measurements corresponding to each individual are displayed. The mean 
exposure value of all these measurements is 0.25 mg/m3. All the measurements 
are below the occupational exposure limit of 1.5 mg/m3.  
 
The numbers in parentheses indicate the numbers of samples yielding the same 
result.  

Why do the results vary between measurements? 
 
In reality, the exposure of an individual may often vary from one day to 
another. Experience from other studies shows, for example, that the 
individuals’ exposure can vary from 0.1 mg/m3 to 1.0 mg/m3 on a daily basis 
without implying that any errors have been made in the measurements. The 
variability depends on many factors, for example, how close to the source of 
exposure one is standing, how often one performs a particular task and how 
efficient the ventilation system is. 
 
Best regards 
 
Ingrid Liljelind 
Dept. of Occupational and Environmental Medicine 
Umeå University 
S-901 87 UMEÅ 
Phone: 090-785 24 52, fax: 090-785 24 56, e-mail: ingrid.liljelind@envmed.umu.se 
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