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Introduction 

 

In many cases, workers are compelled to work hard, perform well, and 
take overtime to satisfy work demands. For instance, many companies in Japan 
require their workers to work 60 hours a week minimally (Beckers et al., 2004), and 
the length of 12-hour shifts has been regarded as commonplace in Europe (Estryn-
Béhar & van der Heijden, 2012).  

With an increase in work demands and challenges in the past decade, the 
risk of workers experiencing fatigue has escalated and later leads to fatigue-related 
health problems. In the United States, two-thirds of the labor force reported fatigue in 
the workplace (Ergonomic Trends, 2018), and 46.6 million adults reported mental 
illness (National Institute of Mental Health, 2017). More than six hundred thousand 
people in the UK are stressed at work due to work pressures (Health and Safety 
Executive, 2019), and overwork has caused an increase in the number of deaths of 
Japanese workers called karoshi (Kanai, 2009). Furthermore, chronic fatigue 
increases the risk of accidents (Mizuno et al., 2011; van der Linden, 2011) and cardiac 
abnormalities (Appels & Mulder, 1988). 

The economic cost of fatigue is substantial. In the UK, fatigue-related 
problems inflict financial cost in the form of lost employment, which is a serious issue 
raised by many companies (McCrone, Darbishire, Ridsdale, & Seed, 2003). The total 
of lost productivity due to chronic fatigue in the United States was $9.1 billion in 2002, 
in which 25 percent resulted from lost labor force productivity (Reynolds, Vernon, 
Bouchery, & Reeves, 2004). Similarly, another study showed that fatigue costs 
employers more than 136 billion dollars annually in the United States (National Safety 
Council, 2020).   

Fatigue is a term to describe two different things: the subjective feeling of 
tiredness and a performance decrement (Wessely, Hotopf, & Sharpe, 1998).  As a 
subjective feeling, fatigue is measured using subjective measures such as self-report 
questionnaires in which workers are asked the degree to which they feel exhausted 
(Christodoulou, 2005). On the other hand, error rates, response times, and accuracy 
are often used to measure performance changes associated with fatigue. In addition, 
physiological measures, e.g., heart rates, blood pressure, pupillometry, and other 
physiological criteria, are utilized to measure fatigue (Borg, 1982; Chen, Lu, & Mao, 
2019; Robertson, Mullinax, Brodowicz, & Swafford, 1996; Stern, Boyer, & Schroeder, 
1994; Wijesuriya, Tran, & Craig, 2007). 

In general, there are two types of fatigue at work: physical fatigue and 
mental fatigue. Physical fatigue is a condition when muscles are no longer able to do 
physical activity (Gawron, French, & Funke, 2001; Hagberg, 1981). For example, 
individuals have limits on how long they can perform physical tasks such as in 
construction workers, janitors, and other manual labor. In physical fatigue, scales 
measuring the impairment in muscular activity, deficiency, and pain are typically used 
(Stein, Martin, Hann, & Jacobsen, 1998), and the most common one is a behavioral 
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measure associated with muscle fatigue (Christodoulou, 2005). In contrast, mental 
fatigue is a condition that occurs after performing a demanding cognitive task for a 
prolonged time (Boksem, Meijman, & Lorist, 2006; Helton & Russell, 2017). Cognitive 
performance is assessed typically on decrements in vigilance, concentration, decision 
making, planning ability, and working memory (Christodoulou, 2005; Gergelyfi, 
Jacob, Olivier, & Zenon, 2015; Jain & Nataraja, 2019; Helton & Russell, 2015; van der 
Linden, Frese, & Meijman, 2003). In addition, mental fatigue is often associated with 
subjective effort in which effort is seen as a mediator of mental fatigue (Goodman et 
al., 2011; Van Cutsem et al., 2017). 

Although the cause of each type of fatigue is specific, physical and mental 
fatigue are interrelated. For instance, physical activities increase the effects of mental 
fatigue (Xu et al., 2018), and mental fatigue impacts performance during physical 
activities (Mehta & Parasuraman, 2013; Tanaka, Ishii, & Watanabe, 2014). 

In recent years, companies have become more dependent on knowledge 
workers, i.e., white-collar workers, than manual ones, and many tasks require more 
mental effort than physical effort (Boksem & Tops, 2008; Okogbaa, Shell, & Filipusic, 
1994). This trend has led to the increased case of mental fatigue at work (Åkerstedt et 
al., 2004). As mentioned previously, prolonged cognitive loads can cause mental 
fatigue (Helton & Russell, 2015; Mizuno et al., 2011); however, several studies suggest 
that not all prolonged mental tasks induce mental fatigue and decrease performance 
(Hockey, 2011; Kurzban, Duckworth, Kable, & Myers, 2013; van der Linden, 2011). 
This raises the question of whether mental fatigue is similar to physical fatigue as it 
seems, or that it has different causes and properties. 

There are two main theories that can explain the cause of mental fatigue 
(Hockey, 2011). The first is the resource depletion theory. As with physical fatigue 
(Gandevia, 2001), it is established on a similar assumption that individuals have 
limited and depletable resources (Helton & Russell, 2017; Kurzban et al., 2013). The 
notion came from many sources. For example, a comprehensive review by Muraven 
and Baumeister (2000) suggests that self-control performance is impaired when the 
resources are depleted after previously exerting self-control. Similarly, Warm, 
Parasuraman, and Matthews (2008) reviewed the effects of sustained attention tasks 
on task performance, suggesting that performing these tasks expends resources and 
impairs performance. In the theory, performance can be improved by having a rest 
break to restore depleted resources (Helton & Russell, 2015, 2017; Finkbeiner, Russell, 
& Helton, 2016).  

Contrary to the first theory, the motivation theory suggests that impaired 
performance is not caused by depleted or limited resources but because individuals 
cannot maintain the motivation to stay engaged with the task (Boksem & Tops, 2008; 
Hockey, 2011; van der Linden, 2011). The notion was supported by many studies. For 
instance, after performing a tedious task, task performance decreased but returned to 
its initial level in the last block due to an increase in motivation (Boksem et al., 2006). 
Another study showed a similar result that task performance improved after being 
offered a rewarding stimulus in the last block (Hopstaken, van der Linden, Bakker, & 
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Kompier, 2015). Even though motivation can help individuals maintain performance, 
its actual mechanism is not fully understood.  

 

1.1. Research questions 
 

To understand and explain why individuals can still maintain performance 
when motivated, we develop new paradigms to the relation between mental fatigue 
and motivation. Therefore, the main concern of this thesis was to investigate 
motivation as a factor in mental fatigue, what roles does motivation contribute to 
mental fatigue, what are the effects of continuous changes in the level of motivation 
on performance, what are the effects of extrinsic and intrinsic motivation on 
performance, and what is the mechanism of motivation by which it affects 
performance? Furthermore, we aimed to develop a model that can provide precise 
predictions about motivation and mental fatigue. 

 

1.2. Approach of the thesis 
 

The first objective of the thesis was to understand the effects of motivation 
on mental fatigue. For this reason, we took an experimental approach and performed 
two experiments in which each experiment investigated two different types of 
motivation: the first experiment investigating extrinsic motivation and the second 
investigating intrinsic motivation. With regard to motivation, there are two types of 
motivation (Deci & Ryan, 2008; Di Domenico & Ryan, 2017). Extrinsic motivation is 
a type of motivation to attain rewards and to avoid punishments, whereas intrinsic 
motivation is a type of motivation to do an activity because of the inherent enjoyment 
of the activity (Ryan & Deci, 2000). To continuously assess the influence of motivation 
on task performance, we alternated two conditions in both experiments: one condition 
representing low motivation and another representing high motivation. We predicted 
that if motivation was an important aspect in mental fatigue, task performance would 
remain stable in high but not in low motivation conditions. However, if motivation was 
not relevant, task performance would decline over time in both low and high 
motivation blocks. 

To explain the mechanisms of motivation on mental fatigue 
comprehensively, we also developed a detailed cognitive model of the mechanisms 
behind mental fatigue: How can motivation maintain performance even when 
individuals are mentally fatigued. We decided this was necessary, as most mental 
fatigue models that have been developed so far trying to explain these mechanisms are 
mainly descriptive. For example, Hockey (2013) developed the motivational control 
model. The model suggests that individuals are willing to invest more effort if the 
perceived benefits of performing a particular task exceed its costs, resulting in stable 
performance levels regulated in a module called the effort monitor. Another mental 
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fatigue model was proposed by Kurzban and colleagues (2013) named the opportunity 
cost model. Their model supports the notion of motivation in mental fatigue and 
resembles the model proposed by Hockey (2013), suggesting that individuals will 
prioritize an action that maximizes benefits over others.  

We are aware of only one computational cognitive model trying to explain 
the effects of mental fatigue, which was developed by Jongman (1998) in a cognitive 
architecture named ACT-R (Anderson et al., 2004). In the model, mental fatigue is 
depicted as a problem of cognitive control and motivation. As a cognitive control 
phenomenon, impaired performance was the result of lowering the value of a global 
parameter in ACT-R named source activation. The manipulation implies that a lower 
value of the source activation represents a higher chance that the relevant information 
to perform a task will be unavailable, resulting in a decrease in task performance. 
Moreover, the manipulation assumed that the function of cognitive control 
represented by the level of source activation is depletable. As a motivational problem, 
the model manipulated a parameter in ACT-R named goal activation, suggesting that 
a motivated individual will choose a strategy that maximizes the chance of success. 
However, the model did not implement the manipulation of goal activation to see its 
effects on task performance. 

Instead of just being descriptive, this thesis aimed for a more detailed 
attempt than the previous model proposed by Jongman (1998). Therefore, to answer 
the research question regarding the mechanism of motivation in mental fatigue, we 
took a modeling approach by building cognitive models in a cognitive architecture 
named PRIMs (Taatgen, 2013). PRIMs is a cognitive architecture based on ACT-R 
(Anderson et al., 2004), and it works in a similar way. As a computational architecture, 
PRIMs can make detailed predictions on common performance measures, also 
important in mental fatigue studies, such as response times, accuracy, and error rates. 
For this reason, PRIMs was suitable for the modeling approach used in the thesis. 

In our modeling efforts, we utilized the assumptions of the existing mental 
fatigue models proposed by Hockey (2013) and Kurzban and colleagues (2013) in our 
models. We hypothesized that the decrease in task performance in mental fatigue is 
the result of a reduction in task motivation, and this decrease in motivation is reflected 
in PRIMS as a reduction in activation of the task goal over time. Normally, 
performance is maintained by maintaining focus on the task, trying not to be 
distracted by task-unrelated stimuli. As time on a task progresses, a reduction in task 
goal activation means that other goals may win the competition over the task goal, 
which will result in increasing distractibility and decreased task performance levels. 

To test our hypothesis and this notion of decreased task goal activation 
and goal competition, we modeled three mental fatigue studies, including our first 
experiment, which manipulated motivation levels in their participants. If our models 
could replicate the behavioral and other results in these studies, we would gain 
confidence that the notion of reduced goal activation and competition are important 
to explain how motivation can counteract the effects of mental fatigue. 
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1.3. Overview of the thesis 
 

Mental fatigue and motivation are the main focus of this thesis. The 
relationship between these two, particularly the mechanisms behind the effects of 
motivation in mental fatigue, has not been investigated further in any recent studies. 
In this thesis, we intended to contribute more to the existing theory formation of 
mental fatigue.  

In chapter 2, we present a study to investigate the effects of extrinsic 
motivation on mental fatigue. Many studies have tried to investigate rewards as stimuli 
that can improve performance during mental fatigue (Boksem et al., 2006; Hockey, 
2011; Hopstaken et al., 2015). Nevertheless, few experimental paradigms have 
effectively and continuously manipulated extrinsic motivation, which is essential to 
understand its effects on mental fatigue. In this experiment, we asked participants to 
perform a working memory task for two and a half hours continuously and alternated 
two different conditions: nonreward conditions in odd blocks and reward conditions 
in even blocks. In the reward conditions, participants would receive monetary rewards 
for good performance. Moreover, we played a distracting video to measure task 
disengagement continuously in both conditions. To gain a good understanding of the 
effects of mental fatigue, we used three different types of measures in the experiment: 
subjective measures of mental fatigue and effort, performance measures measuring 
response times and accuracy, and physiological measures of mental effort using heart 
rate variability and eye movements using pupillometry. 

Most mental fatigue studies looked exclusively at the effects of extrinsic 
motivation but not of intrinsic motivation. Therefore, in chapter 3, we investigated the 
effects of intrinsic motivation on mental fatigue by performing a 3-hr experiment. In 
the experiment, we asked participants who liked Sudoku, that is, participants for who 
Sudoku was an intrinsically motivating game, to play Sudoku, which has been used 
previously to induce fatigue (Gergelyfi et al., 2015). We alternated two different 
conditions throughout the experiment: a condition that represented low intrinsic 
motivation in odd blocks and another that represented the opposite in even blocks. We 
also played a distracting video to measure task disengagement continuously in both 
conditions. As with the extrinsic motivation experiment, we used three different 
measures in this experiment: subjective measures of mental fatigue, effort and 
workloads, performance measures measuring response times, accuracy, and the 
number of attempts of solving Sudoku puzzles, and physiological measures of mental 
effort using heart rate variability and eye movements using pupillometry. 

In chapter 4, we developed cognitive models to simulate the results of 
three mental fatigue studies that manipulated level of motivation. In these modeling 
attempts, we used goal competition as a paradigm to help explain the role of 
motivation in mental fatigue. We hypothesized that mental fatigue leads to lower 
motivation levels, which in our models corresponds to a lower goal activation value of 
doing a task. A lower goal activation implies that task-unrelated stimuli have a higher 
probability of interfering with the task. We argued that the degree of goal activation 
might influence the decision-making process and be reflected in performance changes. 
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To test the hypothesis, we built cognitive models of motivation in a cognitive 
architecture named PRIMs in which we quantified motivation as the level of goal 
activation. In addition, our models attempted to reproduce the results of three 
different mental fatigue studies: our first experiment of chapter 2, a monitoring task 
(Boksem et al., 2006), and an N-back task (Hopstaken et al., 2015). 

In chapter 5, we summarize and discuss all findings regarding the research 
themes. In this chapter, we explain what the mechanisms behind performance changes 
are, and what implications the findings of this thesis have for the existing theory of 
mental fatigue. 
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Abstract 
 

Objective: The aim of this study was to assess motivation as a factor in mental fatigue 
using subjective, performance and physiological measures. 

Background: Sustained performance on a mentally demanding task can decrease 
over time. This decrement has two possible causes: a decline in available resources, 
meaning that performance cannot be sustained, and decrement in motivation, 
meaning a decline in willingness to sustain performance. However, so far, few 
experimental paradigms have effectively and continuously manipulated motivation, 
which is essential to understand its effect on mental fatigue. 

Method: Twenty participants performed a working memory task with 14 blocks which 
alternated between reward and nonreward for 2.5 hours. In the reward blocks, 
monetary rewards could be gained for good performance. Besides reaction time and 
accuracy, we used physiological measures (heart rate variability, pupil diameter, 
eyeblink, eye movements with a video distractor), and subjective measures of fatigue 
and mental effort. 

Results: Participants reported becoming fatigued over time and invested more 
mental effort in the reward blocks. Even though they reported fatigue, their accuracy 
in the reward blocks remained constant, while declining in the nonreward blocks. 
Furthermore, in the nonreward blocks, participants became more distractable, 
invested less cognitive effort, blinked more often, and made fewer saccades. These 
results showed an effect of motivation on mental fatigue.  

Conclusion: The evidence suggests that motivation is an important factor in 
explaining the effects of mental fatigue. 

 

Keywords: time on task, effort, distraction, heart rate variability, pupil diameter 
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2.1. Introduction 
 

In modern society where many jobs are demanding and challenging, 
fatigue is a problem faced by many people. In addition, there are two types of fatigue: 
physical fatigue and mental fatigue. Physical fatigue is the loss of a muscle capability 
to optimally perform a physical task (Gawron, French, & Funke, 2001; Hagberg, 1981). 
On the other hand, mental fatigue is a combination of both psychological and 
biological state (Marcora, Staiano, & Manning, 2009) of reduced performance because 
of doing a demanding cognitive task for a long time (Boksem, Meijman, & Lorist, 
2006; Mizuno et al., 2011; van der Linden, Frese, & Meijman, 2003). Nonetheless, to 
induce mental fatigue, the task length does not necessarily have to be long for a task 
that requires sustained effort (DeLuca, 2005; Helton et al., 2007). 

In general, excluding sleep deprivation (Åkerstedt et al., 2004), there are 
two factors that can cause mental fatigue (Gergelyfi, Jacob, Olivier, & Zenon, 2015; 
Helton & Russell, 2017). The first factor is thought to be a depletion of limited 
resources over time and a failure to allocate resources (Grillon, Quispe-Escudero, 
Mathur, & Ernst, 2015; Helton & Russell, 2015, 2017; Lorist et al., 2000; Warm, 
Parasuraman, & Matthews, 2008). Moreover, several studies have shown that the 
performance decrement after doing a cognitive task coincides with a reduction in 
cerebral blood flow (Shaw et al., 2009; Warm, Matthews, & Parasuraman, 2009), 
which suggests linkages between resources and mental fatigue. Nevertheless, the 
specific physiological mechanism of the depletion remains obscure (Helton & Russell, 
2017).  

The second factor causing mental fatigue is motivation; one is no longer 
willing to do a particular task (Boksem & Tops, 2008; Earle, Hockey, Earle, & Clough, 
2015). More specifically, Hockey (2011) mentioned that “the fatigue state has a 
metacognitive function, interrupting the currently active goal and allowing others into 
contention” (p. 173). Rewards have been shown to counteract the effect of mental 
fatigue (e.g., Hopstaken, van der Linden, Bakker, & Kompier, 2015) by restoring 
performance to prefatigue levels. In addition, over time, people tend to disengage 
more from a task and are more easily distracted (Boksem & Tops, 2008; Kurzban, 
Duckworth, Kable, & Myers, 2013; van der Linden, 2011).  

There are still few experimental paradigms that have effectively 
manipulated motivation before fatigue arises (Gergelyfi et al., 2015), which is essential 
to understand its effect on mental fatigue. To have a more continuous assessment of 
the influence of motivation, we conducted a 2.5-hr experiment in which we 
manipulated motivation by alternating blocks with and without monetary reward to 
separate the effects of time-on-task from motivation effects. 

To assess motivation comprehensively, we used three types of measures in 
the experiment. First, since mental fatigue is a subjective feeling (Gergelyfi et al., 
2015), we used two subjective measures. We used the Visual Analog Scale (VAS) 
(Mizuno et al., 2011) as a measure of fatigue feeling and the Rating Scale Mental Effort 
(RSME) (Zijlstra & van Doorn, 1985) as a measure of subjective mental effort. Second, 
we measured response time (RT) and accuracy as performance measures. Last, to 



 Chapter 2

24 
 

monitor mental fatigue as a biological state (Marcora et al., 2009), we used two 
physiological measures (i.e., heart rate variability [HRV] and pupillometry).  

HRV provides an overview of the autonomic nervous system (Berntson et 
al., 1997; Evans et al., 2013; Kang, Kim, Hong, Lee, & Choi 2016). Therefore, HRV is 
functional and practical in monitoring the physiological condition of participants 
throughout the experiment. We measured the midfrequency (MF) band of HRV as an 
indicator of mental effort (Aasman, Mulder, & Mulder, 1987) and the high-frequency 
(HF) band of HRV as an indicator of parasympathetic activity (Berntson et al., 1997; 
Task Force of the European Society of Cardiology, 1996) during the experiment. 
Furthermore, for pupillometry, we used pupil diameter to measure workload 
(Karatekin, 2004), eyeblink to measure fatigue (Martins & Carvalho, 2015), and eye 
movements to indicate disengagements by monitoring how often participants were 
distracted and shifted their attention during the experiment.  

We predicted that if motivation were an essential factor in mental fatigue, 
participants would be able to maintain their performance and attention to the task in 
the reward blocks over time. On the other hand, if motivation were not essential, 
performance would decline over time, and they would be susceptible to distractions 
regardless of rewards. 

 
 
2.2. Method 
 
2.2.1. Participants 

 
The sample size was calculated at the start of the study. The experiment 

was designed to have a large effect size (d = .60), with a power of .90 (type II error = 
.10), and a significance level (α) of .05. Based on these parameters, the required sample 
size was 20.  

A total of 25 university students took part in the study and received a 
monetary reward for their participation. Of these, 4 participants gave up halfway 
through the experiment. Data from 1 participant was lost due to equipment problems. 
The final sample consisted of 20 participants (8 male; mean age = 24.95 years, SD = 
3.01). 

This research complied with the American Psychological Association Code 
of Ethics. All participants gave written informed consent in accordance with Dutch 
law. 

 
2.2.2. Experimental task 

 
The experiment consisted of 14 blocks of 48 trials each. In each trial, 

participants were presented with three consecutive 12-letter pseudowords on a 
computer screen consisting of a randomized sequence of seven vowels (randomly 
drawn from a, i, u, and e) and five consonants (randomly drawn from all 21 
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consonants in the English alphabet) (see Figure 1). In each pseudoword, each of the 
four vowels appeared one to three times. The font for pseudowords was Droid Sans 
Mono, with 25-point font size.  

Participants were asked to count how often two vowels, specified at the 
start of each trial, appeared in the three pseudowords in total. This target vowel set 
always included the vowel a, while the other vowel was randomly drawn among i, u, 
or e. At the end of each trial, participants were asked to report the total number of 
target vowels separately in an answer input screen as fast as possible. If participants 
knew the answer before the answer input screen appeared (i.e., within the time the last 
pseudoword was still being presented), they could press the space bar to call up the 
answer screen. Participants had 2 s to input their answers in the answer screen and 
received feedback showing the correct answer. 

 

Figure 1. The task view of one trial. The first three screens present the stimuli (three 
consecutive pseudowords) with an initial presentation duration of five seconds. After 
the third screen, participants proceeded to the answer input screen if they pressed the 
space bar when they knew the answer, or automatically when the last pseudoword 
presentation duration had elapsed. On the last screen, feedback was presented for one 
second. Note that all screens showed a video distractor in the top right of the screen. 
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At the start of each block, each pseudoword was displayed for 5 s. To 
counteract practice effects and individual differences, presentation duration was 
varied according to the participants’ performance to ensure that the task was equally 
challenging throughout the experiment. If a participant gave a correct answer (correct) 
and pressed the space bar before the answer screen had appeared (fast), each 
pseudoword in the new trial would be presented 0.1 s faster; alternatively, if the answer 
was incorrect, presentation duration in the next trial would slow down to the duration 
of the last correct and fast trial. Therefore, the speed would never slow down beyond 
that of the last correct and fast answer, but not beyond 5 s either (to ensure 
participants did not strategically make the task too easy). Participants were naive to 
this speed manipulation. Because of the speed manipulation, the total length of the 
experiment varied between participants. 

In the experiment, reward blocks, in which participants could earn 
monetary rewards, were alternated with nonreward blocks. Before a block started, 
participants saw a text informing them whether the block was the reward or 
nonreward condition for 3 s. In the reward blocks (the even blocks), participants could 
earn two rewards on each trial. If their answers were correct (both vowels), they 
received a 2.5 cent accuracy reward. If their answers were both correct and fast (they 
pressed the space bar while the last pseudoword was still being presented) they 
received another 2.5 cent speed reward; they received 5 cents cumulatively. In 
nonreward blocks (the odd blocks), participants did not receive any reward for 
accuracy or speed. After a block ended, the presentation duration in the first trial of 
the next block would be reset to 5 s. Each block lasted for 11 min approximately and 
varied depending on the participant’s performance. 
 

2.2.3. Apparatus 
 

Participants sat at a distance of 60 cm in front of a 20-in. LCD monitor 
with a screen resolution of 1,280 × 1,024 pixels. Throughout the experiment, a 
sequence of distractor videos was shown in the top right of the computer screen with 
a resolution of 320 × 180. The videos were Simon’s Cat animations, black-and-white 
videos of a cat. Simon’s Cat Ltd. had granted permission to use the video. It played 
continuously until the experiment ended. 

We used the EyeLink 1000 from SR Research as an eye-tracker device 
positioned in front of the LCD monitor. Participants used a chin rest during the 
experiment. We presented stimuli using OpenSesame (Mathôt, Schreij, & Theeuwes, 
2012), and we used PyGaze (Dalmaijer, Mathôt, & van der Stigchel, 2014) to interact 
with the EyeLink 1000. 

We measured the right eye’s diameter with a sample rate of 250 Hz. Before 
the experiment started, we performed calibration and drift correction. The EyeLink 
1000 recorded the eye’s diameter, gaze positions, saccades, and blinks. 

During the experiment, the participants wore a Cortrium C3 Holter 
Monitor from Cortrium ApS. The device recorded three ECG channels in real time with 
a sample rate of 250 Hz. We linked the ECG data to an iPad device to save all the data. 



The role of motivation in mental fatigue 

2

27 
 

2.2.4. Measures 
 
2.2.4.1. Subjective measures 

 
To measure fatigue in each block, we used VAS, a horizontal rating scale 

with a fixed length of 100 mm (Lee, Hicks, & Nino-Murcia, 1990). This scale has 
anchors and ranges from 1 (not at all fatigued) on the far left side to 100 (extremely 
fatigued) on the opposite side. It has high internal consistency, reliability, and validity 
to measure fatigue (Mizuno et al., 2011).  

To measure participants’ subjective mental effort in each block, we used 
RSME (Zijlstra & van Doorn, 1985). This scale has good validity to measure mental 
workload and has been used in many studies (van der Linden et al., 2003). RSME uses 
a vertical scale from 0 to 150 with some anchors from absolutely no effort to extreme 
effort. These two measures were printed double-sided on a page, with VAS as the front 
page. These two measures were printed double-sided on a page, with the Visual Analog 
Scale as the front page.  
 
2.2.4.2. Performance measures 

 
For each trial, RT was calculated as the time between the presentation 

onset of the last pseudoword and the moment the participant pressed the space bar. If 
the participant had not pressed the space bar, RT was equal to the duration of the last 
pseudoword being presented in that trial (because three consecutive pseudowords 
were never presented longer than 15 s, the maximum RT for a trial was, therefore, 5 s). 
To average all RTs per block, we used only the times of correct trials. 

A response was considered correct if the reported number was correct for 
both target vowels; one vowel correct was defined as incorrect (we also used one vowel 
correct as a measure of accuracy, but because this had no effect on the results, we will 
report only on both vowels correct). Accuracy was expressed as the percentage of 
correct responses in a block. 
 
2.2.4.3. Physiological measures 

 
We processed the ECG data derived from the Cortrium device using the 

PreCAR software (van Roon & Mulder, 2017) to create an R peak event series from the 
ECG raw data and also to correct missing R peaks or double-triggered R peaks. From 
the corrected R peak event series, we used CARSPAN (Mulder, Hofstetter, & van Roon, 
2009) to determine HRV in the MF band (0.07–0.14 Hz) and HF band (0.15–0.4 Hz) 
for each experimental block. We used the power in the MF band as an indicator of 
cognitive mental effort (Aasman et al., 1987; Mulder & Mulder, 1981; Schellekens, 
Sijtsma, Vegter, & Meijman, 2000) and the HF band as an indicator of 
parasympathetic activity during the experiment (Berntson et al., 1997; Task Force of 
the European Society of Cardiology, 1996). Power data for each block were normalized 
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for each participant by expressing power as the proportion of power in a block to the 
average power across the experiment.  

We obtained eyeblink, pupil diameter, eye gaze, and eye saccades data 
directly from the EyeLink 1000. We converted all pupil measures from the EyeLink 
1000 to ASCII format using EDF2ASC (a dedicated program from SR Research). 
Afterward, we used Eyelinker (Barthelme, 2016), a package from R (R Development 
Core Team, 2008), to convert the ASCII format into a more structured format. 
Furthermore, for every trial, we filtered these data sets from the beginning of a 
stimulus until the onset of the answer input screen.  

We used eyeblink data as a further measure of fatigue (Martins & 
Carvalho, 2015). For each block, we determined eyeblink frequency and calculated the 
mean eyeblink duration. 

We used the pupil diameter as a measure of cognitive effort and cognitive 
load (Mathôt, 2018). Pupils react to workload, which dilate when the workload 
increases (Karatekin, 2004). We calculated the mean pupil diameter for each block 
and normalized it for each participant by dividing it by the average pupil diameter for 
the entire experiment. 

To measure attention to the main task stimuli, we also measured the 
frequency of eye saccades within the part of the screen in which the pseudowords were 
presented (i.e., we detected it when the starting and ending of eye saccades coordinates 
were within the stimulus-screen window, i.e., outside the video screen coordinates). 
The stimulus-screen window that was used for saccades detection was not shown to 
participants and was located in the center of the screen as displayed in Figure 1. The 
window’s size was approximately the same as the size of the pseudowords being 
displayed. We also calculated the mean amplitude of eye saccades for each block. 

We used eye gaze data as a measure of visual distraction. Every time a 
participant shifted his or her eyes to the video distractor (i.e., when the point of gaze 
was within the video coordinates) for longer than 200 ms, this was noted as an 
instance of visual distraction frequency. Also, we calculated the mean visual 
distraction duration for each block. 
 
 
2.2.5. Procedure 

 
A few days before the experiment, all participants received an email that 

explained the experimental procedure, the reward scheme, and other aspects of the 
study. It also asked them not to drink coffee 24 hr before the study and to have 
adequate sleep. The email explained that the study was focused on attention and did 
not mention mental fatigue. Participants were informed that the experiment would 
last for 2.5 hr. However, participants were not aware of the number of blocks in the 
experiment. 

Upon arrival, participants received further instructions on the experiment 
and signed informed consent forms. They had to turn off their mobile device(s) and 
hand over their wristwatches if they had them.  
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Participants were seated at a distance of 60 cm in front of LCD monitors. 
Heart rate monitors were then attached to their chests, and they were asked to rest for 
5 min so their heart rates could stabilize. After that, participants were asked to put 
their chins on the chin supports, after which their forehead positions were adjusted if 
needed. Then, the eye trackers were set up and calibrated. Participants were asked not 
to move their heads (always maintaining their forehead positions) during the entire 
course of the experiment but were allowed to move their bodies while remaining 
seated on the chairs. 

After they had received the task instructions, participants practiced on 
three sets of 10 trials. They were allowed to practice more if desired. After practice, the 
participants proceeded to the experimental blocks.  

At the end of each block, the participants were asked to rate their 
experienced mental fatigue and subjective mental effort in 10 s before proceeding to 
the next block. The subjective rating sheets were placed on the left side of the table. 
When they completed the rating for each block, they were asked to place the sheet on 
their right side. Consequently, participants could notice when the experiment would 
end by looking at the remaining sheets. 

The experiment lasted for approximately 2.5 hr (not including the setup 
and the practice session) and ended after 14 blocks. After it ended, or when 
participants decided to give up, they had a debriefing session wherein they were 
informed about the purpose of the study. 

 
2.2.6. Statistical analysis 

 
We used linear mixed-effect models for all measures using the Lme4 

package (Bates, Mächler, Bolker, & Walker, 2015) in R (Version 3.4.2), except for pupil 
diameter. For pupil diameter analysis, we used polynomial regression because the 
pupil diameter was not linear. We used log-transformation on the visual distraction 
frequency and binomial distribution for accuracy. 

To determine the best fitting model for each measure, we used maximum 
likelihood estimates by comparing Akaike information criteria and using the function 
anova in R; we started the comparison from the simplest model to more complex 
models. The fixed-effect factors of our model were time-on-task and reward, and the 
random-effect factor was the participants. The interaction between factors was 
accounted for. The residuals and fitted values were examined for compliance of 
assumption of constant variance. To detect influential outliers, we examined Cook’s D 
for each measure. 

We obtained p values using the Car package with type-III Wald chi-square 
test for linear models and type-III F test for polynomial models (Fox & Weisberg, 
2011). For estimation of effect size, we obtained R2s for the mixed-effect models by 
calculating Ωo2 (Nakagawa & Schielzeth, 2012). To measure correlations between 
measures, we used the Hmisc package (Harrell, 2017) in R. 
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2.3. Results 
 

2.3.1. Subjective measures 
 

2.3.1.1. Fatigue 
 

To test whether fatigue manipulation was successful, we used VAS. 
Figure 2A shows that the feeling of fatigue was successfully induced in our 
participants. Fatigue ratings increased linearly from the beginning to the last block, 
which indicates a significant effect of time (see Table 1). However, the effect of reward 
was not significant. 

 
Table 1. The mixed-effect result of mental fatigue from the best fitted model 

 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) 22.33 3.38       
.75 

Time 3.76 0.18 < .001 3.41 4.12 

 

2.3.1.2. Mental effort 
 

We used RSME to measure participants’ subjective mental effort during 
the experiment and to monitor reward manipulation. The effect of reward on 
subjective effort was significant (see Table 2), which is shown by an increase in 
subjective effort in reward blocks (see Figure 2B). However, the effect of time was 
not significant.  
 

 
Table 2. The mixed-effect result of mental effort from the best fitted model 

 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) 69.14 3.48    
.41 

Reward 7.17 1.26 < .001 4.69 9.66 
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Figure 2. (A) Average fatigue rating for each block using the VAS. The y-axis shows 
the subjective fatigue score which runs from 0 to 100. (B) Average effort rating for 
each block using the RSME. The y-axis shows the subjective mental effort score from 
0 to 150. Both x-axes show blocks, where even blocks are the reward conditions. 
Standard errors are represented by the error bars in each block. All figures were 
plotted with raw values. 

 

2.3.2. Performance measures 
 

2.3.2.1. Response time 
 

RT decreased significantly over time (see Table 3). RTs were significantly 
faster in reward conditions. The interaction between time and reward was also 
significant: Over time, RT decreased in the nonreward conditions, but it did not in 
reward conditions (see Figure 3A). 

 
2.3.2.2. Accuracy 

 
Accuracy shows that the task was difficult for the participants; less than 

50% of the trials resulted in correct answers. Time and reward had a significant 
interaction effect on accuracy (see Table 4). Figure 3B shows the interaction effect 
where the accuracy depended on time and condition. When the time increased and the 
block was the nonreward condition, accuracy decreased over time. On the other hand, 
when the time increased and the block was the reward condition, accuracy was 
maintained over time. Accuracy had a significant correlation with subjective mental 
effort r(12) = .85, p < .01. 

 
 
 
 
 

A B 
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Table 3. The mixed-effect result of response time from the best fitted model  
 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) 4011.49 125.16    

.42 
Reward -225.49 20.41 < .001 -265.51 -185.47 
Time -25.98 2.46 < .001 -30.81 -21.15 
Reward x time 11.49 2.45 < .001 6.69 16.28 

 
 

Table 4. The mixed-effect result of accuracy from the best fitted model 
 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) -0.535 0.172    

.11 
Reward 0.021 0.041 .6 -0.057 0.099 
Time -0.004 0.005 .38 -0.013 0.005 
Reward x time 0.029 0.004 < .001 0.021 0.039 
 
 
 

 
 

Figure 3. (A) Average response time for each block when participants gave correct 
answers. (B) Average accuracy for each block. Both x-axes show blocks where even 
blocks are the reward conditions. Standard errors are represented by the error bars in 
each block. All figures were plotted with raw values. 
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2.3.3. Physiological measures 
 

2.3.3.1. Mid-frequency band 
 

We used the power in the MF band of HRV as an indicator of cognitive 
mental effort. A higher value means the participants invested less cognitive effort, 
whereas a lower value expresses the opposite. Time had a significant effect on MF 
power, with an increase in MF power over time, while the main effect of reward was 
not significant (see Table 5). There was a significant interaction effect of time and 
reward: over time, the difference between reward and nonreward conditions increased 
(see Figure 4). 

 
2.3.3.2. High-frequency band 

 
We calculated the power in the HF band as an indicator of 

parasympathetic activity during the experiment. We did not find any significant effect 
in the HF band. 
 
Table 5. The mixed-effect result of mid-frequency power from the best fitted model 

 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) 0.652 0.039    

0.38 
Reward 0.062 0.058 0.28 -0.052 0.177 
Time 0.054 0.004 < .001 0.044 0.064 
Reward x Time -0.023 0.006 < .001 -0.036 -0.009 

 

 
Figure 4. Average mid-frequency power for each block. The y-axis shows the 
normalized value of the mid-frequency power, and the x-axis shows blocks where even 
blocks are the reward conditions. Standard errors are represented by the error bars in 
each block. The figure was plotted with raw values. 
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2.3.3.3. Pupil diameter 

 
We measured pupil diameter as a measure of cognitive load and cognitive 

control. Time had a significant effect on pupil diameter (see Table 6). Time2 had a 
significant effect on pupil diameter, as did reward. From the first to the seventh block, 
pupil diameter decreased and after that increased until the last block (see Figure 5A). 
The significant effect of reward is illustrated by a bigger size of pupil diameter in 
reward blocks. 

Moreover, time and reward showed a significant interaction effect. While 
pupil dilation showed a difference between reward and nonreward conditions in the 
first part of the experiment, this difference disappeared in the last part of the 
experiment (see Figure 5A). 

 
Table 6. Polynomial regression of pupil diameter from the best fitted model 

 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) 1.0261 0.0058       

.2 
Reward 0.0246 0.0068 < .001 0.0111 0.0382 
Time -0.0123 0.0016 < .001 -0.0156 -0.0091 
Time2 0.0008 0.0001 < .001 0.0006 0.0011 
Reward x Time -0.0017 0.0008 .037 -0.0033 -0.0001 

 
2.3.3.4. Visual distraction frequency 

 
We measured visual distraction frequency as an indicator of whether 

participants were distracted during the experiment by a video distractor. Time had a 
significant effect on visual distraction frequency, which is shown by an increase in 
visual distraction frequency over time (see Table 7). Reward had a significant effect 
on visual distraction frequency, with fewer distractions in reward conditions 
(see Figure 5B). We found a significant correlation between visual distraction 
frequency and MF power r(12) = .71, p < .01. Moreover, a negative correlation between 
visual distraction frequency and subjective mental effort was significant r(12) = 
−.6, p < .05. This indicates that task disengagement was related to effort investment. 
 
2.3.3.5. Visual distraction duration 

 
The purpose of this measure was similar to the visual distraction 

frequency. Visual distraction duration significantly increased over time (see Table 8). 
Reward also had a significant effect on visual distraction duration. In reward 
conditions, durations were shorter (see Figure 5C). 
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2.3.3.6. Eyeblink frequency 

 
We used eyeblink frequency as a measure of fatigue. Eyeblink frequency 

significantly increased over time (see Table 9). In reward blocks, eyeblink frequency 
was significantly lower (see Figure 6A). 
 
 
Table 7. The mixed-effect result of visual distraction frequency from the best fitted 

model in logarithmic scales 
 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) 1.25 0.16       

.69 
Reward -0.64 0.13 <.001 -0.91 -0.38 
Time 0.04 0.01 <.001 0.02 0.07 
Reward x Time -0.01 0.01 .286 -0.04 0.01 

 
 

Table 8. The mixed-effect result of visual distraction duration from the best fitted 
model 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) 400.43 94.97       
.63 Reward -160.31 37.75 <.001 -257.28 -112.53 

Time 15.84 4.68 <.001 5.31 23.26 
 
 

 
Table 9. The mixed-effect result of eyeblink frequency from the best fitted model 

 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) 322.49 29.63       
.31 Reward -43.78 19.52 .024 -82.19 -5.36 

Time 8.65 2.42 < .001 3.89 13.42 
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Figure 5. (A) Average pupil diameter for each block. (B) Average visual distraction 
frequency for each block. (C) Average visual distraction duration for each block. All 
Figures’ y-axes show their value respectively, and x-axes show blocks where even 
blocks are the reward conditions. Standard errors are represented by the error bars in 
each block. All figures were plotted with raw values. 
 
 
2.3.3.7. Eyeblink duration 

 
Similar to eyeblink frequency, we used eyeblink duration to measure 

fatigue. Time had a significant effect on the eyeblink duration (see Table 10), which 
is shown by an increase in eyeblink duration over time (see Figure 6B). However, the 
effect of reward was not significant. Time and reward had a significant interaction 
effect on eyeblink duration. In nonreward blocks, eyeblink duration increased over 
time, while there was no change in duration in reward blocks. We found a significant 
correlation between visual distraction frequency and eyeblink duration r(12) = .81, p < 
.001, which indicates that the more frequently participants shifted their attention to 
the cat video, the longer they blinked their eyes (see Figure 6B). 
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Table 10. The mixed-effect result of eyeblink duration from the best fitted model 
 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) 276.96 34.02       

.47 
Reward 18.02 35.48 .61 -51.77 87.83 
Time 16.99 2.94 < .001 11.19 22.78 
Reward x Time -10.27 4.16 .013 -18.46 -2.07 

 
2.3.3.8. Eye Saccades frequency 

 
We calculated saccades frequency to measure participants’ attention 

toward the main stimuli. Time had a significant effect on saccades frequency (see 
Table 11), with an increase in saccades frequency over time. The main effect of reward 
was not significant, but reward and time showed a significant interaction: As the 
experiment progressed, the difference between reward and nonreward conditions 
increased, with higher saccades frequency in reward than in nonreward blocks (see 
Figure 6C). 
 
2.3.3.9. Eye Saccades amplitude 

 
Saccades amplitude is the distance (in degrees) during rapid eye 

movements (eye saccades). Therefore, similar to eye saccades frequency, we used the 
saccades amplitude to measure participants’ focus toward the main stimuli. Time had 
a significant effect on eye saccades amplitude (see Table 12), with an increase in the 
amplitude over time. The effect of reward was not significant. Time and reward had a 
significant interaction effect on eye saccades amplitude: As the experiment 
progressed, the difference between reward and nonreward conditions increased, with 
higher saccades amplitude in nonreward than in reward blocks (see Figure 6D).     
 

Table 11. The mixed-effect result of eye saccades frequency from the best fitted 
model 

 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) 1861.97 101.83       

.59 
Reward -62.97 91.45 .49 -242.88 116.92 
Time -54.24 7.59 <.001 -69.18 -39.31 
Reward x Time 24.29 10.74 .02 3.17 45.42 
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Table 12. The mixed-effect result of eye saccades amplitude from the best fitted 
model 

 

  Mean 
Standard 

Error 
p value 

95% CI 
R2 Lower 

Limit 
Upper 
Limit 

(Intercept) 1.21 0.12       

.59 
Reward 0.01 0.11 .88 -0.21 0.23 
Time 0.04 0.01 <.001 0.02 0.06 
Reward x Time -0.02 0.01 .04 -0.05 -0.01 

 

 
 
Figure 6. (A) Average eyeblink frequency for each block. (B) Average eyeblink 
duration for each block. (C) Average eye saccades frequency for each block. (D) 
Average eye saccades amplitude for each block. All Figures’ y-axes show their value 
respectively, and x-axes show blocks where even blocks are the reward conditions. 
Standard errors are represented by the error bars in each block. All figures are plotted 
with raw values. 
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2.4. Discussion 
 

In this study, we performed a continuous assessment of the contribution 
of motivation to mental fatigue by conducting a mentally fatiguing experiment for 2.5 
hr with two conditions (i.e., reward and nonreward). To do a comprehensive 
assessment, we used three types of measures: subjective, performance, and 
physiological measures.  

Several measures showed an effect of motivation where participants were 
able to maintain their performance and regulated mental effort by investing more in 
reward blocks but not in nonreward blocks. First, the main performance measure (i.e., 
accuracy) remained stable and did not decline in reward blocks, which also was 
supported by higher subjective mental effort (RSME) in these blocks. Second, the 
power of HRV in the MF band was lower in reward blocks than in nonreward blocks, 
suggesting that in the reward blocks participants invested more cognitive effort. Third, 
the visual distraction data showed that participants were still engaged with the task in 
the reward conditions but that in the nonreward conditions, participants were 
susceptible to distractions. Last, participants showed less blinking (less frequent and 
of shorter duration) in the reward conditions, which also suggests that participants 
exerted more cognitive control in the reward blocks (Hockey, 2011; McIntire, 
McKinley, Goodyear, & McIntire, 2014).  

These results are consistent with a number of other studies. Boksem et al. 
(2006) showed that in a sustained attention task in which performance steadily 
decreased over time, performance significantly increased after an increase in 
motivation (monetary reward) at the end of the study. Hopstaken et al. (2015) also 
showed that in a prolonged task, reward caused performance and subjective task 
engagement to increase significantly.  

Given the increase in the discrepancy between reward and nonreward 
blocks throughout the experiment, it is evident that reward plays an important role in 
mental fatigue. Participants were gradually less willing to do the task and only 
sustained their performance if there was a sufficiently large, extrinsic reward. 
Although we do not see a decline in performance in reward blocks, participants might 
have recovered resources during the nonreward blocks, helping them to sustain 
performance (Helton & Russell, 2017; Szalma & Matthews, 2015).  

An interesting measure was RT. It shows that participants gave faster RTs 
over time, which are slower in nonreward and faster in reward blocks. The task became 
more challenging by getting 0.1 s faster every time participants gave correct and fast 
answers; it could not be slowed down. Therefore, the task design per se compelled 
participants to react faster over time, following their performance. Consequently, the 
better participants did the task (as shown in the accuracy), the more difficult the task 
became, and the more effort they had to put into the task (subjectively and 
physiologically). This is reflected by faster RTs in reward blocks and slower RTs in 
nonreward blocks. Furthermore, the RTs indicate a learning effect and transfer of 
cognitive skills (see Taatgen, 2013); participants became proficient at doing the task 
in both conditions, which is shown by a smaller difference in RTs between reward and 



 Chapter 2

40 
 

nonreward blocks over time. Although participants learned how to do the task, we 
designed the task to be equally challenging throughout the experiment; therefore, over 
time, the task did not become easier. Another alternative explanation for the difference 
of RTs between the two conditions was that participants hurried their responses in 
nonreward conditions over time, leading to poorer accuracy in these blocks (see Dang, 
Figueroa, & Helton, 2018). This is reflected by a decrease in RTs in nonreward 
conditions over time; in reward conditions, RTs remained stable. 

Another interesting measure in this experiment was pupil size, which 
slowly decreased in the first part and increased in the second part of the experiment. 
As pupil size increases when workload increases (Karatekin, 2004), our results suggest 
that in the beginning of the experiment, mental workload decreased (also evident in 
MF power), which we assume was due to a learning effect. Interesting to note, larger 
pupil sizes also have been linked to task engagement rather than disengagement 
(Hopstaken et al., 2015), to an expectation of reward (van der Linden, 2011), and to 
exploration rather than exploitation (Hopstaken et al., 2015). As a result, at the 
beginning of the experiment, participants explored how to do the task best, 
particularly in the reward conditions, resulting in large pupil size, but as they 
discovered how to do it, their workload decreased, and so did pupil size. Especially in 
the reward blocks, participants started exploiting the task and expected to obtain 
rewarding outcomes, which caused the pupils to dilate. However, as the experiment 
progressed, participants became less engaged in the task and started exploring for 
more rewarding activities, causing pupil size to increase again.   

In summary, it is apparent that motivation is an essential factor. People 
can maintain their performance in a particular task as long as they are still motivated 
to do the task (when the expected trade-off between cost and reward is favorable) by 
investing more effort in or by allocating more resources to the task. Outside the 
laboratory, people continuously have to weigh different task goals to decide to keep 
investing effort in the same task or look for other, potentially more rewarding goals 
such as eating, watching television, or playing on smartphones. 

In future research, it would be interesting to have a control group in the 
same experiment wherein participants would not be rewarded throughout the study 
to see a clear comparison between motivational and nonmotivational conditions. Also, 
since our study was limited to a laboratory experiment, future research should address 
real-life tasks (e.g., extended surgical procedures, long-distance bus driving, air traffic 
control). It would be interesting to build a cognitive model of this study to have a 
picture of how we process information when fatigued. In addition, it will be interesting 
to study how the mental competition between doing the primary task and other tasks 
is modulated and controlled. 
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Abstract 
 

There have been many studies attempting to disentangle the relation 
between motivation and mental fatigue. Mental fatigue occurs after performing a 
demanding task for a prolonged time, and many studies have suggested that 
motivation can counteract the negative effects of mental fatigue on task performance. 
To complicate matters, most mental fatigue studies looked exclusively at the effects of 
extrinsic motivation but not intrinsic motivation. Individuals are said to be 
extrinsically motivated when they perform a task to attain rewards and avoid 
punishments, while they are said to be intrinsically motivated when they do for the 
pleasure of doing the activity.  

To assess whether intrinsic motivation has similar effects as extrinsic 
motivation, we conducted an experiment using subjective, performance, and 
physiological measures (heart rate variability and pupillometry). In this experiment, 
28 participants solved Sudoku puzzles on a computer for three hours, with a cat video 
playing in the corner of the screen. The experiment consisted of 14 blocks with two 
alternating conditions: low intrinsic motivation and high intrinsic motivation.  

The main results showed that irrespective of condition, participants 
reported becoming fatigued over time. They performed better, invested more mental 
effort physiologically, and were less distracted in high-level than in low-level 
motivation blocks. The results suggest that similarly to extrinsic motivation, time-on-
task effects are modulated by the level of intrinsic motivation: With high intrinsic 
motivation, people can maintain their performance over time as they seem willing to 
invest more effort as time progresses than in low intrinsic motivation. 
 
Keywords: mental fatigue, intrinsic motivation, time-on-task, effort, heart rate 
variability  
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3.1. Introduction 
 

Mental fatigue is a subjective feeling and a psychobiological condition 
after doing a demanding cognitive task for a long time (Gergelyfi, Jacob, Olivier, & 
Zenon, 2015; Marcora, Staiano, & Manning, 2009; van der Linden et al., 2003). 
Typically, when an individual is mentally fatigued, performance levels, e.g., in 
sustained attention and working memory tasks, decline (Helton & Russell, 2015, 2017; 
Lorist et al., 2000; Warm, Parasuraman, & Matthews, 2008), and the inclination to 
look for more rewarding activities increases (Boksem & Tops, 2008; Herlambang, 
Taatgen, & Cnossen, 2019; Hockey, 2011; Hopstaken, van der Linden, Bakker, & 
Kompier, 2015). In addition, prolonged mental fatigue impairs physical performance 
(Brown et al., 2020; Marcora et al., 2009; van Cutsem et al., 2017) and leads to safety 
issues, such as traffic accidents and errors in the workplace (Mizuno et al., 2011; Ting, 
Hwang, Doong, & Jeng, 2008; van der Linden, 2011).  

In general, there are two theories for explaining the effects of mental 
fatigue: declining resources and lack of motivation (Helton & Russell, 2017; 
Herlambang et al., 2019). The first theory suggests that finite resources and failure in 
allocating resources cause performance to decrease. Support for this theory is found 
in an experiment where doing a demanding task for a long time suppressed the brain 
activity (Helton et al., 2007). Moreover, the resource theory has been the prime 
explanation for performance decrement especially in vigilance tasks (Craig & Klein, 
2019).   

In contrast, the second theory suggests that impaired performance is 
caused by amotivation, which is the lack of desire to continue doing an activity 
(Boksem & Tops, 2008; Earle, Hockey, Earle, & Clough, 2015). In most cases, 
performing a cognitively demanding task for a long time increases the feeling of 
fatigue. As it increases, one will be less willing to stay engaged with the task, i.e., less 
motivated to continue performing the task (Müller and Apps, 2019). As a result, a 
lower level of motivation impairs performance (Hockey, 2011; Müller and Apps, 2019). 
However, prolonged tasks do not necessarily lower performance if the individual who 
performs the task is motivated: The individual is able to maintain or find another 
source of motivation. For instance, after doing a demanding task for a few hours, 
performance levels decreased but returned to the initial level when participants were 
offered external rewards at the end of the block (Hopstaken et al., 2015). A similar 
study by Boksem and colleagues (2006), where they offered participants a monetary 
reward 20 min before the experiment ended, showed that performance increased 
significantly during this last block. In our own study, where we manipulated rewards 
continuously for 2.5 hr and asked participants to do a demanding working memory 
task to count and calculate the total number of vowels, showed that in reward blocks, 
and in contrast to nonreward blocks, participants were able to maintain performance, 
invested more mental effort (subjectively and physiologically by using heart rate 
variability), and were less distracted (Herlambang et al., 2019). These results show a 
clear effect of motivation on mental fatigue, which are difficult to explain by the 
resource theory.  
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Motivation is different from, but related to, effort. Motivation refers to the 
“activating orientation of current life pursuits toward a positively evaluated goal state” 
(Rheinberg & Vollmeyer, 2018, p. 15). It drives an individual to perform a particular 
activity, and the individual may behave differently according to the level of motivation. 
Effort, on the other hand, refers to “the degree of engagement with demanding tasks” 
(Westbrook & Braver, 2015, p. 396) and reflects a feeling resulting from the 
cost/benefit calculation of doing a task that later determines performance (Kurzban, 
Duckworth, Kable, & Myers, 2013). For instance, when one feels fatigued, which 
corresponds to a high level of perceived effort (Brown et al., 2020; van Cutsem et al., 
2017), one will choose to continue doing the task, maintaining performance, or let 
one’s performance level drop based on the result of the calculation (Boksem & Tops, 
2008; Kurzban et al., 2013).  

Furthermore, the effects of a highly motivated individual on his/her 
performance may be mediated by increased effort. A study by Gendolla and colleagues 
(2012) showed that the level of effort correlated with the subjective difficulty of the 
task according to its feasibility and reasonability. More specifically, if performing a 
task is viewed as beneficial and viable, the more difficult the task is, the higher the 
effort will be (Wright, Mlynski, & Carbajal, 2019). Their notion came from the 
motivation intensity theory (Brehm & Self, 1989), which posits that human beings 
attempt to avoid using unnecessary resources and have what is called potential 
motivation, which is the level of motivation that determines how much effort an 
individual is willing to invest based on the difficulty, feasibility, and benefits of 
performing the task, which resembles the cost/benefit calculation (Kurzban, et al., 
2013). 

With regard to the motivational theory of mental fatigue, broadly, there 
are two types of motivation: extrinsic and intrinsic motivation (Deci & Ryan, 2008; Di 
Domenico & Ryan, 2017). Ryan and Deci (2000) defined the former in their self-
determination theory (SDT) as a type of motivation to attain distinct outcomes (i.e., to 
attain rewards or to avoid punishments). Two examples are an employee who works 
overnight to get overtime payments, and an engineer who works hard so that his or 
her family does not suffer. On the other hand, intrinsic motivation is defined as a type 
of motivation to do an activity because of the inherent enjoyment of the activity rather 
than to attain distinct outcomes. Moreover, adopted as part of the theory, DeCharms 
(1968) pointed out that intrinsic motivation reflects a psychological need for 
competence and autonomy. The first refers to the sense of acquiring skills in activities 
that are optimally challenging, whereas autonomy refers to the sense that the behavior 
is authentic rather than internally intimidated or externally compelled. When these 
two needs are supported, intrinsic motivation may last, but when these needs are not 
satisfied, the intrinsic motivation is undermined. Furthermore, with regards to fatigue, 
Hockey (2011), in his motivational control theory, states that self-initiated activities or 
tasks (i.e., with high intrinsic motivation) are unlikely to cause mental fatigue. 

Intrinsic motivation, however, is often confounded with another type of 
motivation, namely, achievement motivation (Locke & Schattke, 2018). In their 
notion, they divide motivation into three types: intrinsic, achievement, and extrinsic. 
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They argue that intrinsic motivation should be viewed as a type of motivation that 
arises from the enjoyment of doing an activity per se, and that it should be separated 
from other motives, e.g., to attain skills, to make progress, or to meet some quality 
standards. They emphasize that achievement motivation does not focus on the 
pleasure of the activity itself but of achieving new standards and keeping progress; for 
example, a doctor who wants to become even better at diagnosing patients. Therefore, 
to avoid confusion, a study of intrinsic motivation should solely focus on the 
enjoyment of doing the activity and attempt not to mix it with achievement motives 
such as competition (Ryan & Moller, 2017). 

Even though the effects of intrinsic motivation in prolonged tasks are 
evident in daily life, e.g., game players can play computer games for many hours 
regularly (Hainey, Connolly, Stansfield, & Boyle, 2011), we have not found any studies 
aimed at finding connections between mental fatigue and intrinsic motivation.  

To investigate the links between intrinsic motivation and mental fatigue, 
we performed an experiment where we asked participants who liked Sudoku to solve 
Sudoku puzzles on a computer screen in two alternating conditions: low-level 
motivation (LL) and high-level motivation (HL). We hypothesized that if intrinsic 
motivation were an important component in mental fatigue, participants would be 
able to maintain performance and attention to the task in HL conditions over time. 
More specifically, individuals who like doing an activity because of the sense of 
satisfaction they receive from the activity itself would not show any effects of mental 
fatigue. On the other hand, in LL conditions, where the Sudoku involved less 
enjoyment, we predicted that performance would decline and be susceptible to 
distractions over time. 

 

3.2. Method 
 
3.2.1. Participants 

 
Prior to the experiment, the sample size was calculated using G-power 

statistical software analysis (Faul, Erdfelder, Lang, & Buchner, 2007). The experiment 
was within-subject and designed to have a power of .90 (type II error = .10), a 
significance level of .05, and a large effect-size (d = .80) (based on a similar experiment 
from Herlambang et al., 2019). Therefore, the required sample size using these 
parameters was 19. To avoid problems with very small sample sizes, we decided to aim 
for a slightly larger sample of 30. 

Thirty-two healthy university students joined the experiment and received 
monetary reward for participating. Four participants gave up during the experiment. 
Heart rate data were lost due to equipment problems in two participants. Therefore, 
the final sample consisted of 28 participants (17 male; mean age = 24.57 years, SD = 
4.21), and 26 for heart rate variability (HRV) analysis. All participants included in the 
study gave written informed consent. 
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3.2.2. Procedure 
 
University students who liked playing Sudoku were invited to join our 

experiment. After registration, we asked how often they played Sudoku. If they 
indicated having played Sudoku at least five times within the last month, we asked 
them to solve a difficult Sudoku puzzle within six hours, which they received by email. 
If they did, they were eligible to participate. 

A few days before the experiment, all participants received another email 
informing them of the details of the study. The email did not mention mental fatigue. 
It asked participants not to drink coffee 24 hours, not to consume heavy meals or 
perform any exercise an hour before the experiment started. Also, participants were 
required to have enough sleep. The email stated that participants were not allowed to 
participate if they had heart abnormalities. 

On the day of the experiment, participants were seated 60 cm in front of 
an LCD monitor. They were asked to attach the heart rate monitor on their chest. In 
the case of chest hair, we asked them to shave it in order to attach the heart rate 
monitor properly. Afterward, we asked them to rest for five minutes and checked their 
resting heart rate: if their resting heart rate was normal (Palatini, 1999), they were 
allowed to proceed to the next step.  

Next, they were asked to hand over their wristwatches, turn off their 
phones, and sign an informed consent form. Afterward, they were requested to put 
their chin on a chin rest of the eye-tracker, and we performed calibration and drift 
correction before the experiment started. During the experiment, participants were 
not allowed to move, except when they felt tired, but they had to remain seated in the 
chair. 

Before the main experiment, participants performed a practice session to 
familiarize them with the Sudoku until they were ready to proceed (max. 15 min). On 
the left side of the table, we put 14 sheets of subjective ratings to be filled in every time 
a block ended and asked them to put it on their right side when finished with a block. 

After the experiment finished or when participants decided to give up, they 
had a debriefing session, in which we explained the purpose of the study. 
 

3.2.3. Task 
 

Participants were asked to play Sudoku puzzles on a computer screen 
continuously for three hours without rests. The experiment consisted of 14 blocks of 
two alternating conditions: low-level (LL) intrinsic motivation in the odd blocks and 
high-level (HL) intrinsic motivation in the even blocks. The duration for each block 
was 13 min. To indicate the two different conditions, the Sudoku puzzles in the LL 
blocks were drawn in green, whereas in the HL blocks, they were drawn in black. After 
a block ended, the computer screen proceeded to a subjective-ratings screen (Figure 
1). 
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The Sudoku puzzles had 3 x 3 boxes, and each box consisted of 3 x 3 cells; 
therefore, the total number of cells was 81. At the start of the puzzle, a number of cells 
already had numbers in them between one and nine. The task of the participants was 
to fill in the remaining cells with numbers. Each box should include all the numbers 
from one to nine, and each number should only occur once in a row and once in a 
column.  

To solve the Sudoku, participants were provided with a mouse. 
Participants had to click on an empty cells in the Sudoku and were then shown several 
buttons of numbers from one to nine (from left to right) positioned in the center of the 
screen, and then pressed one of the numbers. If the answer was incorrect, participants 
would hear a ‘beep’ sound, and the cell would remain empty. If the answer was correct, 
there was no sound, and the cell would be filled in with the chosen number. 

In the LL condition (the odd blocks), a new Sudoku puzzle was generated 
every five trials, that is, after five clicks within the Sudoku box. After 13 min had 
elapsed, participants had to fill in three subjective rating scales on a sheet of paper for 
20 s. Participants then continued with a new block. In HL blocks, if participants could 
not complete a Sudoku puzzle after 13 min, they continued solving the same Sudoku 
puzzle in the next HL block. In contrast, if participants were able to finish a Sudoku 
puzzle in a block, the algorithm would generate a new Sudoku puzzle immediately. 
This design assumed that being able to finish a complete puzzle was more motivating 
than just solving a few steps. It allowed for more long-term planning and, therefore, a 
more motivating mental investment in the task. 

 
3.2.4. Materials 

 
We used the Eyelink Duo from SR Research to obtain pupil diameter, 

eyeblinks, gaze positions, and saccades with a sample rate of 250 Hz by measuring 
participants’ dominant eye during the experiment. To measure heart rate, we used the 
Cortrium C3 holter monitor. The device has been tested and is valid and realiable to 
be used as an instrument to measure heart rate (Kunkels, van Roon, Wichers, & Riese, 
2019; Lindhart, 2018).  

For subjective measures, we printed the Rating Scale Mental Effort 
(RSME), the National Aeronautics and Space Administration Task Load Index (NASA-
TLX), and the Visual Analog Scale (VAS) on a two-sided page with RSME as the first 
measure on the first page followed by NASA-TLX and VAS as the second and third 
measure on the second page.  

The display used in the experiment was a 19-inch square LCD monitor. We 
played Simon’s cat video, a black-and-white animation of a cat, continuously with a 
resolution of 320 x 180 in the top right of the screen as a distractor. We were granted 
to use the video by Simon’s Cat Ltd. 

To present the Sudoku puzzles to participants, we used OpenSesame with 
a resolution of 1,280 x 960 (Mathôt, Schreij, & Theeuwes, 2012) and PyGaze 
(Dalmaijer, Mathôt, & van der Stigchel, 2014) to give commands to the eye-tracker. 



Chapter 3

50 
 

The puzzles were designed to be equally difficult in both conditions. To generate a new 
puzzle, we used constraint propagation and searching algorithms (Norvig, n.d.) and 
filled in 26 cells randomly (see Figure 1). All puzzles were solvable, regardless of 
condition. The difficulty to solve the puzzles was chosen as moderate.      
 

3.2.5. Measures 
 

3.2.5.1. Subjective measures 
 

We used VAS to measure the subjective feeling of fatigue. This instrument 
has high validity and reliability to measure fatigue (Mizuno et al., 2011). In addition, 
we used RSME to measure mental effort (Zijlstra & van Doorn, 1985), and NASA-TLX 
to measure physical load, mental load, temporal load, frustration level, performance 
and effort (Galy, Paxion, & Berthelon, 2017; Hart & Staveland, 1988). Both RSME and 
NASA-TLX are reliable and valid to be used as subjective assessments of effort and 
mental workload respectively (Hill et al., 1992; Longo, 2018). 

For the first seven participants, we used NASA-TLX as a measure of 
workload and effort. Later, we added RSME due to lack of sensitivity of the effort scale 
of the NASA-TLX. Therefore, RSME data were complete for only 21 participants. 
 
3.2.5.2. Performance measures 

 
We measured reaction time (RT) as the time between mouse clicks within 

the Sudoku puzzle. A click outside the Sudoku was not considered a response, and RT 
was not recorded. We excluded the response time of the first click of each Sudoku 
puzzle from the analysis because of its high variability. In addition, we measured the 
number of clicks for each block. To measure accuracy, we expressed it as the 
percentage of correct clicks for each block. 
 
3.2.5.3. Physiological measures 

 
Heart rate variability (HRV) is the variability between consecutive 

heartbeats and reflects how individuals react to environmental and internal changes 
(Acharya et al., 2006; Berntson et al., 1997). HRV provides information on individuals' 
autonomous nervous system over time (Evans et al., 2013; Kang et al., 2016). 
Moreover, the mid-frequency (MF) band of HRV (0.07–0.14 Hz) is commonly used as 
a measure of mental effort (Aasman, Mulder, & Mulder, 1987; Mulder & Mulder, 1981). 
In this experiment, participants were predicted to exert mental effort differently in LL 
and HL conditions, and an increase in effort is suggested to correlate with high 
motivation (Wright et al., 2019). Therefore, measuring participants' mental effort 
using the MF band of HRV could provide information on how participants performed 
and responded to the experimental manipulation over time. 
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Figure 1. The flow of the experiment. The LL Sudoku (LL) is indicated by green edges. 
Initial filled-in cells had a gray-colored background. After a block ends, it continues to 
a screen which asks participants to fill in the subjective ratings. A video distractor is 
played continuously in the top right of the screen. 
 

Raw data of the heart rate signal from the Cortrium C3 were preprocessed 
using PreCAR to detect and correct R-peak artefacts. Afterward, we used CARSPAN 
(Mulder, Hofstetter, & van Roon, 2009) to determine heart rate variability in the MF 
band. Power data for each block were normalized by dividing the power of each block 
by the average power across the experiment. 

Pupillometry used in this study consisted of several measures: pupil 
diameter, eyeblinks, gaze positions, and saccades. We obtained raw data of the 
pupillometry from Eyelink Duo. Next, we used EDF2ASC (a software package from SR 
Research) to convert the raw data to ASCII format and used Eyelinker (Barthelme, 
2016) to convert ASCII format to a more structured format to be analyzed in R (Version 
3.4.2). We filtered all pupillometry data from the start of each block to the end of the 
block. 

Pupil diameter is commonly used to measure cognitive load and control 
(Karatekin, 2004). In addition, a recent study of mental fatigue used pupil dilation to 
measure task engagement in which the pupil dilates when participants re-engaged 
with a task motivated by extrinsic rewards (Hopstaken et al., 2015). In this experiment, 
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we measured the exploitation-exploration effect (the engagement-disengagement 
effect) on pupil dilation in LL and HL conditions. We normalized pupil diameter for 
each block by dividing the average of that block by the average of the entire 
experiment.  

Eyeblinks have been used as a measure of fatigue and workload (Martins 
& Carvalho, 2015), and we used eyeblinks to measure mental fatigue in this 
experiment. We predicted that eyeblinks would increase over time regardless of 
conditions in the experiment. For data analysis, we calculated the mean of eyeblink 
frequency and eyeblink duration. 

To measure distractibility by a video distractor, i.e., Simon’s cat video, we 
used eye gaze positions. We hypothesized that a decrease in motivation leads to more 
distractions (Hockey, 2013; Hopstaken et al., 2015). We predicted that if the intrinsic 
motivation were essential to keep participants engaged (i.e., stay motivated) with the 
Sudoku puzzles, they would be less distracted in HL conditions than in LL conditions. 
Each time the coordinate of eye gaze was within the cat video for at least 200 ms, we 
used it as an instance of visual distraction. For each block, we calculated the mean of 
visual distraction frequency and visual distraction duration. 

To measure attention to the task, we used in-task eye saccades, i.e., when 
the starting and ending point of saccades were within the Sudoku puzzle. We assumed 
that participants made saccades movement frequently to solve Sudoku puzzles, 
searching for the right number for the right cell. Afterward, we calculated the mean of 
saccades frequency and saccades amplitude. 

 
3.2.6. Statistical analysis 

 
We used linear mixed-effects models for all measures by using Lme4 

package (Bates, Mächler, Bolker, & Walker, 2015) of R (Version 3.4.2). For visual 
distraction frequency analysis, we applied log-transformation because the dataset was 
not normally distributed. Moreover, we used the Car package in R to obtain p values 
(Fox & Weisberg, 2011).  

To determine the best fitting model, we compared Akaike criteria from the 
simplest model to more complex models and used the function anova in R. First, we 
compared time-on-task with condition; both are fixed effects in the models. All models 
used participants as the random effect. Next, we compared the chosen model with a 
model of interaction between time-on-task and condition. In addition, we examined 
the residuals and fitted values to comply with the assumption of constant variance. 

  

3.3. Results 
 

Tables show the best-fitted model in each measure, regardless of 
significance. 
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3.3.1. Subjective measures 
 

3.3.1.1. Fatigue 
 

To check our fatigue manipulation, we used the Visual Analog Scale (VAS). 
Time-on-task had a significant effect on the fatigue score (Table 1), which increased 
linearly from the first to the last block (see Figure 2A). Including condition as a fixed 
effect did not improve the model.  
 
Table 1. The mixed-effect result of the subjective measure of fatigue and effort from 

the best fitted model 
 

Measure Variable Mean 
Standard 

error 
p Value 

95% CI 
Lower 
limit 

Upper 
limit 

Fatigue 
Intercept 3.11 0.41       
Time 0.26 0.01 < .001 0.23 0.29 

Effort 
Intercept 72.27 4.55       
Time 0.67 0.21 < .01 0.26 1.07 
Condition -6.37 1.66 < .001 -9.63 -3.11 

 
 

3.3.1.2. Effort 
 

To measure subjective mental effort, we used the Rating Scale Mental 
Effort (RSME). Table 1 shows that both time-on-task and condition had a significant 
effect on subjective mental effort. Figure 2B shows that participants reported higher 
ratings in low-level motivation (LL) blocks, and that subjective mental effort increased 
over time. Including the interaction as a fixed effect did not improve the model. In 
addition, the RSME score showed a significant correlation with the frustration scale of 
NASA-TLX r(12) = .86, p < .01. 
 

3.3.1.3. NASA-TLX 
 

Table 2 shows that time-on-task had a significant effect on mental 
demand, physical demand, performance, and frustration level. In addition, Figures 
3A, 3B, 3D, and 3F show that all these dimensions increase over time. Moreover, the 
effect of condition on mental demand, temporal demand, performance, and 
frustration level was also significant. Participants reported higher frustration levels in 
LL blocks. However, we did not find any significant effect on the effort scale, which is 
not shown in the table. 
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Table 2. The mixed-effect results of NASA-TLX from the best fitted model 
 

Scale Variable  Mean 
Standard 

error 
p Value 

95% CI 
Lower 
limit 

Upper 
limit 

Mental 
Demand 

Intercept 46.59 3.53    

Time 0.65 0.13 < .001 -5.41 -1.23 
Condition -3.32 1.06 < .01 0.36 0.88 

Physical 
Demand 

Intercept 31.53 4.15    

Time 1.74 0.14 < .001 1.45 2.02 
Temporal 
Demand 

Intercept 41.55 3.15    

Condition -8.12 1.28 < .001 -10.64 -5.59 

Performance 
Intercept 49.65 3.01    

Time 0.63 0.21 < .01 0.22 1.04 
Condition -14.09 1.67 < .001 -17.38 -10.81 

Frustration 
Level 

Intercept 40.78 3.95    

Time 1.37 0.18 < .001 1.01 1.73 
Condition -9.41 1.48 < .001 -12.33 -6.48 

 

 

 
Figure 2. The subjective measure of fatigue and effort. (A) Average fatigue scores for 
each block using the VAS. The y axis shows subjective fatigue scores from 0 to 100. 
(B) Average effort ratings for each block using the RSME. The y axis shows the 
subjective mental effort scores from 0 to 150 All x axes show blocks, where odd blocks 
represented by square markers are low motivation blocks. Error bars in each block 
represent standard errors. 
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Figure 3. NASA-TLX scales. (A) Average score of mental demand for each block. (B) 
Average score of physical demand for each block. (C) Average score of temporal 
demand for each block. (D) Average score of performance for each block. (E) Average 
score of subjective effort for each block. (F) Average score of frustration level for each 
block. All figures’ y axes show the score for each scale from 0 to 100 and x axes show 
blocks, where odd blocks represented by square markers are the low motivation 
blocks. Error bars in each block represent standard errors. 
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3.3.2. Performance measures 
 

3.3.2.1. Response time 
 

Response time decreased significantly over time (Table 3). In addition, 
RTs were significantly slower in LL blocks and faster in HL blocks (see Figure 4A). 
Including the interaction between time-on-task and condition did not improve the 
model. 
 

Table 3. The mixed-effect result of performance measures from the best fitted 
model 

 

Measure Variable Mean 
Standard 

error 
p Value 

95% CI 
Lower 
limit 

Upper 
limit 

RT 
Intercept 18,031. 01 2,765.88       
Time -320.91 123.86 < .01 -564.31 -77.49 
Condition -3,078.78 998.61 < .01 -5,041.19 -1,116.38 

Accuracy 
Intercept 65.41 0.87       
Condition 12.88 0.62 < .001 11.64 14.11 

Total 
clicks 

Intercept 57.23 5.78       
Time 0.62 0.14 < .001 0.32 0.91 
Condition 7.67 1.21 < .001 5.31 10.03 

 
3.3.2.2. Accuracy 

 
We found a significant effect of condition on accuracy. Including time-on-

task as a fixed effect did not improve the model (Table 3). Accuracy was lower in LL 
blocks and higher in HL blocks (see Figure 4B). 
 
3.3.2.3. Total clicks 

 
This measure shows the number of clicks for each block regardless of 

accuracy. Time-on-task had a significant effect on total clicks, where participants 
made more clicks over time (Table 3). In addition, the effect of condition was 
significant, where participants made more clicks in the HL condition (see Figure 4C). 
Including the interaction did not improve the model. 
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Figure 4. Performance measures. (A) Average response time for each block. (B) 
Average accuracy for each block. (C) The number of clicks for each block. All figures’ 
y axes show their value respectively, and x axes show blocks, where odd blocks 
represented by square markers are the low motivation blocks. Error bars in each block 
represent standard errors. 

 
3.3.3. Physiological measures 

 
3.3.3.1. HRV – MF band 

 
To measure cognitive mental effort, we calculated the power in the MF 

band of HRV and expressed power in a block as a percentage of the average power of 
the whole experiment. Higher power in the MF band indicates that participants 
invested less mental effort (see Mulder & Mulder, 1981; Aasman et al., 1987). 
Conversely, lower power indicates the opposite. Table 4 shows that time-on-task had 
a significant effect on MF power, which indicates that participants invested less mental 
effort over time. In addition, the interaction between time-on-task and condition was 
significant: The difference between the two conditions increased over time (see 
Figure 5). 
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Table 4. The mixed-effect result of MF power from the best fitted model 
 

Variable Mean 
Standard 

error 
p Value 

95% CI 
Lower 
limit 

Upper 
limit 

Intercept 0.71 0.04       
Time 0.04 0.01 < .001 0.03 0.05 
Condition 0.04 0.06   -0.07 0.17 
Time x Condition -0.01 0.01 < .05 -0.03 -0.01 

 

 
Figure 5. Average power of HRV in the MF band The y axis shows the normalized 
value of the MF power. The x axis shows blocks, where odd blocks represented by 
square markers are low motivation blocks. Error bars in each block represent standard 
errors. 

 
3.3.3.2. Pupil diameter 

 
To measure the involvement of cognitive control, we used pupil diameter. 

Time-on-task showed a significant effect on pupil diameter (see Table 5). Figure 6A 
shows that pupil diameter decreased over time, indicating lower cognitive control over 
time. Furthermore, the effect of condition on pupil diameter was significant, with the 
pupil diameter dilating more in HL blocks, indicating higher cognitive control. 
Including the interaction between time-on-task and condition did not improve the 
model. 
 
3.3.3.3. Visual distraction frequency 

We used visual distraction frequency to measure how often participants 
shifted their attention to the video distractor. Time-on-task had a significant effect on 
visual distraction frequency (see Table 5), where participants watched the cat video 
more often over time. In addition, time and condition had a significant interaction 
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effect on visual distraction frequency: Over time, visual distraction frequency 
increased more in LL blocks than in HL blocks (see Figure 6B). 

 
Table 5. The mixed-effect result of pupillometry measures from the best fitted 

model 
 

Measure Variables Mean 
Standard 

error 
p Value 

95% CI 
Lower 
limit 

Upper 
limit 

Pupil 
diameter 

Intercept 1.01 0.01       
Time -0.01 0.01 < .001 -0.02 -0.01 
Condition 0.02 0.01 < .001 0.01 0.03 

Visual 
distraction 
frequency 

Intercept 1.70 0.11        
Time 0.05 0.01 < .001 0.04 0.07 
Condition -0.01 0.09   -0.18 0.16 
Time x Condition -0.03 0.01 < .01 -0.05 -0.01 

Visual 
distraction 
duration 

Intercept 706.16 92.02       
Time 22.98 8.79 < .01 5.71 40.25 
Condition -35.47 105.87   -243.52 172.57 
Time x Condition -24.93 12.43 < .05 -49.35 -0.49 

Eyeblink 
frequency 

Intercept 181.78 27.92       
Time 6.05 0.61 < .001 4.86 7.25 

Eyeblink 
duration 

Intercept 232.77 70.76       
Time 4.69 2.37 < .05 0.03 9.35 

Saccades 
frequency 

Intercept 1,876.42 54.64       
Time -23.23 4.16 < .001 -31.41 -15.04 
Condition -65.65 50.15   -164.22 32.91 
Time x Condition 19.18 5.89 < .01 7.61 30.76 

Saccades 
amplitude 

Intercept 3.19 0.07       
Condition -0.14 0.02 < .001 -0.18 -0.11 

 
 
3.3.3.4. Visual distraction duration 

 
Visual distraction duration measured how long participants watched the 

cat video. Time-on-task had a significant effect on visual distraction duration (see 
Table 5), where over time participants watched the cat video longer. Moreover, time-
on-task and condition had a significant interaction effect on visual distraction 
duration. Figure 6C shows the interaction between time-on-task and condition. 
Visual distraction duration remained relatively stable in HL blocks, but it increased 
over time in LL blocks. 
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Figure 6. Pupil diameter and visual distraction. (A) Average pupil diameter for each 
block. (B) Average visual distraction frequency for each block. (C) Average visual 
distraction duration for each block. All figures’ y axes show their value respectively, 
and x axes show blocks, where odd blocks represented by square markers are the low 
motivation blocks. Error bars in each block represent standard errors. 
 
3.3.3.5. Eyeblink frequency 

 
We used eyeblink frequency as an indicator of fatigue. Table 5 shows that 

time-on-task had a significant effect on eyeblink frequency, with participants blinking 
more often over time (see Figure 7A). Including condition as a fixed effect did not 
improve the model. 
 
3.3.3.6. Eyeblink duration 

 
The purpose of eyeblink duration was similar to that of eyeblink frequency. 

Eyeblink duration significantly increased (see Table 5 and Figure 7B); including 
condition as a fixed effect did not improve the model. 
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Figure 7. Eyeblinks and saccades. (A) Average eyeblink frequency for each block. (B) 
Average eyeblink duration for each block. (C) Average saccades frequency for each 
block. (D) Average saccades amplitude for each block. All figures’ y axes show their 
value respectively, and x axes show blocks, where odd blocks represented by square 
markers are the low motivation blocks. Error bars in each block represent standard 
errors. 
 
3.3.3.7. Saccades frequency 

 
We used saccades frequency to measure participants’ attention to solving 

Sudoku puzzles. Saccades frequency significantly decreased over time (see Figure 
7C). In addition, time-on-task and condition had a significant interaction effect on 
saccades frequency: Over time, the difference between the two conditions increased 
(see Table 5).  
 
3.3.3.8. Saccades amplitude 

 
To measure participants’ attention towards the task, we used saccades 

amplitude. Participants made significantly smaller saccade movements in HL blocks 
(see Table 5 and Figure 7D), suggesting that participants were more careful in HL 
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blocks, searching for the right number for the right cell. Including time-on-task did 
not improve the model. 

 

3.4. Discussion 
 
3.4.1. Hypothesis and results 

 
In this study, we investigated the effect of intrinsic motivation on mental 

fatigue by conducting a 3-hr experiment. We manipulated levels of motivation by 
including low-level motivation (LL) and high-level motivation (HL) blocks. We 
hypothesized that participants who liked playing Sudoku would not show effects of 
mental fatigue doing the task, particularly in HL blocks. To enable in-depth analyses, 
we used three types of measures: subjective, performance, and physiological. 

The subjective measure of fatigue (i.e., VAS) showed that participants 
reported becoming fatigued over time regardless of condition, which suggested that 
our fatigue manipulation was successful. However, even though participants felt 
fatigued, they were able to maintain performance and attention in HL blocks. 

In designing the task, we wanted to avoid that intrinsic motivation was 
confounded with achievement motivation (a sense of progress and motives to achieve 
particular standards (Locke & Schattke, 2018)). Therefore, we avoided instructions 
that would make participants perceive the game as a competition, or make them 
believe they needed to meet a particular standard: Participants performed the 
experiment freely, could give responses anytime without restriction, and were able to 
stop trying at any moment during the experiment. We reasoned that low-level 
motivation (LL) blocks lowered intrinsic motivation, even in people who liked playing 
Sudoku, since only being able to perform a few steps makes it impossible to do long-
term planning. On the other hand, in high-level motivation (HL) blocks, the task was 
designed to be engaging and enjoyable, and participants should enjoy doing the task. 
This was confirmed by the lower frustration ratings on the NASA-TLX in HL blocks.  

Several measures showed the effects of our manipulation of intrinsic 
motivation on performance. For instance, over time, accuracy remained at the same 
level in HL blocks (high motivation) but was lower in LL blocks (low motivation). The 
difference in the accuracy between the two conditions may lie in the fact that 
participants were more inclined to use a guessing strategy in the LL blocks. In contrast 
to paper-and-pencil Sudoku, where guessing is a suboptimal strategy, in our 
experiment, guessing could be beneficial to participants, as they received immediate 
feedback after choosing a number: Participants could still solve the puzzle with no 
increase in effort. Although accuracy was lower in LL blocks, it did not decrease over 
time. Therefore, the increase in subjectively reported mental fatigue (VAS) did not lead 
to decreased performance over time. However, we do see evidence of the effects of 
mental fatigue in other measures. In HL blocks, participants were less distracted 
(visual distraction frequency and visual distraction duration were lower), more 
attentive toward the task (saccades frequency was more frequent) and more 
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conscientious to solve the puzzles (saccades amplitude was smaller). In contrast, 
participants gradually became more susceptible to distractions and less attentive to 
the task in LL blocks. Also, the MF power of HRV suggests that participants invested 
more mental effort in HL blocks, whereas in LL blocks, they invested less mental effort. 
This result is in line with the motivation intensity theory (Brehm & Self, 1989). Because 
success was not possible in the LL blocks, the exerted effort in these blocks would be 
lower compared with HL blocks. On the other hand, the exerted effort was high in HL 
blocks, since success was possible and beneficial in these blocks (see Wright et al., 
2019). 

Regarding effort, RSME, the MF power of HRV, and the effort scale of 
NASA-TLX showed different effects. Participants reported higher RSME effort in LL 
blocks, but the power in the MF band physiologically suggests that participants exerted 
less mental effort in these conditions. A possible explanation for this difference may 
lie in participants’ difficulty in rating subjective effort as a separate entity. In LL 
blocks, the Sudoku puzzles were less satisfying than in HL blocks because participants 
had to reorient themselves with a new puzzle every five trials in these blocks. Since 
they knew that the puzzles would be tedious, and they needed to stay alert until the 
experiment ended, they may have rated this as increased effort on the RSME scale. 
Moreover, Veltman and Gaillard (1996) already reported that RSME was more 
sensitive to measure mental effort than NASA-TLX, which may explain why the effort 
scale of NASA-TLX and RSME showed different effects in this experiment. 

An interesting measure in this experiment was pupil diameter, which was 
larger in the first blocks, indicating a higher level of cognitive control in the first blocks. 
It has been suggested that a large pupil diameter indicates exploitation of the task, i.e., 
finding out how the task works (Hopstaken et al., 2015). We believe that although 
participants had experience with solving Sudoku puzzles, they still needed some time 
to fully understand how to do the task on the computer. In contrast to normal paper-
and-pencil Sudoku, where people can write several candidate numbers in a cell, this 
was not possible here on the computer screen. This required finding a slightly different 
strategy, which was reflected in the larger pupil diameters in the first few blocks. 

In addition, RTs decreased over time in both conditions. This can probably 
be attributed to a learning effect, which obscures any possible effects of fatigue on 
performance. As a result, participants had more chances to solve the Sudoku within a 
block, which was reflected in an increase in the total clicks over time. 

It is possible to explain the results of this study using the resource theory. 
As part of the theory, rest can help individuals to recharge resources and thus maintain 
performance (Helton & Russell, 2017). Since the accuracy in LL blocks remained 
stable, participants might have used these blocks to rest and restore their resources. 
Another possibility was that participants used the moment when they filled in 
subjective measures (i.e., 20 s after each block ended) to recover. However, the 
explanation of the resource account assumes that the recovery takes place within a 
short amount of time and can occur any time regardless of task duration.  
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3.4.2. Extrinsic and intrinsic motivation 
 

Many studies have tried to find links between mental fatigue and 
motivation (Kurzban et al., 2013). However, these studies were limited to a single type 
of motivation, namely extrinsic motivation. To investigate whether intrinsic 
motivation has the same effects as extrinsic motivation, we compared the results of 
this study with the results of our previous study in which we incorporated extrinsic 
rewards in the experiment (Herlambang et al., 2019). 

Overall, the results of the current experiment are similar to the results of 
the extrinsic motivation experiment in that participants were more motivated in high 
motivation blocks (see Figure 8). In both studies, the feeling of fatigue increases over 
time, which shows that participants did feel fatigue over time regardless of condition. 
Moreover, participants invested more cognitive effort when the condition was more 
motivating, which was reflected by similarities in the MF power of HRV in both 
studies. Cognitive effort seems to be the mediator of the relationship between 
motivation and performance (see Goodman et al., 2011; Westbrook & Braver, 2015): 
Highly-motivated people invest more effort, and this maintains performance. In 
addition, we found the same effect of exploitation and exploration in the pupil size as 
other authors have (Hopstaken et al., 2015). In the first phase of both experiments, 
participants learned and tried to do the tasks well (exploitation) that manifested in 
smaller pupil size over time. Later, the pupil dilated more, searching for more 
rewarding activities (exploration). Furthermore, participants were more susceptible to 
distractions when they were not motivated, which is also in line with motivation theory 
(Hockey, 2011). 

In summary, the results suggest that intrinsic motivation, as with extrinsic 
motivation, is essential for explaining the effects of mental fatigue on performance. 
We propose that intrinsic motivation and extrinsic motivation in both studies share 
the same process. As time progresses, people will invest more effort and exert more 
control in performing a task that they like (e.g., playing a game, solving a puzzle, 
working on a hobby–intrinsic motivation) and/or is favorable (it offers more rewards 
than costs–extrinsic motivation) compared to tasks for which they lack motivation. 

Although this study shows important results, it was limited to a laboratory 
environment. Therefore, for future research, it is beneficial to conduct a study with 
real-life tasks that involves vigorous motivation, such as online gameplay (Hainey et 
al., 2011). In addition, it is favorable to have a control group to check a clear 
comparison between instrinsically motivational condition and nonmotivational one. 
Also, it would be interesting to investigate the effects of relief: In both experiments, we 
noticed that pupil diameter increased again in the last blocks. We assume that this is 
caused by participants’ expectation that the experiment would end soon. By including 
these factors, a more robust theory of mental fatigue and motivation can be developed. 
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Figure 8. The results comparison between the study of the extrinsic motivation 
experiment represented by a dashed line and the intrinsic motivation experiment 
represented by a solid line. (A) Fatigue scale. (B) MF power of HRV. (C) Pupil 
diameter. (D) Visual distraction frequency. All x-axes show blocks, where odd blocks 
represented by square markers are low motivation blocks (nonreward condition in the 
extrinsic motivation experiment and LL condition in the intrinsic motivation 
experiment). The figures of the extrinsic motivation experiment were adapted from 
“The Role of Motivation as a Factor in Mental Fatigue”, by M. B. Herlambang, N. A. 
Taatgen, & F. Cnossen, 2019, Human Factors, 61(7), p. 1176, 1179, 1180. doi: 
10.1177/0018720819828569. Sage Publishing. Creative Commons License (CC BY-NC 
4.0). 
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Abstract 
 

Motivation can counteract the effects of mental fatigue. However, the 
underlying mechanism by which motivation affects performance in mentally fatiguing 
tasks is obscure. 

In this paper, we propose goal competition as a paradigm to understand 
the role of motivation and built three models of mental fatigue studies to demonstrate 
the mechanism in a cognitive architecture named PRIMs. Each of these studies 
explored the impact of reward and mental fatigue on performance. Overall, 
performance decreased in nonreward conditions but remained stable in reward 
conditions.  

The comparisons between our models and empirical data showed that our 
models were able to capture human performance. We managed to model changes in 
performance levels by adjusting the value of the main task goals, which controls the 
competition with distractions. In all the tasks modeled, the best model fits were 
obtained by a linear decrease in goal activation, suggesting this is a general pattern. 
We discuss possible mechanisms for activation decrease, and the potential of goal 
competition to model motivation. 

 
Keywords: cognitive modelling, cognitive architecture, goal competition, mental 
fatigue, motivation, PRIMs  
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4.1. Introduction 
 

In this paper, we present a cognitive modeling approach to help clarify the 
underlying mechanisms of how mental fatigue affects task performance. While mental 
fatigue is a common phenomenon, its mechanisms are not yet fully understood.  

Mental fatigue typically occurs when doing a highly demanding task for a 
long time (Boksem, Meijman, & Lorist, 2006; Hockey, 2011; van der Linden, Frese, & 
Meijman, 2003). In most cases, performing such a task increases the subjective feeling 
of tiredness over time (Krupp, Larocca, Muir Nash, & Steinberg, 1989; Müller & Apps, 
2019), while performance levels typically decline (Craig & Klein, 2019; Qi et al., 2019; 
Warm, Parasuraman, & Matthews, 2008; Wessely, Hotopf, & Sharpe, 1998). For 
instance, a student's attention level may drop after reading a book for 60 minutes, or 
a driver may lose focus after driving a car for many hours. However, not all prolonged 
tasks cause mental fatigue. For example, a worker can maintain his/her performance 
in the evening to get overtime payments.   

Many factors determine the effects of mental fatigue, and one of those is 
motivation (Kurzban, Duckworth, Kable, & Myers, 2013). Motivation drives 
individuals to stay engaged with a particular activity (Wigfield et al., 2006), so that 
when motivated to do a particular task, individuals will maintain their performance 
levels, but when no longer motivated, performance levels may drop (Boksem & Tops, 
2008; Earle, Hockey, Earle, & Clough, 2015). It has been suggested that as fatigue or 
task duration increases, people are less willing to stay engaged with the task (i.e., less 
motivated to continue performing the task), possibly because the perceived future 
benefits of the current actions decrease (Hockey, 2011, 2013), which in turn impairs 
performance (Boksem & Tops, 2008; Kurzban et al., 2013; Müller & Apps, 2019). 

Direct experimental evidence for the role of motivation in mental fatigue 
comes from different sources. For example, Herlambang, Taatgen, and Cnossen 
(2019) performed a study where participants performed a working memory task for 
2.5 hours. Two types of conditions were alternated: reward and nonreward, and their 
results showed that task performance levels remained stable in the reward conditions 
but declined in the nonreward conditions over time. In a study by Hopstaken, van der 
Linden, Bakker, and Kompier (2015), participants performed a 2-hr working memory 
experiment and were offered a shortening of the experiment duration in case of good 
performance in the last block. After a decline in performance over the course of the 
experiment, the performance level in the last block returned to the initial level. 
Similarly, a study in which participants were offered monetary rewards in the last 
block showed the same pattern (Boksem et al., 2006). 

 
4.1.1. Fatigue and motivation 

 
Although fatigue and motivation are related (see Müller & Apps, 2019, for 

review and discussion), it is not clear what the mechanism is by which motivation 
affects performance while fatigued. Motivation is often described as the subjective 
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assessment of cost and benefits, where tasks (or actions within tasks) that offer more 
benefits at lower costs will be prioritized over others that offer less benefits and/or are 
more costly (Kurzban et al., 2013; Chong et al., 2017).  

Benefits of tasks may come in the form of rewards, i.e., a form of extrinsic 
motivation (e.g., monetary rewards; Boksem et al., 2006; Herlambang et al., 2019; 
Hopstaken et al., 2015; van der Linden, 2011), or from the joy of performing the task 
itself, i.e., intrinsic motivation (Di Domenico & Ryan, 2017; Ryan & Deci, 2000). The 
costs of maintaining performance over time and stay engaged with the task is 
perceived as effort (Hockey, 2011).  

Hockey (2011, 2013) suggests that when performing a task, there is a 
constant cost/benefit analysis of alternative actions, and as a task progresses, the 
willingness to continue doing unrewarding activities may drop, especially in tasks that 
are not enjoyed, also because the perceived probability of future success may decrease 
over time. This may lead to a search for more rewarding activities and even quitting 
the task altogether. In his motivational control theory, Hockey (2011) claims that each 
competing goal has an activation value and is controlled by an “effort monitor”. He 
suggests that the active goal needs to be maintained by investing more effort into that 
goal and suppressing other goals. Otherwise, if the initial goal has lost its activation, 
another goal will replace it and become the new active goal. 

In an effort to clarify the underlying mechanisms of the effects of fatigue 
and motivation on task performance, we built cognitive models to simulate the results 
of three different mental fatigue studies. In our models, in line with Hockey’s 
approach, we quantified task motivation as the level of activation of the goal of the 
main task. Furthermore, we assumed that as motivation levels drop, the activation of 
the task goal decreases linearly over time. In this way, other tasks may have a higher 
goal activation than the current task, so that over time, other tasks may be given 
preference. 

Before describing our modeling attempts, we will first give an overview of 
the PRIMs architecture in which our modeling was done and describe the further 
assumptions behind our modeling mental fatigue as a competition between goals. 

 
4.1.2. PRIMs cognitive architecture 

 
PRIMs is a cognitive architecture (Taatgen, 2013) based on ACT-R 

(Anderson et al., 2004) and works similarly. It consists of several modules: a visual 
module, declarative memory, working memory, manual modules, and, most 
importantly for our purposes, the task control module, which holds the current goals. 
The modules communicate with each other in a workspace to which information from 
the modules is transferred by so-called operators (see Figure 1). Each of the modules 
has a section within the workspace called a buffer. A module can place information in 
a buffer, for example, the visual module can place the currently attended visual 
stimulus in the buffer, or an operator can post an action in a buffer, for example, a 
partial pattern that the declarative memory module has to complete, or an action that 
the motor system has to carry out. 
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Figure 1. The PRIMs model that comprises five modules, Reprinted from “The Nature 
and Transfer of Cognitive Skills”, by N. A. Taatgen, 2013, Psychological Review, 120, 
p. 443. Copyright by American Psychological Association. Reprinted with permission. 
 

An operator in PRIMs consists of one or more conditions and one or more 
action statements (and is therefore comparable to production rules in ACT-R and 
other cognitive architectures). In this way, operators determine how information in 
the workspace is used by copying information from one module to the next. Different 
from ACT-R, operators in PRIMs have an activation value. This activation value is 
influenced by information that is already in the buffers (i.e., in the workspace in 
Figure 1). The buffer contents spread activation to operators, and the operator with 
the highest activation is selected, determining the next action. Typically, task goals, 
which are represented in the task control buffer, have the strongest impact on this 
selection process, but a very salient perceptual input (or other buffer contents that are 
strongly associated with certain operators) can trigger operators that are unrelated to 
the current goal. 
 
4.1.2.1. Activation value in PRIMs 

 
As with ACT-R, PRIMs has a declarative memory that represents facts to 

support a task. However, the declarative memory in PRIMs also represents procedural 
knowledge in the form of operators, which means that both declarative and procedural 
knowledge are handled in the same way.  

Each item in the declarative memory, namely a chunk, has an activation 
value, which is a summation of base-level activation and spreading activation. Base-
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level activation represents the history of a chunk, whereas spreading activation 
represents the context of the current task. Together, these two activations control how 
chunks are selected and determine the time it takes to process (i.e., to retrieve) the 
chunks. The chunk with the highest activation value will be selected. When the 
activation value is below a retrieval threshold, the chunk cannot be retrieved. 

The formula to calculate the activation value of a particular chunk is  

𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 = 𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖 + � � 𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗𝑖𝑖𝑖𝑖𝑊𝑊𝑊𝑊𝑘𝑘𝑘𝑘

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑗𝑗𝑗𝑗

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠

𝑘𝑘𝑘𝑘

+ � 𝑆𝑆𝑆𝑆𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘

𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑘𝑘𝑘𝑘

+ 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (1) 

where Ai denotes the activation value of a chunk i, Bi is its base-level activation, Sji 
represents the strength association from source j to chunk i, and Wk represents the 
amount of activation from each buffer. There are two components of spreading 
activation in the formula. The double summation (i.e., the first spreading activation) 
sums the activation from k number of buffers in the workspace and j number of chunks 
in the buffer k.  

The second summation in Eq. (1) is novel. Ski represents the spreading 
activation from k number of active goals in the model. Normally, the amount of 
spreading from buffers only depends on the strength of the association, but in this 
paper, we assume that activation of task goals (Ak) also plays a role in the amount of 
activation spreading to the chunks. 

Among those chunks’ values that are above the retrieval threshold, the 
probability of retrieving chunk i over others is  

𝑃𝑃𝑃𝑃(𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖) =
𝑛𝑛𝑛𝑛𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖/𝑠𝑠𝑠𝑠

∑ 𝑛𝑛𝑛𝑛𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗/𝑠𝑠𝑠𝑠
𝑗𝑗𝑗𝑗

 (2) 

where t is equal to √2𝑛𝑛𝑛𝑛 in which the coefficient s represents the variance of the noise 
component in Eq. (1). 
 
4.1.2.2. Modeling fatigue and motivation decline in PRIMs 

 
The assumption in this paper is that the decrease in task performance in 

mental fatigue is the result of a reduction in task motivation. In our model, this is 
reflected in a reduction in activation of the task goal over time. We also assume that at 
any moment in time, there may be other activities that seem more beneficial, so that a 
decrease in the task goal activation also increases the probability that an operator for 
a different task is selected.  

As an example of the kind of competition, let us look at the situation in 
which a task goal to perform a working memory task has to compete with watching a 
cat video playing on the same computer screen. Suppose the task goal has an activation 
of 1.0 (Agoal = 1.0) and is associated with an operator X that carries out the next step 
with an association strength of 1.5 (Sgoal,X = 1.5). Assuming a base-level activation (Bi) 
of zero, and no further associations, this means that operator X, according to equation 



Modeling motivation in mental fatigue studies

4

75 
 

(1), has an activation of 1.5. Now let us assume that the video is in the visual field (e.g., 
Wvision = 1.0), and spreads activation to an operator Y that wants to watch the video 
(Svideo,Y = 1.0). According to (1), the activation of operator Y is 1.0. Using equation (2), 
we can calculate the probability of watching the video, for example, if we assume a 
noise parameter of t = 0.1, we can calculate that P(Y) = 0.007, which means that the 
probability is very small. However, if Agoal starts to decrease, which we associate with 
a drop in motivation, for example Agoal = 0.8, the probability of watching the video 
increases, in this example to 0.135, so that over time the video starts to win the 
competition with the working memory task and the person will start watching the 
video rather than doing the main task. 
 
4.1.2.3. Further considerations 

 
While we use the activation of the task goals to simulate the level of 

motivation, it is useful to realize that goals and motivation, even though they are 
closely related, are not the same. Goals can be identified as the onset of all behaviors 
(Powers, 1973) and represent the expected behavior and the desired end-state 
(Hockey, 2013), whereas motivation is what energizes individuals to pursue a 
particular goal (Wigfield et al., 2006). A goal gives direction, while motivation drives 
human behaviors towards that goal. For example, the goal is to obtain a certain 
position at work, while the motivation is to earn a higher salary for that position. 
Another example of a goal is a university student who wants to be successful in life 
financially while being motivated because of poverty. 

Although the term goal can be broad, e.g., goals in life, financial goals, and 
any other goals, in this paper, we narrow down the context of goals to be task specific. 
The purpose of a goal is to serve as an active mental representation that maintains 
focus on the task, activating knowledge that can help perform the task, and guarding 
it from distraction.  

It is evident that motivation affects the ability to stay focused on a task and 
not be distracted by internal or external distractions (Herlambang et al., 2019). In the 
case of external distractions, task-unrelated stimuli may shift attention away from the 
main task, while internal distractions may manifest itself in the form of mind-
wandering (Huijser, van Vugt, & Taatgen, 2018).  

For our modeling efforts, however, such distractions needed additional 
assumptions. In PRIMs, operators are defined in the context of a task goal, but clearly, 
not all behaviors related to distraction can be directly linked to a goal: Watching a cat 
video playing on the screen is not necessarily a goal, but more an external distraction 
(stimulus) that attracts attention. It is similarly difficult to imagine mind wandering 
(e.g., thinking about what to have for lunch) as a task goal. However, for the purpose 
of the modeling, we did decide to model such distractions as if they had a task goal but 
not as an active goal, so that fatigue, or rather, the decline in motivation over time, 
represents an increasing competition between (future) goals: the active goal of doing 
the main task and of attending distracting external or internal information, where the 
distracting goal can replace the active one (see Hockey, 2011). 
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In this paper, we test the notion of goal competition by building cognitive 
models to reproduce the results of three mental fatigue studies that directly 
manipulated the level of motivation: a vowel task (Herlambang et al., 2019), a 
monitoring task (Boksem et al., 2006), and an N-back task (Hopstaken et al., 2015), 
with  each experiment having its own experimental conditions and characteristics. 
Therefore, if each of our models is able to simulate the behavioral data in each of these 
studies, we gain confidence that the notion of goal competition may reveal the 
underlying mechanism of how motivation can counteract the effects of mental fatigue. 

 
4.2. Building the cognitive models 

 
In a PRIMs model, several components are specified: the name of a task,  

the operators to do the task, the facts in declarative memory needed in the task, and a 
script that runs the model (simulates both the environment and the task). When 
defining a task, the modeler can initialize a number of parameters affecting the time 
certain operations take: a threshold that determines when information is forgotten, 
the amount of noise in selecting items from memory, and parameters that specify how 
fast chunks in memory decay. Some parameters have default values, but others have 
to be fitted in each particular task model. In our modeling efforts, we took care to 
minimize the amount of parameter fitting. 

To build a model, first, we determined which task-specific operators were 
required to do the task, and then fitted the model parameters to match nonfatigued 
behavior. Second, for each experimental block, we estimated the goal activation value 
for the main task to match the performance level of the model.  

In all models built, there was only one goal active at a time (Hockey, 2013): 
the goal for the main task. Distractions, both external and internal, were not active 
goals in our models and were designed to compete with the main goal over time. 

To verify our models1, we compared the results of our models with 
empirical data in each experiment. A model fits empirical data if it follows the data, 
meaning that the model is able to simulate the behavior of human participants. 

 
4.2.1. Vowel task 

 
The vowel task was adapted from the mental fatigue study of Herlambang 

and colleagues (2019). In this task, participants were asked to count, memorize, and 
calculate a number of vowels continuously for 2.5 hr. The task consisted of 14 blocks 
alternating between nonreward conditions (odd blocks) and reward conditions (even 
blocks). In the reward conditions, participants received monetary rewards for good 
performance. A sequence of distracting videos was displayed continuously in the top 
right of the screen as a distractor for participants. In addition, participants’ focus of 

 
1 the code of each model can be found in the supplementary materials 
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attention (eye movements) and heart rate variability were measured continuously. 
Their results showed that performance and attention levels remained stable in the 
reward conditions but not in the nonreward conditions.  

Our model consisted of two main groups of operators: task-specific for 
performing the main task and attention-shifting for visual distractions. Inside an 
operator, there are some conditions and action statements known as production rules.  

We modeled several measures from the study: response time (RT), 
accuracy, visual distraction frequency (VDF), and the power in the mid-frequency 
(MF) band of heart rate variability (HRV). 
 
4.2.1.1. Modeling distraction 

 
In the study, participants were more susceptible to distractions over time 

in the nonreward conditions. We modeled distractions by creating three operators. 
The first and second operator took the action of shifting attention to the distracting 
video. The third operator returned the attention of the model back to the main task.  

More specifically, the first operator compared two particular slots in the 
visual field: the one slot representing the main task, and one slot representing the 
video distraction. If the main task slot was not empty, and the distraction slot filled, 
the operator would trigger a shift in attention to the video distraction, mirroring a 
situation in which the main task required visual perception at that moment. The 
second operator would trigger a shift of attention to the video on a retrieval failure, 
mirroring a situation in which the main task encountered a problem. The third 
operator would return its attention to the main task if the model shifted its attention 
to the video distraction. Note that these operators always had to compete with task-
specific operators; therefore, they were never guaranteed to be used, even if their 
conditions were satisfied. 

We tuned the spreading activation of the visual input to the first 
distraction operator to be .8 in all blocks. The maximum value of the activation of the 
main task goal was 1.0, which decreased over time in nonreward conditions. Therefore, 
the model was prone to a higher number of distractions in the nonreward conditions 
when the activation values of being distracted were higher than the activation values 
of doing the main task, and the number of distractions increased over time. 
 

4.2.1.2. Modeling mid-frequency power of heart rate variability 
 

The mid-frequency (MF) power of heart rate variability (HRV) reflects 
cognitive effort (Aasman, Mulder, & Mulder, 1987). A higher value in the MF power 
means that participants invested less cognitive effort and vice versa. In the model, 
there is no direct analog of mental effort. Therefore, we created a mapping between 
the MF power in the task by taking the total number of production rules run by the 
model as a measure of mental effort. 
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In the model, the number of task-specific operators exceeds the number 
of attention-shifting operators, and so did the number of production rules, meaning 
that performing the task requires more operations and was more demanding than 
being distracted. During simulation, the task-specific operators were used more 
frequently in the reward conditions; therefore, the total number of production rules 
operated in the reward conditions was higher than in the nonreward conditions. 

To create a mapping, we calculated the total number of production rules 
(both task-specific and attention-shifting operators) operated in each block and 
named it the operator firing frequency (OFF). In the model, a higher number of the 
OFF represents a lower value of MF power, i.e., higher effort in participants. Since the 
MF power in the study was normalized, we also normalized the OFF as a division 
between the frequency of that block with the total frequency of all blocks. 
 
4.2.1.3. Running the model 

 
To run the model, we used a separate script in each line in PRIMs. First, 

we ran the model in the practice session so that the model could learn how to do the 
task. We then ran the model once for all blocks, where the odd blocks were the 
nonreward conditions, and even blocks were the reward conditions. Overall, we ran 
the model 100 times to simulate a total of 100 participants in the experiment. 

 
4.2.1.4. Results 

 
4.2.1.4.1. Response time 

 
The model shows response times with a pattern that is similar to the 

empirical data (see Figure 2). In the first four blocks, the model learns the task and 
is not yet affected by a decrease in motivation in the nonreward conditions (although 
participants already are). Later, it begins to differ in the two conditions with reaction 
times being faster in reward blocks than in nonreward blocks. In the model, the slower 
response times are due to an increasing in distraction frequency. 
 
4.2.1.4.2. Accuracy 

 
For accuracy, the model mirrors the experimental data really well (see 

Figure 3). In the first three blocks, the model learns how to do the task properly, just 
like the human participants. Starting from block four, the model maintains its 
performance in the reward blocks, but decreases linearly in the nonreward blocks. In 
the model, performance decreases because rehearsal operators increasingly lose the 
competition from the distraction operators. 



Modeling motivation in mental fatigue studies

4

79 
 

 
Figure 2. Comparison of response times between the experiment and the model. 
Response times of the study are indicated by a dotted line, whereas those of the model 
are indicated by a solid line. The x-axis shows blocks, where odd blocks are the 
nonreward conditions. The y-axis shows the unit in seconds. 

 

 

Figure 3. Comparison of accuracy between the experiment and the model. Accuracy 
of the study is indicated by a dotted line, whereas accuracy of the model is indicated 
by a straight line. The x-axis shows blocks, where odd blocks are the nonreward 
conditions. The y-axis shows the proportion of correct responses. 
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4.2.1.4.3. Visual distraction frequency 
 

In the model, the visual distraction frequency (VDF) was the number of 
eye movements to the video distractor per block. The model mirrors the VDF from the 
experiment (see Figure 4).  In reward blocks, the model maintains its focus doing the 
main task, whereas in nonreward blocks it was increasingly distracted by the video.  

 

Figure 4. Comparison of visual distraction frequency (VDF) between the experiment 
and the model. The VDF of the study is indicated by a dotted line, whereas the VDF of 
the model is indicated by a solid line. The x-axis shows blocks, where odd blocks are 
the nonreward conditions. The y-axis shows the eye movements towards the 
distracting video. 

 
4.2.1.4.4. Mid-frequency power 

 
The operator firing frequency (OFF) reflects how many times operators in 

the model perform (i.e., fire) the main task, which was meant to simulate mental effort 
to do a particular task. Higher values of MF power indicate lower effort, whereas lower 
values indicate the opposite. For the OFF, higher values indicate more operations, 
whereas lower values are the other way around.  
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Figure 5. Comparison between the MF power of the study and the operator firing 
frequency (OFF) of the model. The MF power of the study is indicated by a dotted line, 
whereas the OFF of the model is indicated by a solid line. Both x-axes show blocks, 
where odd blocks are the nonreward conditions. Both y-axes show the normalized unit 
of each measure. 
 

The OFF mirrors the MF power (see Figure 5). Starting from block four, 
the firing frequency remains stable in the reward blocks, indicating that the model kept 
constantly firing in these blocks. On the other hand, in the nonreward blocks, firing 
becomes less frequent, indicating that all required operators to run the main task in 
the model were used less frequently, and the pace of the model to run the task slowed 
down, which is similar to an increase in the MF power indicating less effort. 
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4.2.1.5. Model performance in the vowel task 
 
Performance levels decreased in nonreward blocks but remained stable in 

reward blocks. The decrease in performance was caused by the competition between 
task-specific and attention-shifting operators that decelerated the overall process, 
mainly in the nonreward blocks. Since the model became slow and had a limited time 
to respond, the model did not manage to perform the task in time, thus making 
incorrect responses in these blocks. Furthermore, every time the model committed a 
retrieval error due to its slow performance, it would decide to shift its attention to the 
distracting video. When it occurred within a trial, the model was guaranteed to fail in 
that trial because it required full attention to perform the task successfully. As a result, 
the model watched the distracting video more often in the nonreward blocks. 

 
4.2.2. Monitoring task 

 
Boksem and colleagues (2006) performed a mental fatigue experiment 

that offered monetary rewards to participants for good performance in the last block. 
In this 2-hr task, they asked participants to memorize and monitor two pairs of stimuli. 
These pairs were the same throughout the experiment. The first pair was a left arrow 
with the letter H, and the second was a right arrow with the letter S. Participants were 
asked to press a button with a left-hand finger if the letter appeared was an H, and a 
right-hand finger if it was an S. While the letter was being presented, there was a 
fixation point in the center of the screen. The appearance and the location of the letters 
(in the left side or right side of the screen) were randomized.  

A trial started with an arrow cue appearing in the screen for 150 ms with a 
probability of .8. If a right arrow appeared, then the letter S would appear in the screen, 
and if the left arrow appeared, the letter H would appear. Next, the main screen would 
remain blank for 1 s. 

The experiment was divided into seven blocks: six blocks of no reward and 
one last block with reward. In this experiment, there was no explicit distractor (i.e., 
like the video in the vowel task). Their results showed that performance levels dropped 
from the first to the sixth block but increased again in the last block.  

To model goal competition, we decreased the goal activation value of the 
main task from the first to the sixth block and returned the value back to the initial 
value in the last block. We assumed that participants were distracted by their own 
thoughts in the form of mind-wandering. This means that operators for the main task 
competed with operators for the mind-wandering action during simulation. As a 
result, when the goal activation value of the main task becomes lower over time, the 
probability of any operators for the main task to be operated also becomes lower, 
resulting in lower performance levels in the course of the first six blocks. 
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4.2.2.1. Modeling mind-wandering 
 
To model mind-wandering, we used a set of operators that are similar to 

visual distraction but were now targeted at memory. These operators are identical to a 
set of operators used to model mind wandering by Huijser, van Vugt and Taatgen 
(2018). The first operator checked whether the declarative memory buffer was empty, 
meaning that nothing was retrieved from declarative memory. If it was empty, the 
operator would retrieve an episodic chunk from the declarative memory that was not 
related to the task.  

After successfully carrying out the first operator, it could trigger a second 
operator that would elaborate on the retrieved episode by performing further 
retrievals. A condition for that operator is that the working memory buffer is empty. 
Therefore, mind wandering is very short if working memory is already in use by the 
main task, but relatively long if working memory is not occupied. The eight episodic 
chunks that were used by this operator were:  wandering, breakfast, cycling, lecture, 
coffee, lunch, exam, and nothing, representing a few activities in real life. The model 
would quit mind-wandering if another operator from the main task with a higher 
activation value won the competition. 
 
4.2.2.2. Running the model 

 
We ran the model 100 times to simulate an experiment with 100 

participants. We first ran the model once to train the model, and then ran the task 
seven times, simulating six blocks of nonreward and one block of reward condition. 

 
4.2.2.3. Results 

 
4.2.2.3.1. Response time 

 
The model mirrors the experimental data (see Figure 6). From the first 

to the sixth block, RTs slightly become slower but then become faster in the last block.  

 
4.2.2.3.2. Error rate 

 
Figure 7 shows that the error rates in the model mirror the data. From 

the first to the sixth block, error rates increase but then drop in the last block.  
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Figure 6. Comparison of response times between the experiment and the model. 
Response times of the study are indicated by a dotted line, whereas those of the model 
are indicated by a solid line. The x-axis shows blocks, where the last block is the reward 
condition. The y-axis shows the unit in seconds. 

 

 

Figure 7. Comparison of error rates between the experiment and the model. Error 
rates of the study are indicated by a dotted line, whereas those of the model are 
indicated by a solid line. The x-axis shows blocks, where the last block is the reward 
condition. The y-axis shows the proportion of the error rate. 
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4.2.2.4. Model performance in the monitoring task 
 

Overall, performance levels decreased from the first to the sixth block but 
increased in the last block. The decrease in performance was caused by the 
competition between task-specific and mind-wandering operators, causing 
interference with the retrieval process. That is, the model had difficulties retrieving 
chunks from the declarative memory, resulting in incorrect responses in the first six 
blocks over time. On the other hand, the model had a high chance of retrieving chunks 
successfully in the last block, resulting in better performance. 

 

4.2.3. N-back task 
 
Hopstaken and colleagues (2015) performed a mental fatigue study in which 

participants performed the 2-back task for two hours. They divided the experiment 
into seven blocks consisting of six blocks of nonreward and one last block with reward: 
They offered participants a shorter duration depending on their performance in the 
last block; while in reality, the actual duration of the last block was the same as the 
previous six blocks. 

As in the monitoring task, we assumed that the decline in performance that 
occurred in the first six blocks were due to mind wandering increasing over time. In 
the model, we let goal activation of doing the task decrease over time.  

In this task, we modeled the two measures the authors reported: hit rate and 
false alarm. A hit is a condition where there is a target, and participants press a button; 
whereas a miss is when there is a target, and participants do not press the button. A 
hit rate is the ratio between the number of hits with the number of hits plus the number 
of misses. A false alarm is a condition where there is no target, and participants press 
a button nonetheless; whereas a correct rejection is when there is no target, and 
participants do not press a button. A false alarm rate is the ratio between the number 
of false alarms with the number of false alarms plus correct rejections. 
 
4.2.3.1. Modeling mind-wandering 

 
We used the same mechanism to model mind-wandering as in the 

monitoring task. In addition, we used the same chunks in the declarative memory for 
mind-wandering. 
 
4.2.3.2. Running the model 

 
We ran the model 100 times to simulate 100 participants in the real 

experiment. We started with one time of the practice session in each simulation for the 
model to learn the task. Afterward, we ran the task six times for the nonreward blocks, 
and once for the reward block. 
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4.2.3.3. Results 
 

4.2.3.3.1. Hit rate 
 

The model mirrors the experimental data moderately well (see Figure 8). 
In the second block, the hit rates slightly increase, but they drop in the third and fourth 
block. In the reward block, the hit rate reaches its peak level. 

 

 

Figure 8. Comparison of hit rates between the experiment and the model. Hit rates 
of the study are indicated by a dotted line, whereas those of the model are indicated by 
a solid line. The x-axis shows blocks, where the last block is the reward condition. The 
y-axis shows the proportion of the hit rate. 

 
4.2.3.3.2. False alarm 

 
The model mirrors the experimental data rather well (see Figure 9). In 

the first six blocks, false alarms slowly increase over time, but decrease in the last block 
(i.e., the reward condition). 
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Figure 9. Comparison of false alarms between the experiment and the model. False 
alarms of the study are indicated by a dotted line, whereas those of the model are 
indicated by a solid line. The x-axis shows blocks, where the last block is the reward 
condition. The y-axis shows the proportion of the false alarm. 

 
4.2.3.4. Model performance in the N-back task 

 
As with the monitoring task, the decrease in performance in the N-back 

task from the first to the sixth block was affected by the competition between task-
specific and mind-wandering operators, causing interference with rehearsal. Since the 
model rehearsed less information from working memory over time, the model 
produced incorrect responses in these blocks. In contrast, the model managed to 
rehearse the necessary information to perform the task successfully in the last block, 
which improved performance. 

 
4.2.4. Goal activation value adjustment 

 
Figure 10 shows goal activation values of nonreward blocks in all tasks 

that were the results from fitting the models to the task performance results. The vowel 
task had seven nonreward blocks, whereas the monitoring and N-back tasks had six.  

We were able to fit the data from all experiments with a linear decline in 
goal activation values, although the slope is different in the different experiments. For 
all experiments, goal activation values of reward blocks were kept constant (i.e., an 
activation value of one). 
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Figure 10. The adjustments of goal activation values of nonreward blocks in all tasks. 
Each adjustment is represented by a different line respectively. The x-axis shows the 
cumulative duration of the nonreward block of each task, and the y-axis shows 
activation values. 

 
4.3. Discussion 

 
We hypothesize that goal competition is one of the key factors to 

understand the underlying mechanism of motivation in mental fatigue. A key aspect 
of this hypothesis is that the decrease in performance is not due to a decrease in the 
capacity of the cognitive system (e.g., lower working memory capacity, slower motor 
system, less reliable long-term memory) but by a decrease in the ratio of cognitive 
"cycles" spent on the task as opposed to distractions. We have modeled this by a 
decrease in the activation of the goal, which represents the level of motivation, which 
indirectly affects performance (Hockey, 2011). 

To test our hypothesis, we built three models of mental fatigue experiments: 
the vowel task (Herlambang et al., 2019), the monitoring task (Boksem et al., 2006), 
and the N-back task (Hopstaken et al., 2015). All tasks consisted of two types of 
conditions: nonreward and reward. In these tasks, human performance levels 
decreased in the nonreward conditions but increased or remained stable in the reward 
conditions. All models were built in PRIMs (Taatgen, 2013), where we manipulated 
the activation values of the task goal to simulate goal competition, resulting in 
performance level changes. 

Comparing our models with the empirical data showed that our models were 
able to capture human performance well: The decrease in goal activation value over 
time resulted in a decrease in performance levels. In the same fashion, an increase in 
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goal activation value in reward conditions caused performance levels to increase. A 
number of key findings will be discussed below. 

 
4.3.1. Goal activation and performance 

 
To lower performance in the nonreward conditions in all tasks, we slowly 

decreased task goal activation values manually over time. Since each experiment had 
its own experimental conditions and characteristics, we had to adjust these values for 
each experiment individually.  

Overall, in all models, the best fit to the data was acquired by a linear 
decrease in task goal activation values, which suggests that a monotonous task may 
correspond to a linear decrease in motivation over time (see Müller & Apps, 2019). On 
the other hand, when an individual is motivated, the performance may increase, by, 
under the hood, returning the task goal activation value to its initial level. Essentially, 
a higher goal activation value of a task means that the information of that task is more 
available; hence, the task has more priority to be executed, which will result in better 
performance (see Kurzban et al., 2013), for example, in faster response times. 

Interestingly, the linear decrease in goal activation does not lead to a linear 
decrease in task performance. It results in an S-shaped performance characteristic 
(i.e., a sigmoidal curve), where performance is initially maintained, but later decreases 
sharply. This decline will continue further until it reaches its bottom level resulting in 
the individual quitting the task. 

What our modeling efforts suggest is that over time, while the activation 
value of the main active goal is decreasing, another future goal of an activity/stimulus, 
for example, a distraction, may start winning the competition with the main task, when 
the activation value of the distraction exceeds that of the main goal (i.e., it strongly 
attracts the individual), in which case the individual may start paying attention to the 
distraction. The distraction can become the new active goal, and the individual may 
forget the main goal, or choose to pay attention to both, but this will sacrifice 
performance. 

In the end, when the individual is exhausted, weary, and does not perceive 
any future benefits from performing the task or from any competing activities, the 
individual can stop doing the task completely. In this situation, the feeling of fatigue 
serves as a signal, (i.e., an adaptive function) for the individual to reappraise the 
calculation of future costs and benefits, looking for a more sensible activity with short-
term benefits, such as resting (see Hockey, 2013). 

 
4.3.2. Operator firing and effort 

 
Our models correspond to the motivational control theory of fatigue 

proposed by Hockey (2013). In that theory, there is a module called effort monitor that 
gives a signal to allocate effort that later improves/maintains performance. Afterward, 
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the signal will be forwarded to a module named goal regulation that will decide 
whether to maintain a particular task or to choose another activity. 

In our models, when a goal is chosen, the operators of that goal will fire. 
More specifically, the more active a goal is, the higher the number of operator firings 
associated with that goal will be. This number is similar to effort: Individuals also have 
to invest more effort to maintain performance. 

In the vowel task, we demonstrated that the number of firings (i.e., the 
operator firing frequency [OFF]) corresponds to the MF power of HRV, which has 
been used as an indicator of effort (Aasman et al., 1987). A lower value of MF power 
reflects higher effort, which in our model was associated with a higher number of 
firings. Moreover, a higher value of MF power was followed by a lower number of 
operator firings. Therefore, with regards to modeling, the number of firings has the 
potential to be used as an indicator of mental effort to do a particular task. 

 
4.3.3. Goal competition, motivation, and resources 

 
By using goal competition as a mechanism, we were able to simulate human 

behaviors in three different mental fatigue studies. Our models primarily support the 
motivation account of mental fatigue, that performance can be maintained over time 
when motivated but decreases when demotivated (Kurzban et al., 2013; van der 
Linden, 2011). Nevertheless, our models can also be consistent with the resource 
theory of mental fatigue but with a caveat. 

The resource theory suggests that a decline in performance is caused by a 
mechanism called resource depletion and the difficulty to allocate resources (Warm, 
Parasuraman, & Matthews, 2008). In addition, rest can help to improve performance 
by recovering those resources (Helton & Russell, 2017). With regard to our models, the 
decrease in goal activation may reflect resource depletion. While the resource is 
depleting, performance will deteriorate.  

However, adopting the resource theory to explain our models requires a 
critical assumption and a restriction. The recovery of resources must be a fast process 
and can be done even while still doing the task at a lower level of effort regardless of 
the duration of the experiments. In addition, in our cognitive architecture used, i.e., 
PRIMs, the working memory module is designed not to be depletable, because if the 
working memory module were changed to be depletable, the whole behavior of the 
model would be unstable and might not give the same results. Therefore, depletable 
resources as an important aspect in the resource theory is not applicable in the 
cognitive architecture that we used. 

Therefore, in this paper, we preferred to model mental fatigue as a result 
from decrease in motivation over time, mainly because it does not require such further 
assumptions. In motivation account, the main control is centered in a mechanism 
called effort monitor that decides which goal to be focused on (Hockey, 2013). 
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4.3.4. Limitation, challenge, and future research 
 

In this paper, we show that the goal activation helps us understand how 
motivation affects performance in mental fatigue. However, solely adjusting goal 
activation levels may not be enough to model changes in performance. There are many 
parameters in PRIMs that can affect performance. Therefore, it is challenging if we 
want to build a model of another task using the same parameters.  

Our models are still limited to these tasks. Although adjusting goal 
activation values as a way to model mental fatigue showed good results for the 
experiments we modeled, it is possible that this does not directly generalize to other 
studies.  

To build a robust and comprehensive theory of mental fatigue, for future 
research, more studies need to investigate relationships between goal activation, cost-
benefit calculations, and performance. In addition, future research needs to 
investigate what the mechanism is behind the decrease in goal activation values. 
Moreover, it is beneficial to test the predictions of our models in new experiments, for 
example, to see whether our models’ predictions also hold in studies with no rewards.  
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Discussion 
 
 

The present thesis aimed to investigate whether motivation is an essential 
factor in explaining the effects of mental fatigue on task performance and to examine 
the underlying mechanisms by which it does or does not affect performance. For this 
reason, we conducted two mental fatigue experiments to test the effects of two types 
of motivation, i.e., extrinsic and intrinsic, on mental fatigue. Because our results 
consistently showed that motivation affected task performance, we built cognitive 
models to help clarify the underlying mechanisms and proposed goal competition as a 
mechanism that may explain the effects of motivation on mental fatigue. In the end, 
we intend to contribute more to the existing theory of mental fatigue. 

We will start the discussion by summarizing the main findings of the 
thesis. Next, we will connect, incorporate, and explain what impacts these findings 
have that can contribute to answering our research questions. We also compare our 
findings with the existing literature and recent studies of mental fatigue. Last, we 
summarize the implications of the thesis and discuss possibilities for future research. 

  
 

5.1. Main findings 
 

5.1.1. Extrinsic motivation and mental fatigue 
 

In chapter two, we performed a 2.5-hr experiment in which we 
investigated the effects of extrinsic motivation on mental fatigue. In the experiment, 
we asked participants to perform a demanding working memory task continuously and 
alternated two different conditions in the experiment: reward conditions in odd blocks 
and nonreward conditions in even blocks. In reward conditions, participants were 
offered monetary rewards for good performance. To measure task disengagement, we 
played a distracting video continuously in both conditions. To have thorough analyses, 
we used three types of measures: subjective (fatigue and effort), performance 
(response time and accuracy), and physiological measures (heart rate variability and 
pupillometry). 

Overall, the results showed that extrinsic motivation represented by 
monetary rewards in reward conditions affected task performance. Even though 
participants reported becoming fatigued, they were more engaged with the task as 
indicated by a higher number in the frequency of eye movements to the task, and 
performance levels remained stable in these conditions throughout the study. 
Moreover, the mid-frequency power of heart rate variability suggested that 
participants invested more mental effort to stay engaged with the task, maintaining 
performance. In contrast, when monetary rewards were absent in nonreward 
conditions, participants invested less mental effort physiologically and were less 
engaged with the task, causing performance to decrease.  
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The results suggested that extrinsic motivation is an essential factor in 
mental fatigue: When individuals are motivated by an extrinsic stimulus for doing a 
particular task, they will maintain performance levels by investing more mental effort 
into the task, even though they are mentally fatigued. 

 
5.1.2. Intrinsic motivation and mental fatigue 

 
In chapter three, we performed an experiment in which we investigated 

the effects of intrinsic motivation on mental fatigue. Participants who liked playing 
Sudoku puzzles were asked to play the puzzles for three hours in two alternating 
conditions: low-level motivation (LL) and high-level motivation (HL) conditions. In 
LL conditions, the puzzles were designed to be less enjoyable, whereas in HL 
conditions, participants played the puzzles normally. As with the previous extrinsic 
motivation experiment, we played a distracting video continuously in both conditions 
to measure task disengagement. To have depth analyses, we used three types of 
measures: subjective measures of mental fatigue, effort and workloads, performance 
measures measuring response times, accuracy, and the number of attempts of solving 
Sudoku puzzles, and physiological measures of mental effort using heart rate 
variability and eye movements using pupillometry. In addition, to examine whether 
extrinsic and intrinsic motivation share the same process, we compared the results of 
our extrinsic motivation experiment with the results of the intrinsic motivation 
experiment. 

In general, the results showed that although participants did feel fatigued 
in the high-level motivation conditions, they were able to maintain performance levels 
by investing more mental effort. On the other hand, participants invested less mental 
effort and were more susceptible to distractions in the low-level motivation conditions.  

Moreover, after comparing the results of two experiments, the comparison 
suggested that both extrinsic motivation and intrinsic motivation might share the 
same process: Participants exerted more mental effort when motivated to maintain 
task performance, represented by a similar pattern of the mid frequency (MF) power 
of heart rate variability: The MF power was lower in the high motivation conditions 
representing more effort but higher in the low motivation conditions representing less 
effort (Aasman, Mulder, & Mulder, 1987; Mulder & Mulder, 1981). In contrast, when 
they were less motivated, they were more susceptible to distractions and less engaged 
with the task, represented by the higher number of visual distraction frequency in the 
low motivation conditions. 

 
5.1.3. Cognitive models of mental fatigue 

 
Based on the results from the previous studies and from the existing 

models of mental fatigue (Hockey, 2013; Jongman, 1998; Kurzban, Duckworth, Kable, 
& Myers, 2013), we hypothesized that the decrease in task performance in mental 
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fatigue is the result of a reduction in task motivation, and the decrease in motivation 
is reflected in a reduction in activation of the task goal over time. Individuals 
constantly seek for a more rewarding outcome, i.e., to choose the best action that 
maximizes benefits (Boksem & Tops, 2008; Hockey, 2011, 2013; Kurzban et al., 2013). 
Consequently, there will be a continuous competition between goals, i.e., between the 
recent task goal and other goals unrelated to the task such as external and internal 
distractions. 

To test our hypothesis and the notion of goal competition, we modeled 
three mental fatigue studies that directly manipulated the level of motivation: our first 
experiment of chapter 2, a monitoring task (Boksem, Meijman, & Lorist, 2006), and 
an N-back task (Hopstaken, van der Linden, Bakker, & Kompier, 2015). We built these 
models in a cognitive architecture named PRIMs (Taatgen, 2013).  

To model different levels of motivation, we adjusted the goal activation of 
the task in each model, so that the activation value of the task goal remained constant 
in high motivation conditions but decreased linearly in low motivation conditions. 
Moreover, we added task-unrelated stimuli to continuously compete with the task 
goal: a distracting video in the first model as an external distraction and mind-
wandering in the remaining models as an internal distraction. We predicted that 
performance of the models would remain constant because the activation values of the 
task goal exceeded the value of task-unrelated stimuli (distractions) in high motivation 
conditions. However, when activation values of the task goal fell below the activation 
values of distractions, performance levels of the models in the low motivation 
conditions would decrease. After running the models in PRIMs, the results indicated 
that we were able to model performance changes in three mental fatigue studies with 
large similarities between the models and the experimental data. 
 
 
5.2. Motivation and resources 

 
Excluding sleep deprivation (Åkerstedt et al., 2004), there are two main 

theories of mental fatigue: the resource depletion and the motivational theory of 
mental fatigue. The resource depletion theory is established on a similar assumption 
as in physical fatigue that mental fatigue occurs due to depleted resources and a failure 
in allocating resources (Helton & Russell, 2017). The theory has been used extensively 
to explain performance decrements in vigilance tasks (Craig & Klein, 2019; Helton et 
al., 2007; Warm, Parasuraman, & Matthews, 2008). The theory suggests task 
performance can be improved by having rest breaks to recover depleted resources 
(Finkbeiner, Russell, & Helton, 2016). In addition, support for the theory came from 
an experiment where performing a demanding task for a prolonged time suppressed 
the brain activity (Helton et al., 2007). However, the definite physiological mechanism 
of the depletion is unclear (Helton & Russell, 2017).  

In contrast, the motivational theory suggests that performance 
decrements in mental fatigue are not due to depleted resources but due to lack of 
motivation (Hockey, 2011, 2013; Kurzban et al., 2013). In addition, effort is seen as the 
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mediator of the relationship between motivation and performance (Goodman et al., 
2011; Westbrook & Braver, 2015). Therefore, individuals who are motivated to do an 
activity will exert more effort to stay engaged with the activity. On the other hand, 
when they are no longer motivated, they will exert less effort and more likely disengage 
from the activity searching for another that is more rewarding (Hockey, 2013). Support 
for the theory came from two studies: a study of Boksem and colleagues (2006) and a 
study of Hopstaken and colleagues (2015). In both experiments, task performance 
improved after participants were offered extrinsic stimuli in the end of the 
experiments (i.e., in the last block) even if participants already showed performance 
decrements in previous blocks.  

The key aspect that differs motivation from resource depletion is the 
notion that task performance can still be improved and not be influenced by depletable 
reservoirs, which in the resource theory is the main cause of decreased performance 
called mental resources (Kurzban et al., 2013). Consequently, as long as individuals 
can maintain their motivation by maintaining their self-motivation or by looking for 
another source of motivation such as monetary rewards, job promotions, 
acknowledgement from colleagues, competition, and others sources (Di Domenico & 
Ryan, 2017; Locke & Schattke, 2018; Ryan & Deci, 2000), they can still be willing to 
exert effort, maintaining their attention to the task, resulting in stable performance. 
However, this is said not to be possible in the resource account: When the resources 
are depleted, performance will decrease, and external stimuli such as extrinsic rewards 
will have no effect on task performance. Even though the term resources used in the 
theory can have many interpretations (Kurzban et al., 2013), one strong argument 
used in the theory was from Baumeister and Vohs (2007): “If the tank were truly and 
thoroughly empty, it is unlikely that increasing incentives would counteract depletion” 
(p. 125). Furthermore, the depletion can (only) be counteracted, to the extent of the 
most recent literature of the resource depletion theory, by having rest breaks 
(Finkbeiner, Russell, & Helton, 2016; Helton & Russell, 2015), allowing performance 
to recover. In addition, rest is thought to be the best alternative to recover performance 
with a full break showing the most promising effect (Helton & Russell, 2017). 

The findings of this thesis, particularly our experiments in chapter 2 and 
chapter 3, mainly support the notion of the motivation account and suggest that 
motivation, both extrinsic and intrinsic, is indeed essential in mental fatigue. The 
findings also suggest that both extrinsic and intrinsic motivation may share a similar 
process: The way that motivation affects task performance even when individuals are 
mentally fatigued is from their willingness to keep exerting mental effort. This occurs 
only when performing a task is viewed as beneficial and viable (Hockey, 2013; Kurzban 
et al., 2013; Wright, Mlynski, & Carbajal, 2019). In contrast, when the perceived cost 
of performing the task is too high, individuals may choose a different action, i.e., by 
watching a distracting video more often in both experiments, resulting in poor task 
performance.  

Even though our findings mainly support the motivational theory of 
mental fatigue, it is still possible that the resource depletion may account for why 
participants were able to maintain performance in high motivation blocks, but with a 
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caveat. Since we alternated two conditions in the experiments: low motivation 
conditions in odd blocks and high motivation conditions in even blocks, participants 
might have recovered resources in the low motivation blocks and used it to recover 
resources. However, using the resource theory to explain the results of our 
experiments requires a critical assumption. The recovery of resources must be a fast 
process and can be done even while still doing the task at a lower level of effort, 
regardless of the duration of the task. This assumption is hardly applicable in our 
experiments, because there is no evidence that the recovery of resources can occur 
instantly (see Helton & Russell, 2017), and empirically, participants in our 
experiments still engaged with the task in low motivation conditions indicated by 
actively eye movements of saccades: Participants did not totally disengage from the 
task, and they still paid attention to the task in low motivation conditions—which is 
far from similar to having a total break, which can give the best effect for resources to 
recover (Helton & Russell, 2017). Therefore, in this thesis, we preferred the motivation 
account to explain the effects of mental fatigue on task performance.  

 
5.3. Implications of the models 

 
We have previously elaborated that our experiments are in line with the 

motivation account. However, our experimental findings still did not answer one 
important question: How does motivation affect task performance when individuals 
are mentally fatigued? What is the mechanism behind it? To explain the mechanism, 
we took a modeling approach by building three cognitive models, reproducing the 
results of three different mental fatigue studies, to help clarify the underlying 
mechanisms.  

How does motivation affect task performance? Müller & Apps (2019) 
performed a systematic review on the relation between motivation and mental fatigue. 
The review suggests that performing a cognitively demanding task, exerting a 
significant amount of effort such as in vigilance tasks or working memory tasks, for a 
prolonged time increases the feeling of fatigue. As it increases, individuals will be less 
willing to stay engaged with the task, i.e., less motivated to continue performing the 
task. Consequently, a lower level of motivation impairs performance. 

Because motivation drops over time due to an increased feeling of fatigue, 
therefore, to maintain performance, there should be a mechanism to protect 
motivation from dropping. One model trying to explain the mechanism is the 
motivational control model proposed by Hockey (2013). In the model, motivation is 
thought to be an integral part of the information processing system. That is, 
motivation influences goal-directed behavior by evaluating the cost/benefits of future 
actions. Moreover, goals represent the expected behavior and the desired end-state. 
Therefore, goals and motivation are related: A goal gives direction, while motivation 
drives human behaviors towards that goal.  

Individuals can have many goals, and the context of goals can be broad: 
family goals, financial goals, career goals, and any other goals. However, to avoid 
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complexity, we narrow down the term goal to be task-specific. Therefore, in the context 
of performing a task, the task itself has an activation value that represents how 
important, how rewarding, and how urgent the task is for the performer. Other future 
possible actions, for example, attending distracting stimuli (internal or external), 
staying still, or doing nothing, also have activation values. In the end, the action that 
an individual takes is the one that is perceived as the most rewarding action at that 
moment, represented by its activation value being the highest. 

We incorporated Hockey’s conceptual model and translated goal 
activation as a representation of motivation in a cognitive architecture named PRIMs 
(Taatgen, 2013). Thus, in the context of performing a task, a motivated individual will 
have a task goal with a higher activation but that activation will be lower when 
demotivated. More specifically, we manipulated the activation of task goal according 
to the level of motivation.  

We used goal competition as a mechanism in our models. To choose the 
best action that maximizes benefits, we implemented the mechanism of goal 
competition, so that the action with the highest activation value will win the 
competition. Moreover, we used distractions, i.e., external distractions in the first 
model and internal distractions in the second and third model. We designed the 
distractions to constantly compete with the task goal.  

Motivation maintains the activation value of the task goal in our models. 
In high motivation conditions, the activation value of the task goal was initialized to 
be constant over time. On the other hand, the activation value of the task goal was 
adjusted to decrease over time in low motivation conditions. The activation value of 
distractions was fixed over time. As a result, we were able to model performance 
changes in three mental fatigue studies with large similarities between the models and 
the experimental data: The models showed high performance in high motivation 
conditions but low performance in low motivation conditions. 

In addition, the fitting of the task goal activation values showed a linear 
decrease in all models, suggesting that the decrease in motivation over time while 
doing a prolonged task is linear (Müller & Apps, 2019).  

Another key aspect of our models is that the main assumption of the 
resource depletion theory is not applicable in the cognitive architecture that we used, 
i.e., PRIMs. In PRIMs, the working memory module, a module that is responsible for 
the information retrieval process, is not depletable. Therefore, as our models were able 
to simulate the experimental results, they give computational support for the 
motivation account. 

  
5.4. Practical implications 

 
Overall, our findings support the notion that the decrease in task 

performance while being mentally fatigued is not because of a decrease in the capacity 
of the cognitive system known as mental resources, but rather because individuals 
cannot find better alternative actions (Hockey, 2011, 2013). Instead of exerting 
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unnecessary effort (Brehm & Self, 1989), it is beneficial only to choose the least 
demanding action (Hockey, 2011, 2013; Kurzban et al., 2013), e.g., maintaining focus 
but lowering performance, having a rest break, or doing nothing.  

To retain performance levels and avoid being distracted by unrelated task 
stimuli, individuals need to maintain their levels of focus on and attention to the task. 
We have elaborated goal competition as a mechanism to explain how motivation can 
affect task performance in mental fatigue. However, there is a question needs to be 
answered: What are the practical implications of goal competition? 

Kurzban and colleagues (2013) posit a notion that to choose an action, 
individuals will prioritize the chosen action based on the recent context and the 
expected outcome. This prioritization is the result of the cost/benefit calculation, i.e., 
a competition between potential future goals, and they assert that organisms have a 
counter that observes the result of the calculation over time (see Gallistel, 1990). For 
example, an individual who starts making a bonfire in cold condition may immediately 
change the current action, e.g., starts running, when the individual sees a bear runs 
towards him/her. In this example, there are two possible future actions: keep making 
a bonfire or start running away from the threat. These two actions have costs and 
benefits seen from the current context and the expected outcome. However, the 
running action seems to be more critical at the time; hence, the individual will most 
likely choose the running action. 

As empirical support for the cost/benefit calculation, the calculation is 
suggested to occur in two brain areas (Hockey, 2013), i.e., the prefrontal cortex (PFC) 
and the anterior cingulate cortex (ACC). The PFC actively maintains goal selection and 
goal regulation (Miller & Cohen, 2001), whereas the ACC mainly evaluates conflicts 
between potential future goals (Rushworth, Behrens, Rudebeck, & Walton, 2007). 

Even though we have no evidence, we speculate that the time to take the 
action depends on many factors. For instance, a man has an unhealthy eating habit in 
which he enjoys eating high-sugar foods. He continuously perceives that eating high-
sugar foods offers many benefits, and the habit lasts for a few years. However, after a 
period of time, he starts feeling uncomfortable due to overweight and decides to stop 
his habit and starts doing exercises. In this example, the chosen action, i.e., to stop the 
habit and start doing exercise, does not happen immediately. The decision is made 
when the perceived costs (the feeling of being uncomfortable) are immense. On the 
other hand, if the perceived costs are not decisive, the individual may keep doing the 
same action until the perceived costs exceed the benefits. Moreover, the amount of 
effort of his action depends on the level of motivation and the difficulty of the task: As 
long as the action is perceived as beneficial and viable, the more difficult the action is, 
the more effort individuals will exert (Gendolla, Wright, & Richter, 2012; Wright et al., 
2019). 

We expect that the decision to take a particular action depends on the 
intention to gain benefits or avoid losses seen from the recent context. More 
specifically, a shift in the course of action is influenced by highly perceived benefits 
(e.g., the action offers a high amount of money) or highly perceived costs (e.g., a threat 
to human lives) the moment individuals make a decision. In the long run, individuals 
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will more likely prioritize an action that maximizes perceived long-term benefits. 
However, since it is challenging to see projected long-term benefits, the current 
decision is mainly influenced by the recent context/situation. 

In the context of mental fatigue at work, it is common that workers do not 
easily see the future benefits of performing a particular task. In order to maintain 
productivity, we encourage companies to help their workers understand their tasks, to 
know the vision and values of their companies, and to acknowledge their roles as a part 
of the companies. Therefore, they can prioritize their action, e.g., performing a daily 
task in the workplace, in a motivated condition regularly. Companies can also increase 
their motivation by offering extrinsic rewards such as job promotions, bonuses, and 
introduce competition among their workers. In addition, workers who enjoy doing 
their tasks in the workplace will be more willing to perform well, resulting in high and 
sustainable productivity. 
 
 
5.5. Limitation and future research 

 
In the thesis, we have shown that motivation, both extrinsic and intrinsic, 

is an essential factor in mental fatigue. We also have built three different cognitive 
models and shown that our models are able to mirror human performance well with 
large similarities between the models and the experimental data. However, one 
limitation of the thesis is that most results are based on laboratory environments. 
Therefore, future research should address real-life tasks (e.g., air traffic control, 
prolonged surgical procedures, prolonged video games). It is also beneficial to test the 
predictions of our models in new experiments, for example, to see whether our models’ 
predictions also hold in studies with no rewards.  

Nevertheless, we have provided significant empirical evidence and 
cognitive models that support one of the major theories in the research field of mental 
fatigue, i.e., the motivation account. Even though mental fatigue is a common 
phenomenon that affects productivity at work, high motivation is the way to 
counteract its effects. 
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Summary 

 
Mental fatigue is a common phenomenon in the workplace. It is a 

condition that occurs after performing a demanding cognitive task for a long time. In 
most cases, when individuals are mentally fatigued, performance levels decline. For 
example, accuracy decreases, error rates increase, response times become slower, and 
people become less engaged with the main task. This thesis investigated why this 
happens. 

One of the major theories of mental fatigue, the so-called motivational 
theory of mental fatigue, suggests that mental fatigue is caused by amotivation, which 
is a condition where individuals are no longer willing to invest more effort to do a 
particular task, so when individuals perform a task for a long time, they lose the 
motivation to continue with that task. This also implies that when an individual is still 
motivated to do the task, the individual will stay engaged with the task and maintain 
performance. 

In general, there are two types of motivation: extrinsic and intrinsic. 
Extrinsic motivation is a type of motivation to attain rewards and to avoid 
punishments. In contrast, intrinsic motivation is a type of motivation to do an activity 
because of the inherent enjoyment of the activity. To investigate the effects of extrinsic 
and intrinsic motivation on mental fatigue, we performed two different experiments. 

In the first experiment (Chapter 2), we investigated the effect of extrinsic 
motivation on mental fatigue, and asked participants to continuously perform a 
demanding working memory task for 2.5 hours and alternated two different 
conditions: reward and nonreward. In the reward conditions, participants were 
offered monetary rewards for good performance. We played a distracting video 
continuously in both conditions to measure task disengagement. To have thorough 
analyses, we used three types of measures: subjective, performance, and physiological 
measures. We hypothesized that if extrinsic motivation were an essential factor in 
mental fatigue, participants over time would be able to maintain their performance 
and attention to the task in the reward conditions.  

The results of the first experiment showed that extrinsic motivation 
represented by monetary rewards in reward conditions did affect task performance. 
Participants reported becoming fatigued over time and when monetary rewards were 
absent in nonreward conditions, performance indeed decreased, because participants 
invested less mental effort physiologically and were less engaged with the task. In 
contrast, they were able to maintain performance in reward conditions. Moreover, the 
physiological measure suggested that participants invested more mental effort to stay 
engaged with the task, maintaining performance. 

In the second experiment (Chapter 3), we investigated the effects of 
intrinsic motivation on mental fatigue. We asked participants, who liked playing 
Sudoku puzzles, to play the puzzles for three hours in two alternating conditions: low-
level motivation (LL) and high-level motivation (HL) conditions. In LL conditions, the 
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puzzles were designed to be less enjoyable by presenting new puzzles before the old 
puzzle was solved, whereas in HL conditions, participants were allowed to finish the 
puzzles normally. As with the first study, we played a distracting video continuously in 
both conditions and used three types of measures: subjective, performance, and 
physiological measures. We hypothesized that if intrinsic motivation were an essential 
component in mental fatigue, participants would be able to maintain performance and 
attention to the task in HL conditions over time.  

The results of the second experiment showed similar effects as the first 
study. Although participants reported becoming fatigued over time, they were able to 
maintain performance levels by investing more mental effort in HL conditions. On the 
other hand, participants invested less mental effort and were more susceptible to 
distractions in the LL conditions.  

These two studies suggest that motivation, both extrinsic and intrinsic 
motivation, is indeed an essential factor in mental fatigue. Participants exerted more 
mental effort when motivated to maintain task performance but exerted less mental 
effort when demotivated, causing performance to decrease. 

Even though it is evident that motivation is an important factor in mental 
fatigue, the underlying mechanism by which motivation affects performance while 
fatigued was still unclear. Therefore, we tried to make a cognitive model of the 
processes underlying the mental fatigue effects in Chapter 4. As a mechanism to 
explain the effects of motivation on mental fatigue, we proposed goal competition. The 
assumption of goal competition is that there is a competition between the main task 
goal and others, possibly future goals that can be triggered by perception or by 
memory. If motivation for the main task decreases, other goals can win this 
competition, which leads to a drop in motivation and later affects task performance. 
To test the mechanism, we tried to simulate the results of three different mental fatigue 
studies (our own and two other experiments that manipulated motivation). In all 
models, we quantified motivation as the level of goal activation. We manipulated the 
goal activation of the task in each model so that it decreased linearly over time in low 
motivation conditions, while the activation value of the task goal remained constant in 
high motivation conditions.  

The models produced the results that we had predicted: task performance 
of the models remained constant in high motivation conditions and decreased in low 
motivation conditions. The results were highly similar to the experimental data.  

In summary, our findings support the motivational theory of mental 
fatigue. The way that motivation affects task performance even when individuals are 
mentally fatigued is from their willingness to keep exerting mental effort, and because 
they cannot find better alternative actions. Therefore, instead of exerting unnecessary 
effort, individuals will choose the least demanding action, for example, maintaining 
focus but lowering performance, having a rest break, or doing nothing. To retain 
performance levels and avoid being distracted by unrelated task stimuli, individuals 
need to maintain their levels of focus on and attention to the main task. Nevertheless, 
even though mental fatigue is a common phenomenon that affects productivity at 
work, high motivation is the way to counteract its effects. 
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Mentale vermoeidheid is een veelvoorkomend fenomeen op de werkplek. 

Het doet zich voor na het uitvoeren van een mentaal belastende taak voor een lange 
tijd. In de meeste gevallen waarin individuen mentale vermoeidheid ervaren gaat het 
prestatieniveau omlaag. Dit betekent dat de nauwkeurigheid afneemt, het aantal 
fouten toeneemt, reactietijden langzamer worden en individuen minder gefocust zijn 
op de hoofdtaak.  

Een van de belangrijkste theorieën over mentale vermoeidheid, de 
motivatietheorie van mentale vermoeidheid, stelt dat het veroorzaakt wordt door een 
gebrek aan motivatie wat ertoe leidt dat individuen niet meer bereid zijn om meer 
inspanning in een bepaalde taak te investeren. Het gevolg is dat zolang een individu 
wel gemotiveerd is hij/zij gefocust blijft op de taak en een hoog prestatieniveau kan 
handhaven. 

Er zijn twee typen motivatie: extrinsieke en intrinsieke motivatie. 
Extrinsieke motivatie is een type van motivatie om beloning te verkrijgen en 
ongewenste uitkomsten te vermijden. Hier tegenover staat intrinsieke motivatie wat 
een type van motivatie is om een activiteit te doen omdat de activiteit zelf inherent 
prettig is om te doen. We hebben twee experimenten uitgevoerd met het doel om de 
effecten van extrinsieke en intrinsieke motivatie op mentale vermoeidheid te 
onderzoeken. 

In het eerste experiment hebben de proefpersonen 2.5 uur lang een lastige 
en continu doorlopende werkgeheugen taak gedaan met twee afwisselende condities: 
beloning en geen beloning. Proefpersonen ontvingen een financiële beloning voor 
goede prestaties in de beloning conditie. Hiernaast werd er een video afgespeeld 
terwijl de proefpersoon het experiment uitvoerde met het doel om focus op de taak te 
meten. We gebruikten drie verschillende typen metingen om een zo compleet mogelijk 
beeld te krijgen: subjectief, prestatie en fysiologische metingen. Als extrinsieke 
motivatie een belangrijke factor is in mentale vermoeidheid dan voorspelden we dat 
proefpersonen goed zouden blijven presteren tijdens het hele experiment. 

De resultaten van het eerste experiment lieten zien dat extrinsieke 
motivatie in de vorm van financiële beloningen een invloed had op de prestaties. De 
proefpersonen raakten vermoeid in de loop van het experiment, maar waren in staat 
om goed te blijven presteren in de beloning conditie. De fysiologische metingen 
suggereerden dat de proefpersonen in staat waren om de goede prestaties te 
handhaven door meer inspanning te leveren. De conditie waarin proefpersonen geen 
beloning ontvingen liet een ander beeld zien. De proefpersonen investeerden minder 
moeite en waren minder gefocust op de taak in deze conditie, wat leidde tot minder 
goede prestaties. 

In het tweede experiment onderzochten we het effect van intrinsieke 
motivatie op mentale vermoeidheid. We lieten proefpersonen die graag Sudoku 
puzzels maken drie uur lang deze puzzels maken in twee afwisselende condities: lage 
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motivatie (LM) en hoge motivatie (HM). De puzzels waren ontworpen om minder 
plezierig te zijn in de LM-conditie terwijl de puzzels in de HM-conditie normale 
Sudoku puzzels waren. Net als in het eerste experiment speelden we een afleidende 
video en gebruiken we dezelfde drie soorten metingen: subjectief, prestatie en 
fysiologische metingen. De hypothese was ook vergelijkbaar met het eerste 
experiment, namelijk dat proefpersonen beter in staat zouden zijn om hun prestaties 
op peil te houden in de HM-conditie. 

De resultaten van het tweede experiment waren vergelijkbaar met die van 
het eerste experiment. Proefpersonen rapporteerden dat ze vermoeid raakten tijdens 
het verloop van het experiment, maar ze waren in staat om goed te blijven presteren 
door de vermoeidheid te compenseren door meer inspanning te leveren tijdens de HL-
conditie. Aan de andere kant, proefpersonen leverden minder inspanning en waren 
meer vatbaar voor afleiding in de LL-conditie. 

Deze twee experimenten suggereren dat motivatie, intrinsieke en 
extrinsieke, een belangrijke rol spelen bij mentale vermoeidheid. Proefpersonen deden 
beter hun best als ze gemotiveerd waren dan wanneer ze niet gemotiveerd waren en 
waren hierdoor in staat om goed te blijven presteren. 

Het is nu duidelijk dat motivatie belangrijk is bij mentale vermoeidheid, 
maar het is nog niet duidelijk welk mechanisme verantwoordelijk is voor deze invloed. 
Doel-competitie, een competitie tussen toekomstige doelen, is volgens ons dit 
mechanisme. Om deze voorspelling te testen hebben we drie cognitieve modellen 
gemaakt van drie verschillende mentale vermoeidheid experimenten. Alle drie 
experimenten verkenden de invloed van beloning en motivatie op mentale 
vermoeidheid. We kwantificeerden motivatie als doel-activatie in alle modellen. We 
pasten deze doel-activatie aan zodat dit constant bleef in hoge motivatie condities en 
lineair over tijd afnam in lage motivatie condities. 

We voorspelden dat de prestatie van de modellen goed zouden blijven in 
de hoge motivatie condities en af zou nemen in de lage motivatie condities, 
vergelijkbaar met de experimentele data. De prestaties van onze modellen waren 
vergelijkbaar met de experimentele data en we zijn dus in staat om de prestatie 
verschillen in de drie experimenten te verklaren aan de hand van ons model. 

Ter samenvatting, onze bevindingen ondersteunen de motivatietheorie 
van mentale vermoeidheid. De manier waarop motivatie prestatie beïnvloed als 
individuen mentaal vermoeid zijn is door de bereidheid om meer inspanning te 
leveren. Ondanks dat mentale vermoeidheid veel voorkomt en productiviteit 
beïnvloedt is motivatie de beste manier om dit tegen te gaan. 
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