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Abstract

Perfecting modern design of technical objects highlights the long-known truth that the human is the most unreliable link in the 
human-technical object system. However, this is a superficial finding not taking into account the root cause of human error –
non-ergonomic working conditions. The desire to improve this situation by increasingly including ergonomic requirements, such 
as in the design of equipment interfaces, brings significant results. Suitable reduction of fatigue of varying nature, in many cases 
leads to a reduction in the number of errors among equipment operators. The system model assumes the possibility of a 
verification of psychomotor status in the workplace directly on the job, not relying on the test results to resume work and only 
allowing the diagnosis of an undesirable condition. The model is based on, among others, Fitts’ Law. The testing software is a 
form of web application. Each user has an account on which the results are collected and form the basis for drawing conclusions 
about the state of fatigue. It is necessary therefore to assume that for dedicated positions there is no risk of distraction by the need 
for an additional device. Time spent on the task cannot be reduced by the tasks resulting from work. The paradigmatic example 
of the application of this method can be demonstrated in a study of urban transport vehicles before leaving the initial stop. A 
study of psychomotor skills can be used as an alternative to the fairly common in some countries testing of alcohol content in
exhaled air. There are also breathalyzers integrated in such a way with control of the vehicle, that it is only after the verification 
of sobriety that one can start the vehicle. There are also no reasons that this check cannot warrant a short psychomotor test.

© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of AHFE Conference.

Keywords: Fatigue; Human error; Ergonomic design; Human reliability

* Corresponding author. Tel.: +48605 883 000.
E-mail address: marcin.butlewski@put.poznan.pl

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of AHFE Conference

http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2015.07.603&domain=pdf


4861 Marcin Butlewski and Krzysztof Hankiewicz  /  Procedia Manufacturing   3  ( 2015 )  4860 – 4867 

1. Introduction

In the modern world the reliability of systems of production, logistics, communications and many others has an 
ever-increasing importance. The reliability of many of these systems depends on the human factor [1], because it is 
connected to operating work which ensures performance of complex mechatronic systems. Such a situation occurs 
in the case of a vehicle, a CNC machine or air traffic control. In today's world more and more emphasis is put on the 
reliability and safety of work systems [2]. Safety of the managed system depends in varying degrees on the attention 
of the operator, however each time it’s decreased it brings about a significant risk to the functioning of the system. 
Despite the unreliability, the human – operator is treated as an overriding member, performing functions of 
supervision, who should be the last to no longer function effectively. It is therefore apparent that the most unreliable 
part of the safety system in the case of operator systems becomes its final hope for ensuring stability of function [3]. 
This situation leads to increased interest in systems designed to prevent the formation of human error or its 
consequences. In many cases, human fallibility is due to a rise in physical and mental fatigue, therefore it is crucial 
to monitor signs of fatigue and to quickly identify if specified limits have been exceeded, which may threaten the 
safety of the system. Moreover, the demand for systems to combat fatigue and its consequences results from the 
increasing demand for ergonomic quality of working conditions [4] and quality of life outside of work [5]. An 
increasing emphasis on ensuring the wellbeing of workers will result in that the desired effect of ergonomic 
measures will no longer be to limit the negative effects of work, but to optimize work loads and develop skills 
through work. Work should not be a burden but should give the capacity to grow. Fatigue is intimately linked to the 
emergence of problems regarding psychomotor abilities, which in situations favorable to accidents can lead to multi-
million dollar property damage and much more costly human losses. Growing fatigue may initially be 
asymptomatic. In the case of excessive local load on locomotor organs, compensation may occur by e.g., decreasing
load on a segment of the body by increasing the work of the entire trunk or any other segment of movement. 
Increasing mental fatigue is associated with slowing down and increasing indifference to external stimuli. It is 
important therefore to appropriately recognize the increasing state of fatigue before it becomes dangerous for the 
operator and the work performed. Fatigue is linked not only to content of the work, because most of it will be due to 
the physical work environment, thus factors such as work microclimate, noise and vibration, perception-limiting 
factors (dust, oil mist) and characteristics of the external environment.

Monitoring fatigue allows a rapid recognition of adverse conditions resulting from a number of variables. The 
starting point in formulating a model of fatigue is knowledge about measurement results of the effectiveness of 
targeted tasks, e.g., endurance of activities in states of full efficiency and in the states of its lack, reaction time for 
feedback, traditional ergonomic factors such as maintaining upright posture without excessive fatigue, value of 
proper angle of field of vision for the designed work process, dependence of fatigue on the longevity of using the 
technical object and so on.

In a significant number of situations operators’ mistakes threaten the safety of others. Therefore, the next step is 
usually to continuously improve the skills of operators and additional training in the event of a change in the 
operated device or vehicle. Another important aspect is health, and periodic checkups are often subject to special 
industry regulations – e.g., in aviation. However, periodic checking of health status does not guarantee best 
performance every day and at every moment. An employee’s psychomotor performance depends on many factors. 
In addition to health and fitness it’s also dependent on current mood and fatigue.

Existing solutions functioning in this regard include ones for stationary monitoring stations, where abnormal 
states of both the operator and technical facilities can be identified relatively easily. A problem occurs when work is 
not related exclusively with strictly defined operating conditions, and within the system operating work is not 
performed in a standardized work environment (e.g. underground). The aim of this article is to provide a system that 
allows to safely perform tasks as an operator in the anthropotechnical system, and which will be based on 
psychomotor performance monitoring. 
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2. Literature research

2.1. Fatigue, psychomotor performance, and accidents

Psychomotor performance refers to the coordination between mental operations and physical responses and 
generally it is measured as reaction time and motor skills. Fatigue is associated with psychomotor performance. In 
the case of drivers, fatigue causes a state of reduced mental alertness that impairs cognitive and psychomotor 
performance during driving [6]. Fatigue is one of the main factors causing accidents in many countries [7]. It is 
estimated that about 20% of road accidents are a result of driver fatigue [8]. This number may be higher, when 
considering accidents for which the cause is multifactorial, and fatigue is only one of several direct causes of the 
emergency situation.

Fatigue is usually inferred from its effects: most directly, a decline in physical (or mental) task performance. 
Fatigue manifests itself as an increasing resistance to continuing with a task, as long as this resistance can be 
overcome, performance continues, but with subjectively greater effort. Fatigue can be divided into central, which is 
related to the nervous system and peripheral, originating in the muscles. Fatigue affects psychomotor performance 
not only due to its physiological impact, but also because it acts on decision-making abilities [9]. Fatigue is the 
subject of many studies in terms of its impact on the ability to operate vehicles and use machines, precisely for the 
possibility of reducing accidents caused by a decrease in psychomotor performance [10, 11, 12].

Fatigue acts on psychomotor skills, and their decline raises the number of accidents. The main factor responsible 
for accidents is reaction time [13], however, also important are motor coordination, precision of control movements, 
and detection of weak signals. These elements can be simultaneously predictors of fatigue, as well as causes of 
human error [14].

2.2. Measures of psychomotor performance

Many factors are regarded as measures of psychomotor performance. Factors which are analyzed primarily 
include mental reaction time, muscle tone, work done by the eye – including blinking (eye blink), time of eye 
closure (PERCLOS – percentage of eye closure), skin conductance, head nodding, and changes in electrical activity 
of the brain. Additionally, psychomotor performance is assessed by an evaluation of work compliance with the 
specified task. For example, for a vehicle this is maintaining position in the proper lane and adequate speed. It can 
also be a measure of steering wheel and machine movement. There are systems which generate a (visual or audio) 
signal to which the operator has to answer with an appropriate response in a given time. Measures of psychomotor 
performance may also take the form of tests, which allow to investigate a combined set of psychomotor 
performance, which may be the result of fatigue as well as substance abuse. Examples of such tests include [15]:

Pursuit Tracking – the subject, using a joystick, tries to keep a cursor on a moving target,
Unstable Tracking – the subject uses a joystick or a mouse to keep a horizontally moving cursor on a fixed target 
(during the test the cursor accelerates away from the target, requiring subjects to increase their control 
movements with increasing distance),
Simple Reaction Time – the subject presses a key as quickly as possible after a stimulus,
Complex Reaction Time – the subject presses a key or pushes a pedal as quickly as possible after various stimuli, 
Letter Cancellation – the subject crosses out or marks certain letters out of matrices of random letters which are 
presented, 
Serial Response – a row of five outlined squares is presented, corresponding to the keys 1 to 5 on the keyboard 
and the subject needs to chase a black square that appears at random in one of the outlined squares by pressing 
the appropriate key,
Focused Attention – three warning crosses are presented, which are replaced by a target letter – the subject 
responds to the target letter by pressing an appropriate key,
Display Monitoring – the subject watches the display of a scale and a moving pointer and at random intervals, the 
pointer tends to stay in one half of the scale – the subjects must report when this occurs,
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Vigilance – several auditory and visual vigilance tests are used, all requiring the subject to detect signals, or 
targets, in noise,
Color-Word Naming – based on Stroop test – example colors are presented, either in their own color or in 
different colors – the subject must name either the word or the color,

Other tests may employ cognitive paradigms such as Counting span [6] or Go-No Go Task [17].

3. Application of psychomotor performance monitoring systems in managing workplace accidents

The possibility of using psychomotor performance monitoring to reduce the number of accidents at work has 
been implemented in a number of systems serving to improve safety. Due to the variety of work, systems with a 
wide range of functionality are used. The development of technologies for recording and transmission of audio and 
video allows audiovisual monitoring and recognition of states, which previously had to be classified by people [18]. 
This gives a lot of opportunities to create anti-fatigue systems.

Psychomotor performance measuring systems can be divided into monitoring or access systems (in which 
authorization to continue work is dependent on scoring appropriately on a test). Monitoring systems may be based
on direct measurements of psychomotor performance or the resulting processes in relation to psychomotor 
performance. Access systems are used wherever direct monitoring of the specified parameter is difficult. Table 1 
contains a characterization of the employed systems.

Table 1. Systems using psychomotor performance for the prevention of accidents at work.

Manufacturer Name – Name Application Technology

AcuMine HaulCheck 
(AcuMine's Haul Truck Alignment 
Monitoring and Operator Warning 
System)

System warns an operator if a heavy mine truck deviates 
from a configurable safe operating corridor, and also 
alerts operators of other trucks to the potential hazard. 
System warns of an approaching intersection, dump 
point and load point.

Lane Deviation
Use scanning laser sensor

Advanced Safety Concepts PASS
(Proximity Array Sensing System)

Indicates fatigue onset using changes in head-movement 
patterns. Can be used in driver monitoring.

Head Nodding Detection
System records the x, y and z 
coordinates of the driver head.

ARRB Transport Research
(Australian Road Research Board)

Device measures operator alertness levels through the 
operator’s reaction to a visual and audible stimulus. It 
can work throughout the whole working shift. It is 
working in real-time and can alert others to the fact that 
the operator is becoming drowsy.

Mental Reaction Time 

AssistWare Technologies - SafeTrac

System tracks road features and generates a lane 
departure warning; and detects drowsy or distracted 
driving by sensing weaving or erratic lane keeping.
Can be used in heavy trucks, buses and passenger 
vehicles. 

Lane Deviation
System uses a forward-looking 
video camera to monitor the road 
ahead

Atlas Research Ltd - NOVAlert Monitoring systems and driver alertness maintenance

Muscle Tone Analysis
System uses wireless wrist 
detector and warns using a 
vibratory stimulus

Attention Technologies - Driver Fatigue 
Monitor

System used in the trucking industry. Provides audible 
alerts and visual displays of PERCLOS (Percentage of 
Eye Closure) results

Eye Blink Detection

Delphi Corporation - Driver State Monitor System used in the trucking industry Eye Blink Detection

International Mining Technologies -
Voice Commander System Fatigue prevention system for drivers of Haul Trucks

Mental Reaction Time
System uses a human voice 
instead of a buzzer

Iteris Inc - Lane Departure Warning 
Systems

System warns a driver when the vehicle begins to move 
out of its lane

Lane Deviation
System uses video, laser or 
infrared sensors

MCJ - EyeCheck
Screening tool for the detection of impairment, which 
can be caused by drugs, alcohol, fatigue or intoxicating 
compounds such as chemical gases

Fitness for Duty System
System uses electrical changes 
from the brain
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Manufacturer Name – Name Application Technology

Mobileye NV - Vision/Radar Sensor
Automatic braking system. System uses automatic 
braking power when it estimates a high risk for collision 
with a pedestrian or a vehicle

Lane Deviation
System uses vision and radar 
sensors

Neurocom – EDVTCS
(Engine Driver Vigilance Telemetric 
Control System)

System for continuous physiological state monitoring of 
an engine driver and for prevention of changing from 
alertness to the state of psycho-physiological relaxation 
or to a dozing stage of sleep. System can create 
commands for operating final-control devices in case of 
lack of restoration to active operational status, fainting, 
or death.

Skin Conductance
System based on the results of 
continuous measurements of 
electro dermal activity

Ospat Pty – OSPAT
(Occupational Safety Performance 
Assessment Technology)

System identifies decrements in individual performance 
without regard to cause and relays these results in real 
time to the individual concerned and to supervisors 
having an irrevocable duty of care for safety in the work 
place.
System aims to prevent injuries, save lives and reduce 
damage to expensive facilities and equipment by 
identifying decrements in personal performance that 
might impact safety, before exposure to workplace risks.

Fitness for Duty System
OSPAT systems involve non-
invasive, on-site, compensatory 
tracking performance 
assessments undertaken at the 
commencement of each shift
Systems operate under Windows 
in a TCP/IP networked 
environment

Pernix - ASTID

System monitors steering wheel and machine 
movement. When operators are awake and alert, they 
maintain consistent position within their lane. When 
they get drowsy, movements are more erratic and 
machines swerve and sway.

Steering/Machine Movement

Precision Control Design Inc -
SleepWatch

Device providing feedback to drivers on their need for 
sleep according Sleep Management Model algorithm.

Activity Monitor
Physiological/behavioral device

Muirhead/Remote Control Tech. - Fatigue 
Warning System

The Muirhead Fatigue Warning system has been 
developed with operator safety in mind. This system 
randomly checks the operator’s awareness using a visual 
warning.

Mental Reaction Time

Security Electronic Systems - Sleep 
Control Helmet System

Using head nod sensors the system warns operators 
against sleep. Head Nodding Detection

Seeing Machines - Facelab

System monitors operator fatigue and distraction events, 
enabling real-time intervention. It is used mostly in 
vehicles (trucks – e.g. mining trucks), ships, cars, 
railway and aviation).

Eye Feature Monitoring

Sleep Diagnostics - Optalert Personal safety device for transport workers to detect 
and prevent drowsy driving.

Eye Feature Monitoring
Infra-red light measures driver’s 
levels of alertness continuously 
and objectively in real time.

Smart Eye AB - Smart Eye
System for operators in automotive and transport, 
aerospace and defense, IT and electronics, and medical 
branches. 

Eye and Head Monitoring
Eye tracking systems use digital 
cameras to track the movement 
of the eyes and gaze direction in 
real time. System also provides 
non-intrusive head tracking.

SMI (SensoMotoric Instruments) - InSight
System measure head position and orientation, gaze 
direction, eyelid opening, and pupil position and 
diameter.

Eye and Head Monitoring

Welkin - Nap Zapper

System designed to raise driver awareness of 
momentary lapses caused by sleepiness. This device is 
worn behind the driver's ear. If the driver's head nods 
below a preset angle it emits an alarm sound, effectively 
zapping a nodding driver back to full concentration.

Head Nodding Detection

A common feature of the above-mentioned systems is their susceptibility to effects of the external environment. 
The vast majority of these require a static operator and are focused on fatigue caused by drowsiness and a lack of 
sufficient attention to the performed operations.
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Fig. 1. Logical scheme of fatigue impact and possibilities of accident prevention. 

4. Proposed fatigue management system for nonstandard situations

The proposed model of the system assumes the possibility of verification of psychomotor status in real-time at 
the work station not for relying on results of the test to allow continuing to work, but merely for the diagnosis of an 
undesirable state. The model is based on, among other things, Fitts’ Law. Testing software is programmed as a form 
of web application. Each user has an account where obtained results are collected and form the basis for drawing 
conclusions about the level of fatigue. It is necessary to assume that for dedicated stations there is no risk of 
distraction by the need for introducing an additional device. Time spent on the task cannot be limited by tasks 
related to work. Figure 1 presents a scheme of the functioning relationships between fatigue and psychomotor 
performance, and the defined by Wickens [19] operator functions: perception, decision and response, execution.

In the presented model, fatigue resulting from both requirements of the job and unspecific non-work related 
factors, such as quality of sleep, or individual predisposition, affects perception, decision and response, and 
execution. Barriers can protect against the disruption of these functions, and will depend on identifying problems in 
psychomotor performance. Figure 2 presents a visualization of the proposed system.

Fig. 2. Logical scheme of system’s operation.
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The premise of the proposed system (Figure 2) is the implementation of the study on psychomotor performance 
using a smartphone application. At time intervals designated by the system, random tasks are generated and their 
execution is evaluated by the Fatigue Psychomotor Management System. On this basis, the system will determine 
the frequency at which further tests should be generated, which will verify the degree of worker fatigue. Failure to 
execute the test or a negative outcome will result in the generation of a safety alert. Depending on the type of work 
performed, the alert can be sent to the employee or his coworkers, and in specific cases can create a lock which 
prevents the startup of other devices. The system’s operation will be possible at work stations where in the course of 
work there is a possibility of performing a side activity, such as a test on a mobile device (production workers, 
machine operators not operating continuously). By design, the aim of the system is not to interrupt work but only to 
monitor the psychophysical state during work activities. The Fatigue Psychomotor Management System monitoring 
a number of employees should have a learning function and on the basis of subsequent measurements for a given 
worker should recognize fatigue states – this will also provide an aggregation of knowledge [20], which can be used 
in the management of human resources. For this purpose, after completing a task of the test the worker will evaluate 
his level of fatigue. An additional function of the device is the ability to generate multiple tests, which due to their 
variability keep the interest of the employee. A final application of the collected assessments may be the creation of 
an index of ergonomic assessment of specified working conditions [21] according to fatigue levels for the specified 
type of work. This requires the accumulation of a large number of representative measurements.

5. Conclusions

Increasingly common technical measures allow for the monitoring of almost every area of our lives. In many 
cases, such monitoring systems can ensure the safety of their users and environment, as well as collect precious 
knowledge, which will serve as an expert knowledge base for the safety assessment of a situation involving fatigue. 
Systems supporting worker fatigue management measurably contribute to reducing the risk of human error and thus 
the threat to their health and property. The demand for such systems is also growing due to the rising problem of an 
aging population, which will result in that many positions currently manned by able-bodied people will in the future 
be operated by people with impaired psychomotor performance, who will feel the effects of fatigue much quicker.
All of this will result in that anti-fatigue systems will not only be an interesting gadget but will also become essential 
equipment at many work stations.

References

[1] o w 

[2] Mrugalska, B., Nazir, S., Tytyk, E. & Øvergård, K.I. 2015. Process safety control for occupational accident prevention. In: Arezes, P.M., 
Baptista, J.S., Barroso, M.P. et al. (eds.), pp. 365-369, Occupational Safety and Hygiene III. International Symposium on Occupational 
Safety and Hygiene (SHO), Guimaraes, 12-13 February 2015. London: Taylor and Francis Group

[3] ety and 
Hygiene II - Selected Extended and Revised Contributions from the International Symposium Occupational Safety and Hygiene, SHO 2014, 
pp. 621-626.

[4] Górny, A. (2012), Ergonomics in the formation of work condition quality. Work: A Journal of Prevention, Assessment and Rehabilitation, 41, 
s. 1708-1711

ISBN: 978-83-7775-177-0
[6] Williamson AF, Feyer A, Friswell R. The impact of work practices on fatigue in long distance truck drivers. Accid Anal Prev. 1996;28: 709–

719
[7] Williamson AF, Lombardi DA, Folkard S, et al. The link between fatigue and safety. Accid Anal Prev. 2011;43:498–515
[8] Brown, I. D. Driver fatigue, Human Factors, 36, (1994) 298 – 314.

-
—An Analysis of the Causes and Effects in 

Relation to the Time of the Road Accident, International Journal of Occupational Safety and Ergonomics, 16:1, 81-91
[11] Vivoli R., Sergio Rovesti , Pamela Bussetti , Margherita Bergomi Psychomotor Performance of Truck Drivers Before and After Day Shifts, 

Traffic Injury Prevention, Vol. 14, Iss. 8, 2013



4867 Marcin Butlewski and Krzysztof Hankiewicz  /  Procedia Manufacturing   3  ( 2015 )  4860 – 4867 

[12] Nealley M. A., Valerie J. Gawron The Effect of Fatigue on Air Traffic Controllers The International Journal of Aviation Psychology Vol. 
25, Iss. 1, 2015

[13] Banks S, Dinges DF. Behavioral and physiological consequences of sleep restriction. J Clin Sleep Med. 2007;3:519–528
[14] Butlewski M., Jasiulewicz-

Reliability: Methodology and Applications - Proceedings of the European Sa
- -Wojciechowska, pp. 1101-1106, CRC Press, London 2015, ISBN 978-

113802681-0
[15] Wetherell A. Cognitive and psychomotor performance tests and experiment design in multiple chemical sensitivity. Environ Health Perspect 

1997;105(Suppl 2):495–503
[16] Case, R., Kurland, M., & Goldberg, J. (1982). Operational efficiency and the growth of short-term memory. Journal of Experimental Child 

Psychology, 33, 386–404.
[17] Logan GD, Cowan WB (1984) On the ability to inhibit thought and action: a theory of an act of control. Psychol Rev 91:295–327
[18] ety and 

Reliability: Methodology and Applications - Proceedings of the European Safety and Reliability Conference, ESREL 2014 pp. 883-888, 
2015.

[19] Wickens, C. D. (1984). Processing resources in attention. In R. Parasuraman & R. Davies (Eds.), Varieties of attention (pp. 63–101), New 
York: Academic Press.

[20] Hankiewicz K., The role of ergonomics in the knowledge based enterprises, Advances in The Ergonomics in Manufacturing: Managing the 
Enterprise of the Future, Trzcielinski S., Karwowski W. (Eds.), Published by AHFE Conference 2014, s. 3-9

[21] Mazur A., Application of fuzzy index to qualitative and quantitative evaluation of the quality level of working conditions, in: HCI 
International 2013 - Posters’ Extended Abstracts, International Conference, HCI International 2013, Las Vegas, NV, USA, July 21-26, 2013, 
Proceedings, Part II, Springer-Verlag Berlin Heidelberg, 2013, pp 514-518, ISBN: 978-3-642-39475-1


