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ABSTRACT  

Engineered designed systems or products influence the intended humans 
through their interactions and interface with the systems. A system or product 
is an object whereas a human is a living complex system, and most of human 
characteristics, such as capabilities and limitations, are known. During the design 
process, from the conceptual phase to phasing out, maintainability engineers are 
involved in making the designed system/product easier for its maintaining. 
Maintainability is a process and it is one of the design parameters, which will 
affect maintenance that is required as a result of the design. 

Maintainability and maintenance are two innate factors in a 
system/product that influence the health of human users.  Much literature and 
many reports focus on human maintenance operators who, due to their working 
conditions, confront with many; risks, incidents, and accidents and the 
consequences of these situations result in many serious injuries, illnesses, and 
even fatalities. These unanticipated events result from a lack of synchronization 
between the design of the tasks required for maintenance performance, human 
capabilities, and limitations. The argument of this thesis is that an active 
integration of cognizant ergonomics expertise, in the maintainability design 
process, will result in viable system/product functionality, cost savings, the well-
being of involved humans, and organizational efficiencies.  

In study I, the simulation approach was used to identify the critical posture 
of the maintenance personnel, and to implement the defined postures with 
minimal loads on the personnel who used the equipment in a practical scenario. 
The simulation results were given to the designers to use to improve the 
workplace/equipment, in order to reduce maintenance time, which is a key 
parameter in maintainability. The study also described product design workflow, 
and the role of ergonomist participation in the design. 

In study II, two relevant tools, Hierarchical Task Analysis (HTA) and William 
Fine method, were applied in order to prevent serious accidents and make task 
performances safer for maintainers. The results presented a clearer 
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understanding of the differences between “work-as-done” and “work-as-
imagined”, for both manager and operators. 

Study III used an injuries survey, completed by maintenance operators, in 
a study of compression on their lower backs. This study reveals an absence of 
effective maintainability design during the product design stage. 

The general conclusion of these studies is that maintenance operators, due 
to the nature of their work, are exposed to more risks, and that ergonomics 
considerations, during the maintainability design, will lead to healthier working 
conditions. Different ergonomics tools were used and the results have shown 
how working conditions improved. These improvements were suboptimal 
concerning micro and macro-ergonomics aspects, due to the pre-existing 
working situations. 

Keywords: Ergonomics, maintainability, safety, risk analysis, low back 
compression, ALBA, 3 D Static Strength Prediction Program. 
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Introduction 

This thesis is about ergonomics or human factors contributions in the 
maintainability design process.  

Nowadays industrial products/systems are not as yesteryears, they are 
complex (have many interrelated components), complicated (include a high level 
of difficulties that may be hard to solve), have huge capacities, and require a 
group of diverse designers (electrical, mechanical, hydraulic, etc.) combining 
their expertise to create only one product.  

This situation has developed because today’s technologies are extremely 
expanded in capacity, and they are designed with the requirement of fast 
delivery and usage, both in production processing and in performance activity.  

These new situations lead to higher expectations for work performance, 
and may also project these expectations beyond the capabilities of the users. 

These new technologies (systems/products) have not only affected 
human’s socio-technical habitat, the nature of the work  (Hollnagel, 2014), and 
human wellness, but have also resulted in changes in our environment that are 
so radical we must now modify ourselves in order to exist in it (Wiener, 1989). It 
is crucial to understand the fundamental system, because it may drive outcomes 
that are misaligned with  our values (Senge, 2015). 

Any system/product is designed for utilization by humans. During utilization 
interface and interactions are affecting humans performance. There are current 
efforts to make system/product performance automated, in order to minimize 
human interface and interaction with their engineered design, but as 
(Bainbridge, 1983) stated, the designer who tries to eliminate the operator still 
leave the operator to complete do the tasks which the designer is unable to 
automate. 

The focus of most designers is to make their system automated. The 
problem is that a system has two characteristics: tractability (i.e. easy to manage 
or control) and intractability (i.e. not easy to have control over  or not easily 
directed, because of following the principle of efficiency-thoroughness trade-
offs (ETTO) in their design process) (Hollnagel, 2014). 
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A system includes several components, and a designer’s assumption is that 
a human being is one of them. The definition of the whole in a system may not 
be the sum of parts/components, but rather a combination of all. A combination 
is the sum of parts, and of part’s behavior/function with each other internally 
and externally (emergence)  in situations with expected or unexpected outcomes 
(emergence properties) (Hollnagel, 2014).  

With the existence of so many problems in new technologies that are partly 
assumed as being “human faults”, it seems designers have simplified their 
assumptions of human behavior as one of the components in their system. They 
have not fully comprehended human behavior or human responses to a system 
in which they are expected to perform. Designers become unintentionally 
trapped in a “black hole” concerning human capacities, limitations, and 
behaviors in their design; that is, they do not know what they do not know 
(Teymourian, Seneviratne, & Galar, 2017).  

As described in the book The Design of Everyday Things   machine rules 
require the end-user to be precise and accurate, but these rules are known only 
by the machine and its designers. In the event that the machine performs not as 
expected to, then it is considered the  fault of the operator fault who was not 
followed the machine’s rigid specifications (Norman, 2013).  

There still exist industries, that possess the newest and/or advanced 
equipment but that run almost in the same manner as Charlie Chaplin’s film 
“Modern Times”, produced in 1936. This situation again reveals that designers 
did not consider humans as one of their system/product components, and did 
not factor in human capabilities and limitations. 

The creation of a humanistic engineered system design requires 
collaboration between designers, maintainability engineers, and specialists in 
ergonomics/human factors. This design process demands an intersubjective 
verification of design elements, or a collective conscious mind existing between 
the collaborators, as they co-operate to share specialized expertise about their 
common subject(s). Otherwise, each member may think their domain is more 
important than that of other collaborators. In other words, human citizenship 
needs to form an intrinsic part of the whole system. This will lead to each 
specialist having the same understanding of the entire system’s functionalities. 
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The more that ergonomics are contemplated during the design process, the 
more likely it is that the resulting system will prove; reliability (human error will 
be eliminated) and availability (humans will have thorough knowledge of  the 
system’s functionalities). It has been shown that many accidents, incidents, 
injuries, and fatalities are a consequence of a lack of consideration for human 
factors in the system. These factors are in regard to  maintaining the system (in 
the maintainability design process), and planning for maintenance (maintenance 
operations).  

Therefore,  it seems that more studies are required, focusing specifically on  
existing systems/products in many areas of the ergonomics domain, in order to 
improve maintenance operators’ working situations, and thus prevent the 
accidents and injuries that these industrial workers are prone to, even though 
these improvements will be suboptimal (due to the preexistence of the older 
operating systems). 

A system is humanized if the designers have a thorough understanding 
(comprehension) that ergonomics/human factors issues are inevitable factors in 
the efficiencies of their design system/product, from concept to phasing out, and 
attention has been brought to this in the maintainability design process.  

This study was carried out on the physical workload that affects operators’ 
low back compressions. The performances of many manual tasks are undertaken 
with awkward postures that are inappropriate for the operators. This can result 
in risks for injuries, incidents, and/or fatal accidents in the workplace. Many 
researchers are involved with governmental health and safety organizations in 
various countries, with the research goal of humanizing both work and 
workplaces for employees. Many other organizations have the same goal, 
namely: National Institute for Occupational Safety and Health (NIOSH), Health 
and Safety Executive (HSE), International Labour Organization (ILO), and the 
European Agency for Safety and Health at Work. 
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Relevance of Research  
 

The current problem is that workplace situations are becoming harder and 
more difficult, not despite our cleverness and our analytic power, but because 
of them (Sterman, 2014). 

The relevance of this research corresponds to maintenance performance, 
which is one part of the maintainability design process. Maintenance 
performance, in many cases, has resulted in musculoskeletal injuries and also 
fatal injuries. These events are related to poor/lacking knowledge regarding 
human abilities and limitations, on the part of designers and engineers (Skepper, 
Straker, & Pollock, 2000).  

Designers mostly concentrate on the functionality of their engineered 
design. Also, maintainability engineers may not be sufficiently attentive to 
ergonomics or human factors principles. 

In order to have a safer system/product, the participation of ergonomists 
or human factors specialists is a key criteria in the design team. This will help 
designers and maintainability engineers to think how to integrate humans into 
their entire system/product utilization.   

 

Reasons for the Research 
 

One maintainability design process is considering and applying ergonomics 
or human factors in all stages, from conceptual design to the phasing out, of an 
engineered system or product design. Maintainability is the ease with which a 
system or product can be maintained. In order to keep engineered products 
functional or maintain them, maintenance actions are required.  

Maintenance operators' work may include daily manual tasks, in 
combination with unnatural postures which cause injuries and even death. 
Therefore, any improvement related to human factor aspects in the 
maintainability design process will lead to fewer risks, injuries, and accidents, 
thus reducing mean time to repair (MTTR), downtime, which leads to increasing 
system(s) or product(s) availability. 
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 Goal and Objectives of the Studies 

 
The goal of this research was to study the postures and physical workloads 

that affect maintenance operators' health and which should have been 
predicted during the maintainability design process. 

Based on this goal, the following specific objectives were chosen for the 
study. 

1. To analyze how ergonomics or human factors discipline can be integrated 
with maintainability during the design process. 

2. To identify issues and problems associated with maintenance operation 
and also possible solutions in the real worksite. 

3. To apply different ergonomics/human factors tools for evaluating real 
working situations. 

4. To show the cost benefits of ergonomics interventions during the 
maintainability design. 

 

Scope and Delimitation 
 

The scope of this thesis was limited in micro-ergonomics and was 
concerned with physical workloads, risks that can reduce safety, and task 
analysis in the maintainability design process. It did not investigate other aspects 
of both micro and macro ergonomics. Possible solutions were arrived at but they 
were sub-optimal due to the existent situations. 
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Related Literature Review 

Ergonomics and its Benefits 

Ergonomics or human factors is a multi-disciplinary science. It studies the 
distinction between human abilities, whether physical or mental, as well as the 
limitations at the time the human is involved in a system operation or is using 
manufactured products. The fundamental principle of ergonomics or human 
factors is to use tools and methods for investigating interfaces and interactions 
between humans and systems, in order to evaluate the compatibility of design, 
task, products, technologies, and system with human characteristics. 

IEA (International Ergonomics Association) defines ergonomics or human 
factors as “the scientific discipline concerned with the understanding of the 
interactions among humans and other elements of a system, and the profession 
that applies theoretical principles, data, and methods to design in order to 
optimize human well-being and overall system performance”. 

The application of this science ensures human capabilities and limitations 
are effectively considered in system design and development as (Witt, 2016) of  
NASA described in the process of Human Systems Integration (HSI). In addition, 
this science will lead to the optimization of human performance as well as 
enhance health and safety in the environment where humans are engaged. 

In a simpler definition, ergonomics means fitting the task to the man, not 
vice versa (Christopher, 1984). That is, end-users do not need to adapt 
themselves to the designed system/product utilities.  

Industrial managers may think that human factors considerations add 
additional costs from the core business point of view, and that investing in it 
competes with production costs. They may believe that as long as everything 
works as expected, and no serious unexpected events (accidents or incidents) 
occur, then there is no need to invest in that (Hollnagel, 2014). This indicates the 
that real meaning of ergonomics and its applications is not fully comprehended 
by many. Managers may consider ergonomics or human factors to be nothing 
more than “common sense” or that it should be a built-in design process (Hal. 
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W. Hendrick, 1996). This judgment reveals they trust in technology-centered 
design rather than human-oriented design. Having this perception of “common 
sense” implies a belief that they have accurate pre-judgment and consequence 
can be incorrect judgment and decision-making and, in the case of any 
discrepancies or decreases in their system performance, blame being attributed 
as humans’ fault or error. 

Furthermore, such managers may have to deal with eventual accidents, 
incidents, or poor efficiencies of their engineered product/system, and these 
situations are become less and less strange because, again attributed to human 
error or humans’ faults. 

Stelios Haji-Loannou, the founder of Easyjet, is quoted as saying:  “If you 
think safety is expensive, try an accident.”  

The application of ergonomics or human factors is nothing other than 
increasing employees' health and safety in the workplace, thus increasing system 
performance and system availabilities. Therefore, the challenges for 
ergonomists are how to speak to the managers in terms of business, and how to 
convince them to invest in ergonomics that will lead to cost savings, both 
immediately as well as during the life cycle of their product/systems. 

In contrast, there are managers who realize that there is a lack of human 
factors or ergonomics consideration in their designed system/product. They may 
search for ways to implement ergonomic improvements. However, there are 
certain types of problems and difficulties that will remain, and which are not 
totally solvable, due to the design. Handbook of Human Factors and Ergonomics 
Methods  (Stanton, Hedge, Brookhuis, Salas, & Hendrick, 2004) describes how, 
after equipment or software is designed, an ergonomist is asked to modify some 
of the human system interfaces, to reduce the likelihood of human error, 
improve comfort, or eliminate awkward postures inherently required by the 
process. In this scenario, the outcome of the ergonomist’s efforts will be 
suboptimal for the work system (Stanton et al., 2004). This is the result of a 
technology-centered approach during the design process, which leads to 
insufficient considerations of human factors aspects: the interface, interaction, 
limitation, and capability which in turn leads to deficiencies in maintainability 
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and also impacts the RAMS (Reliability, Availability, Maintainability, and Safety) 
parameters. 

Studies of the technology-centered approach has shown employees (end-
users) were not actively involved throughout the planning and implementation 
process (Hendrick (Stanton et al., 2004). 

On the other hand, effective implemntations of ergonomics/human factors 
earlier in the design process will result in significant cost savings (Stanton et al., 
2004). In this regard, in the study of the “Cost Justification Process” that is 
quoted by (Hal. W. Hendrick, 2003) states the ergonomics portion of the 
engineering budget can vary at different stages of developing a system/product 
(Alexander, 1999). These differences are shown in Table 1. 

 
Table 1: The cost of using ergonomists in design process (Alexander, 1999). 

Stage of 
development 

The portion of the engineering 
budget (%) 

Early design 1-2.5 
Blueprint 1-3.0 
Construction 2-6.5 
Commissioning 4-10.5 
Normal operations 5-12 + 

An example of 1% of the engineering design budget cost was the 
consideration of ergonomics aspects in the system development programs at 
MacDonald Douglas (Hal. W. Hendrick, 2003). 

Integrating ergonomists at an earlier stage of the design process may result 
in cost savings even in the engineering budget. In this regard, participation of 
ergonomists in a new petrochemical plant design resulted in a 1% saving in 
engineering working hours (Rensink & Van Uden, 1998). 

In the same project (new petrochemical plant design worth $400 million), 
by integrating ergonomics at the beginning of the project could save 3-6%  of the 
lifecycle cost (Rensink & Van Uden, 1998). 
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During the design of a system or product, it is required to estimate lifecycle 
costs. This refers to the long-term system operation and support, which is a 
hidden cost that constitutes a large percentage (up to 75%) of the total lifecycle 
cost; in some cases, these costs can rise as high as 10 to 100 times the original 
asset’s acquisition cost (Dhillon, 1999). 

On the other hand, lifecycle cost can be fixed or locked in by the end of the 
preliminary design phase from 60 to 70%,  (Blanchard, Verma, & Peterson, 1995) 
that is, maintenance and support for the system can be highly influenced by the 
decisions made in the early design process. 

As Table 1 shows, increases in budget costs happened when ergonomists 
were brought in later in the design process that requiring major changes or 
retrofits in their system, (Hal. W. Hendrick, 2003). 

Many ergonomics considerations will lead to improvements and result in 
increasing not only technical enhancements (productivity, availability) but also 
economic profits (through cost savings). Case studies of 250 companies show the 
intervention of ergonomics led to many improvements, including reducing 
discomfort, absenteeism, error rate, worker’s compensation, lost working days, 
injuries, work-related musculoskeletal disorders (WMSDs) that led to costs 
benefits and increased productivities (Goggins, Spielholz, & Nothstein, 2008). 
(Hal. W. Hendrick, 2003) gave several examples of cost benefits of ergonomics in 
product design, from a petrochemical project. The Air Force C-141 aircraft 
system development and software design, by incorporating ergonomics design 
improvements for this aircraft’s operation, reduced the lifecycle cost for over 35 
years. 

(Hal. W. Hendrick, 1996) discusses much evidence of the cost benefits of an 
ergonomics intervention in productivities. One of the companies mentioned is 
Forge Shop Manipulator. This company, through ergonomic design, improved 
their productivity and gained the following results: reducing whole-body 
vibration, reducing the noise level by 18 dB, sick leave dropping from 8% to 2%, 
and maintenance costs lowered by 80%. 

(Hal. W. Hendrick, 1996) describes the benefits of considering ergonomics 
/human factors and how this science can increase the quality of people’s working 
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life,  and how this science has been shown to possess enormous potential for 
improving the safety, health, and comfort of people, thus leading  to increased 
productivity for both humans and the system. 

The economic benefit of integrating ergonomics in the design process falls 
into three aspects: 

1. employees, 
2. materials and equipment, 
3. increased sales. 

These cost saving benefits can be instantaneous and/or in the long term 
over the system/product’s entire lifecycle time. Ergonomics intervention 
benefits are like reducing; scrap, equipment, production parts and materials, 
maintenance tools, and material and equipment damage (Hal. W. Hendrick, 
2003). Table 2 is a summary of the personal benefits of ergonomic intervention 
with relevant examples (Hal. W. Hendrick, 2003). 
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Table 2: Summary of employee-related benefits (Hendrick) 

Personnel-related benefits Cost benefits 

Increased output per worker Design in: workplace, hardware, software, and 
work system (macroergonomics).* 

Reduced errors Increased productivity, fewer accidents, reduction 
in equipment damage, personnel injuries, and 
related costs. 

Reduced accidents, injuries, and 
illness 

Savings in workers’ compensation insurance; 
savings in production, maintenance, and 
administration units. 

Reduced training time Work system design has function and process that 
is easier to perform, less turnover, reduced lost 
time because of accidents and injuries, less 
absenteeism, fewer workers to perform a given 
function, and ergonomically designed training 
program. 

Reduced skill requirements Improved work system process and related tasks 
leads to reducing skill levels, reducing training, and 
savings in salary. 

Reduced maintenance time Ergonomic improvements to jobs, workplace, 
equipment, or work systems often lead to reducing 
maintenance performances, fewer maintenance 
operators, saving salary payments, and 
consequently reduced maintenance costs. 

Reduced absenteeism Reduction of personnel replacement, saving in 
salary, and increasing productivity. 

Reduced turnover Improved employees’ quality of working life, 
reduced employee turnover cost, 

*Macroergonomics is defined as a top-down sociotechnical systems 
approach to the design of organizational and work system structures and related 
jobs, and human-machine, human-environment, and user-system interfaces, 
(Hal W. Hendrick, 1995). 
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Maintainability 

(SVENSK STANDARD SS-EN 13306:2017) defines maintainability as the 
ability of an item, under given conditions of use, to be retained in, or restored 
to, a state in which it can perform a required function when maintenance is 
performed under given conditions and using stated procedures and resources. 

(Dhillon, 1999) states that maintainability refers to the measures taken 
during the development, design, and installation of a manufactured product that 
reduce required maintenance, man-hours, tools, logistic cost, skill levels, and 
facilities, and ensure that the product meets the requirements for its intended 
use. 

(Blanchard et al., 1995) define maintainability as it pertains to ease, 
accuracy, safety, and economy in the performance of maintenance actions. 

U.S. Dept. of Defense handbook (Maintainability engineering theory and 
practice, 1976), defines maintainability as “the relative ease and economy of 
time and resources with which an item can be retained in, or restored to, a 
specified condition when maintenance is performed by personnel having 
specified skill levels, using prescribed procedures and resources, at each 
prescribed level of maintenance and repair. In this context, it is a function of 
design”. This handbook describes maintainability as a design characteristic and 
design parameter. In terms of design characteristics, this handbook  
(Maintainability engineering theory and practice, 1976) describes 
maintainability as being concerned with the relative ease and cost of preventing 
failures or correcting failures through maintenance actions, and in terms of 
design parameters, maintainability determines the minimum downtime 
achieved by highly-trained people and a responsive supply system. 

Maintainability effectiveness can be influenced by people who perform 
maintenance. In this regard, maintainability relates more to the action of 
operating and maintenance staff, due to the interactions between people and 
machines, and maintainability depends more on human factors rather than 
reliability. Therefore careful consideration must be given to human factors in 
maintainability during the design of manned systems and equipment, and doing 
so can even improve dependability (Dhillon, 1999). 
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(Dependability defines by (SVENSK STANDARD SS-EN 13306:2017) as the 
ability to perform as and when required and it includes availability, safety, 
security, durability, economics, and their influencing factors (reliability, 
maintainability, maintenance support performance, conditions of use and 
operator’s influence). And  (Dhillon, 1999) defines dependability  as the 
probability that a system or product will accomplish its assigned mission if it was 
available for operation at the beginning of the mission). 

In order for the system to be easy to maintain, human factor analysis is the 
most basic requirement in the maintainability design process (U.S. Dept. of 
Defense handbook (Maintainability engineering theory and practice, 1976)). 

All these studies confirm the importance of human factor considerations in 
maintainability management. 

The Benefits of Merging Ergonomics into Maintainability 

Designers mostly concentrate on the technical functionalities of their 
system(s) or product(s) (Teymourian et al., 2017), and this is in line with what 
(Broberg, 2007) stated: that engineers are not aware of their influence on other 
peoples’ work environment. Therefore, the application of different ergonomics 
or human factors aspects is needed (like pieces of a puzzle) during the design 
process, in order for the system/product to perform and maintain to the 
intended expectations effectively and efficiently. 

The maintainability of a product will depend to a large degree on decisions 
made by an ergonomist or human factors engineer, who determines the tasks 
required to make full use of the product (Dhillon, 1999).  He also states that 
safety evaluation, assessing concerning risks and hazards, is necessary for the 
design of new products. 

Even designers agree with the necessity of ergonomics considerations in 
their design, but have a slightly negative attitude toward fully implementing 
ergonomics aspects for it would increase their workload as described by 
Sunwook et al. (Sunwook, Seol, Ikuma, & Nussbaum, 2008).  

One of the major challenges in aviation is the maintainability of aircraft. This 
challenge  mainly is, integrating human factors in order to secure safety, health, 
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and efficiency; therefore, there is a need to integrate the field of ergonomics in 
the design for maintainability process (Bernard, Bazzaro, Sagot, & Paquin, 2017). 
In their study, ergonomists analyzed operators’ activities and they stated, in 
maintainability where the operator is in the center of design human factor is an 
essential issue in order to study; occupational health, physical activities, and the 
environment where operators work. 

Designing maintainability is a process that has six phases (Blanchard et al., 
1995): 

1. conceptual design, 
2. preliminary system design, 
3. detail design and development phase, 
4. production and/or construction phase, 
5. system utilization and life cycle support, and 
6. system retirement and phase out. 

 

1. Conceptual Design 

 In the conceptual design phase, the classical problems among designers are 
based on focusing or targeting performance, and they do not adequately think 
about maintainability issues (Witt, 2016). This means they may not consider the 
human factors aspects in their design process. 

The first stage in conceptual design (Figure 1 copied from NASA) is a 
feasibility study. A feasibility study consists of a thorough analysis of the different 
project components, including assessing its risks, identifying its key components, 
and measuring its impacts in order to reach a “go,” “no go,” or “put on hold” 
decision (Mesly, 2017); that is, whether the proposed project is practical or not. 

A feasibility study from an ergonomics point of view focuses on the 
prediction of the possibility that humans may be exposed to harm when the 
product/system is in function. In the handbook of the U.S. Dept. of Defense 
(Maintainability engineering theory and practice, 1976) describes how, through 
using  a feasibility study, it can be determined whether or not the maintenance 
staff can perform maintenance activity that requires a certain level of human 
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strength (the ability of a maintenance person to carry, hold, lift, push, pull, and 
twist). 

By contributing ergonomists at this stage, the crux (the core or basis) of the 
tasks can be identified and evaluated. This contribution can influence the 
decision for situations, go, no go, or put on hold, when it is related to human 
factors issues. 

In this regard, (Sagot, Gouin, & Gomes, 2003) state a feasibility study is the 
identification of needs, and highlights the problems related to the project in 
order to assess its success or failure. They suggest ergonomists need to 
concentrate on two areas: defining the target population of users, and doing an 
ergonomics diagnosis of similar products. 

Ergonomics analysis is needed for the effects of the interface, interaction, 
and functionalities of the system’s components if they are to be compatible with 
intended or targeted user capabilities, both physical and mental. 

At this stage (feasibility), ergonomists need to search for similar products 
(if in existence) in order to analyze in detail, and identify the distinctive 
characteristics of products’ impacts on the end-user. This will result in having 
more detailed and constructive pieces of information and data from the actual 
product, and of having gathered related knowledge (of safety, well-being/health, 
needed skills, environmental factors, activities,..) that can be applied for new 
design impact(s) on its future end-users. 

In the case of not finding a similar system/product(s), ergonomists can 
assist the project group by using different ergonomics tools (simulation, checklist 
etc.,…..) for identifying human factors issues that need to be considered in order 
to adapt the system/products’ functionalities to the end-users’ characteristics. 
This approach can help designers at this early design stage to rethink how their 
design should eliminate the negative impact(s) on human’s performance and 
their well-being. 

This approach is a human-centered design (HCD). Human-centered design 
is the process that ensures that designs match the needs and capabilities of the 
people for whom they are intended (Norman, 2013). Human-centered design 
requires the participation of different experts, namely designers, maintainability 
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engineers, ergonomists, and representatives of maintenance organizations in 
the design group. 

Participation is one of the ergonomics evaluation tools, and it is a principal 
methodology in the design and analysis of the work system (Brown, 2002). 

Participatory means the involvement of people in planning and controlling 
a significant amount of their work activities, with sufficient knowledge and 
power to influence both process and outcomes, in order to achieve desirable 
goals (Haines & Wilson, 1997). 

Planning for maintainability at this stage requires studying the maintenance 
performance for different components of system/product analysis, regarding 
operator’s strength, accessibility, visibility, environmental factors, component’s 
weight, size, estimating maintenance durations for components (if similar 
product analyzed), and other maintainability indices that are in the domain of 
maintainability engineers. 

 

 

Figure 1: Conceptual view, Shuttle-style hanger (NASA). 
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2. Preliminary System Design 

At stage 2 of preliminary system design, the design group needs to think 
about how to integrate humans into the system. 

The active participation of maintenance representative(s) and ergonomists, 
as advisors in the design group, is crucial at this stage. Their knowledge and 
experience are not only the most valuable for the system/product lifecycle 
quality,  but also in synchronizing the “work- as-imagine” and the “work-as-
done”. This stage is the inception of task-driven solutions, that include 
preliminary preparatory work procedures, allocation of function, preliminary 
identification of hazards, preliminary investigation of risks related to hazards, 
performing preliminary risks analysis, and choosing relevant tasks analysis 
method(s). All these processes should be simulated at this stage in order to 
foresee where problems may eventually exist, and how they may influence the 
intended operator’s performance. 

It is for thinking through whether any component that is designed in a 
misrepresentative form that causes the operator’s mistakes or confusion.  An 
example, Figure 2 NASA (Witt, 2016), shows how a design that looks like a 
handhold may be incorrectly used as a handhold by operators. These procedures 
lead to improved and optimized designs as well as helping to eliminate risks for 
the future end-user of the system/product. At this stage, all carried 
investigations should be documented. 

 

 

Figure 2: Looks like handhold (NASA). 
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3. Detail Design and Development 

At stage 3, ergonomics assessments and their validations are as close as 
possible to the real situation (Sagot et al., 2003)  cited from (Maline & Pretto, 
1994).  Once in possession of the results of studies carried out in the conceptual 
phase, and the documents obtained by simulating factors in phase 2, it is time 
for all participators to think in more detail about tasks, subtasks, and performing 
tasks analysis, providing assistive devices for heavy components, and simulation 
of time duration for maintenance operation for each task. It may be necessary 
to review function allocations , whether any components need a specific tool, 
what steps to follow in order to  repair an intended component, what kind of 
personal protective equipment is needed. Also, at this stage, planning for work 
organization and  skill level must take place, as well as preparing safety 
procedure with alarm signs,  designing a training program, and applying macro 
and micro- ergonomics principles in details. All risks analysis in phase 2 need to 
be reviewed at this stage in order to detect if any new hazards and risks have  
shown up. 

Preparing maintenance instructions for each part with a specific picture 
(preferably in three dimensions that, during preliminary and detailed design, has 
been made by designers, or as an exploded view). The maintenance manager 
needs to gather a group of different specialists for each part of the 
system/product (electric, hydraulic, software, hardware, mechanic etc.) and 
train them to such a  level that maintenance operators have a comprehension of 
how the system works, in order to know why and how failures will occur. 
Responsibilities, team members, tools, and safety procedures should be 
managed and refined in this phase. 

4. Production and/or Construction Phase 

It is necessary for representative(s) of the maintenance group to participate 
in the assembly phase, so as to have an understanding of how the system’s 
components are assembled, what kind of accessories are needed, and to give 
feedback to the designer group if any modifications or actions need to be 
improved. At this stage, all risk analyses need to be reviewed. Figure 3 shows the 
real production phase for the Space Shuttle. 
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Figure 3: NASA Shuttle production phase. 

5. System Utilization and Lifecycle Support 

In this phase for each type of maintenance operation, preventive, 
opportunity maintenance, and corrective maintenance need to be planned, 
reviewing maintenance instructions, safety procedures, and choosing relevant 
tools. 

For each type of maintenance, operators need to go through the earlier risk 
analysis and do a new risk analysis if any change has occurred with the system 
(updated or software changes, any changes in the electrical part(s), changes in 
the system functionality process…) before starting maintenance operation. Risk 
analysis must be considered as an alive process for each maintenance 
performance. Each maintenance duration needs to be documented for 
calculation of downtime, mean time to repair (MTTR), mean time between 
failures (MTBF), maintenance man-hours, maintenance costs, system 
availability, and other maintainability indices. In case of any changes, specific 
training related to change(s) needs to be carried out. 

 

6. System Retirement and Phase Out 

Investment in the utilization of industrial equipment is meant for a 
prolonged time. During the lifecycle time, many technical changes may possibly 
occur, consequently latent risks can exist. In addition to that, those staff that 
maintained the equipment for years may have been replaced by other staff when 
system/equipment needs to be disassembled for phasing out. During lifecycle 
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time if any changes occur, it is necessary for them to be updated in the detailed 
design, or be documented. That is, detailed designs can be assumed as alive 
documents. Outworn components may need an extraordinary performance 
during disassembly, therefore risk analysis needs to be executed very carefully. 
At this phase maintenance instructions with a detailed or exploded view of the 
components can be used as the main reference guide for disassembling the 
system/equipment. 

Safety 

In everyday working life, hazards and risks are two major factors that cause 
uncertainty, which in turn leads to fear of unexpected harm, among people. This 
uncertainty can lead to the state of having a lack of (self)confidence to perform 
tasks effectively and efficiently. (Hazard is anything that can cause harm, 
damage, or having negative health effects on people at their workplace, and risk 
is the probability that an individual will be injured because of a related hazard). 

People at work need to feel free from accidents, incidents, and risks, in 
other words, have a feeling of being safe. 

Safety means either freedom from hazards or protection against hazards, 
and it is one of the important factors in designing maintainability (Dhillon, 1999), 
and it is a system design characteristic (Blanchard et al., 1995). 

The word safety is used in many different contexts. Within industries, it is 
said, “safety is first”. Nevertheless, the question is: Do we know what safety 
means? If yes, can we assume  that others have the same understanding of safety 
as we have? Safety’s meaning and its perception will change gradually among 
people during the course of time. These changes are based on becoming more 
experienced through involvement in creating safer environments, or in their 
evaluations of to what extent/level their environment/system(s) is/are safe. 
That is, safety is dynamic and becomes more meaningful over the course of time. 

Merriam Webster defines safety as the condition of being safe from 
undergoing or causing hurt, injury, or loss (Merriam). Cambridge Dictionary 
defines safety as a state in which, or a place where, you are safe and not in 
danger or at risk. (Cambridge Dictionary). 
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In these contexts (condition and/or state), safety is an abstract noun 
(formed from the adjective safe). Abstract nouns refer to ideas, feelings, 
emotions, and qualities that cannot be physically seen or touched. These types 
of terms  (abstract noun) need to be described or to be defined. An abstract noun 
used to  describe/define a situation may become relatively unfitted to the 
correctness (something that is right or free from error) and/or no longer accurate 
(something that is precise) to convey the details of the situation and/or 
condition. 

Hollnagel described safety as a system’s property or quality that is 
necessary and sufficient to ensure that the number of events that could be 
harmful to workers, the public, or the environment is acceptably low (Hollnagel, 
2014). 

All these definitions depend on how different people interpret the meaning 
of safety based on the different contexts in which they are in. In every context, 
in order to have the same perception of safety among involved people, an 
“intersubjective verification” method was suggested by (Hollnagel, 2014). 

Intersubjective verification means if different individuals are discussing 
safety, they should have come to an agreement, having  the same 
comprehension about the specific safety that is of concern to them.  
Intersubjective verification means going beyond the lack of agreement to an 
explicit act of communication in order to establish that the term is not just 
recognized, but that it actually means the same for two or more people 
(Hollnagel, 2014). 

Safe situations or conditions are the result of the outcome of any kind of 
actions or performances that were expected. That is, things will go right, which 
means all actions and activities will meet with success. Being safe means the 
possibility that anything going wrong is acceptably low and no need for concern; 
this means safety implies  the lower the rate of incident, accident, and risk, the 
higher the safety is and vice versa (Hollnagel, 2014). 

Considerations of safety require developing a process whereby to think 
about the causes and the mechanism. Causes refers to what accidents are 
related to: components, elements, or parts that were involved. Mechanism 



25 
 

refers to the consequences of how the chain of events may lead to 
malfunctioning or failure (Hollnagel, 2014). 

In order to have a deeper understanding of safety (Hollnagel, 2014) 
presented two views of safety, namely, Safety I and Safety II. 

Safety  I  

Safety I defined as a condition where the number of adverse outcomes is 
as low as possible, or acceptable. In this view, outcomes fall into two categories: 
acceptable or unacceptable. Acceptable outcomes have  results based on 
predefined procedures, and it is called “normal functioning”. Unacceptable 
outcomes are the result of something that went wrong due to the failure(s) of 
the system’s components or humans (Hollnagel, 2014). When an accident 
happens, the central focus will be on what did go wrong, and the safety of the 
system will be questioned and scrutinized by authorities both from inside and 
outside of the workplace. The focus will be to identify the causes and try to 
eliminate them in order to be sure that these accidents will not happen again. 

In Safety I, improvements can be made  by applying  hindrances like 
fences, interlocks, alarms, light beams; also procedural rules.  Predefined 
procedures can make a system safer in order to prevent the system’s functions 
departing from a normal situation to the deviation of so-called abnormal 
conditions. In Safety I, risk management as a whole is a reactive process because 
it looks at the risks and analyzes them or investigates previous accidents. 

In Safety I, the effort is directed to avoiding things that go wrong, and to 
maintaining the state that reduces unexpected events and keeps the number of 
adverse outcomes at an acceptable level. That is, the focus is concentrated on 
failures or finding what and why things went wrong, which in turn requires an 
investigation of related cause(s). When causes are identified, the next step is 
how to eliminate them or to disable suspected cause-effect links, and every 
cause or event will be individually processed  in-depth in order to discover what 
happened (Hollnagel, 2014). 
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Safety I can also be assumed as proactive, involving risks assessment due 
to the identified hazards when predicting what can go wrong based on the 
identified risk. 

Investing in safety precautions is a cost in Safety I; even though it is said, 
“Safety is first”, it is unproductive because it introduces different forms of 
limitations or obediences into the system that should be followed, and even 
during a hard time (not good economical situation), the safety budget will be 
reduced. 

The presence of safety in Safety I is defined by its opposite or by the lack of 
safety (accidents, incidents, and risks). In order to increase safety, proxy 
measurement (number of unexpected events) is counted and action is taken to 
resolve or reduce them, then the degree of presence of safety will increase. In a 
perfect safety situation or condition, there are no adverse outcomes, thus there 
are no proxy measurements (Hollnagel, 2014). 

In order to understand Safety I, its characteristic is divided (deconstructed) 
into three layers (Hollnagel, 2014). See also Figure 4. 

1. Phenomenology 
2. Aetiology 
3. Ontology 

Deconstruction of Safety I 

1. Phenomenology is defined by the Cambridge Dictionary as the study of 

phenomena (things that exist and can be seen, felt, tasted, etc.) and how 

we experience them (Cambridge Dictionary). Phenomenology of Safety I 

refers to a characteristic of observable or manifestation of unsuccessful or 

adverse outcomes, such as  an accident, incident, or catastrophic situation 

that draw attention to a consideration of whether the situation/thing is 

safe or not safe. That is to say, safety refers to the events themselves, as 

Hollnagel used the term “safety phenotype” at this stage, which described 

the observable characteristics or features associated with safety. 
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2. Aetiology, as defined by the Cambridge Dictionary, is the study of the 

causes of a disease (in medical terms). Aetiology of Safety I refers to the 
study of things that go or can go wrong. It is about causation; focusing on 
what was the reason behind the occurrence of adverse  events (how 
failures can lead to unwanted consequences). It describes the mechanism 
that resulted in observable phenomena. Hollnagel used the term 
“genotype of safety”, which explains manifestations like root cause 
analysis. 

 
3. Ontology is defined by Oxford American Dictionary as “The study and 

understanding of what exists, or what there is, ontology addresses the 
question of the nature of reality (Oxford American Dictionary). Ontology 
of Safety I refers to the studies of what safety is, it includes the study of 
the inherent or innate characteristics of safety. It is not about how it 
manifested itself (phenomenology) or how these manifestations occurred 
(aetiology). It is the assumption of something that can fundamentally 
function or malfunction. Ontology is about the nature of failures in the 
system. The structure of the system consists of its components and how 
components are fitted together. 

In the ontology of Safety I, there are three assumptions for systems: 

1. decomposable 
2. bimodality 
3. predictability 

 
1. Decomposable refers to breaking down a system into smaller parts in 

order to perform different analyses (e.g., human-machine system, 
decision making, task analysis). 

 
2. Bimodality refers to the two situations or mods: whether the system 

components function as expected (correctly) or do not  functioning and, 
in case of malfunction, the consequence of the adverse outcome (cause 
and effect) can be a minor (trivial) or lead to major (significant) accidents. 
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3. Predictability refers to the assumption that the order or sequence of 
events (process, human activities, production) in the system is 
predetermined and fixed in order that the processes can result in the 
intended outcome. And this process is linear, that is, causes and effects 
for each function or component will be analyzed individually for both 
expected or adverse outcomes. In accident investigation, considerations 
are the influence of the environment or the context in the risk 
assessments and risk analysis process. 

 
Figure 4: The deconstruction of safety (Adapted from Hollnagel). 

Safety II 

Safety II is a condition where the number of successful outcomes (meaning 
everyday work) is as high as possible. Safety II can also be defined as the ability 
to succeed under expected and unexpected conditions alike, so that the number 
of intended and acceptable outcomes (in other words, everyday activities) is as 
high as possible (Hollnagel, 2014). 

Since the characteristics of new technologies become more complex, 
complicated, and advanced, they become a mix of mechanical, computer-
integrated, communication between human-machine, machine to machine, and 
flexibilities in their functionalities. Due to this complexity, more focus is needed 
to adjust performances in line with all variabilities in the system. Therefore, 
based on these variables, knowledge is  required to understand why something 
in the system can go wrong and to having foresight of the consequences. 
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That is, the perception in safety management needs to be changed. 
Traditional ways of thinking about safety (Safety I, everything works as expected 
for employees following prescribed work instructions and their related 
procedures) are not relevant anymore due to these modern 
complexities/variations. 

These variabilities influence the actual day-to-day operations at the sharp 
end (operators on the site). Day-to-day operation refers to the detailed planning 
of work, work norms, quality and quantity, maintenance of equipment, type of 
work products, etc. (Hollnagel, 2014). In this context, variability in performance 
is inevitable at all levels, of individuals and all organizational layers. These 
variabilities change the role of operators and consequently, human factors need 
to be considered as key issues. 

In Safety I, humans are a source of failure and risk, also humans hinder the 
full use of technological potential. But, in these new technologies, and from the 
Safety II perspective, the human is an essential asset who has a significant role 
in the system’s safety and system’s functionality (Hollnagel, 2014). 

Being an essential asset means that the opportunity for utilization of 
employee capabilities or abilities, that may be developed during real work, can 
lead to a safe and successful system. “People are creative, constructive, 
exploratory beings. We are particularly good at novelty, at creating new ways of 
doing things, and at seeing new opportunities” (Norman, 2013). 

The role of the human in the system is described as follow. 

1. People are able to recognize the actual demands and can adjust their 
performance accordingly. 

2. Systems are not flawless and people must learn to identify and overcome 
design flaws and functional glitches. 

3. When procedures must be applied, people can interpret and apply them 
to match the conditions. 

4. People can detect and correct when something goes wrong or when it is 
about to go wrong, and hence intervene before the situation seriously 
worsens (Hollnagel, 2014). 
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In the Safety II concept, two terms need to be described, namely “Work-
As-Imagined” and “Work-As-Done”. 

“ Work-As-Imagined” tends to describe the action in terms of the task alone 
and cannot describe the way in which the process of carrying out the task is 
actually shaped by the constantly-changing conditions of work and the world. 

“Work-As-Imagined” is a description of work as it should be done, and that 
is provided by office people (blunt-end) who are not in the time and space of 
day-to-day changes or of real work activities that are performed by the sharp-
end. On the other hand, “Work-As-Done” is shaped by employees (sharp-end) 
who are in real situations with continuously-changing conditions that require or 
force them to make different adjustments. And when something in the process 
goes wrong, the differences between blunt-end and sharp-end work perceptions 
will be shown up. An analogy of the differences between Work-As-Imagined” 
and “Work-As-Done” is the differences between a journey as seen on a map and 
as actually carried out on the ground (Hollnagel, 2014). 

In Safety II, everything works because employees understand how 
operations should work in order to reach expected outcomes; that is, they know 
how things work well, they understand how their performance succeeds rather 
than how it fails, and operators have a feeling for how to handle the existing 
situational process and forthcoming situational requirements (Hollnagel, 2014), 
that results in living in symbiosis with the system safely. 

Contrary to Safety I, the presence of safety in Safety II is the sum of 
numbers of acceptable outcomes, that is, the more acceptable outcomes occur, 
the safer the system is. 

Another way of distinguishing the difference between these two safety 
measures is by describing the ratio of N/M, where N is the number of adverse 
outcomes (injuries, incidents, accidents, etc.), and M is the number of 
complementary outcomes (the number of cases in which unexpected outcomes 
have not happened, N). Safety I focuses on unexpected outcomes (N). The ratio 
should be as small as possible and the way to accomplish  this is to reduce or 
eliminate the number of adverse outcomes, N. On the other hand, Safety II tries 
to increase the value of M by improving activities that will result in more 
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satisfaction in the processes and outcomes by increasing the number of things 
that go right. This will not only make the ratio N/M smaller but increase the value 
of M, which leads to improved productivity and safety within the organization 
(Hollnagel, 2014). 

Deconstruction of Safety II 

As defined earlier, Safety II is concerned with, as much as possible, things 
going right. The deconstruction of Safety II reveals it takes the opposite 
approach to Safety I and it starts with: 

1. Ontology 
2. Aetiology  
3. Phenomenology 
1. Ontology of Safety II 

In order for things to go right in a complicated system, human performance 
variability is an essential issue. The performance variability that sharp-end 
(Work-As-Done) confronts is due to the real situation. Prescribed work 
specifications (Work-As-Imagined) that are made by blunt-end do not 
correspond or match with reality because blunt-end humans are not in the 
workplace and time. Due to the characteristics of new technologies, variability 
in performance is not only normal and prerequisite but also absolutely 
necessary. These performance variabilities should not be interpreted negatively 
but viewed as the ability to make performance adjustments which are essential 
for Work-As-Done (Hollnagel, 2014). 

2. Aetiology of Safety II 

As described in the ontology, the principle of Safety II is centered in 
performance variability and performance adjustments. That is, the aetiology of 
Safety II cannot be assumed as a principle of bimodality (functioning or 
malfunctioning), nor assume a linear relation between causes and effects that 
were used in the aetiology of Safety I. In Safety II, the outcome is said to be 
emergent (rising out of, coming into view, or coming into existence), not as a 
result of the relation between cause and effect. Emergence happens in such a 
way that it cannot be explained by linear causality principles nor by 
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decomposition principles. That is, due to emergence, the effects are non-linear, 
and that the underlying system is partly intractable (Hollnagel, 2014).  

Emergent outcomes the ‘causes’ represent patterns that existed at one 
point in time but which did not leave any kind of permanent trace (Hollnagel, 
2014). Constraining variability and adjustments in performance cannot be 
ensured to prevent  the occurrence of an adverse outcome, due to the fact that 
these two (variability and adjustments) are permanent (as described in the 
ontology), therefore, it will be essential to control the (necessary) conditions 
insofar as they are sufficiently regular and recurrent, and/or constrain unwanted 
conditions by using different forms of protection equipment (Hollnagel, 2014). 

3. Phenomenology of Safety II 

Performance adjustment and performance variability in Safety II are 
considered as the basis. This leads to proactive action, that is, the adjustment is 
made before something happens, which in turn affects how it should happen or 
even prevent against, in the earlier stage, something happening. In Safety II, two 
issues need to be described, a) things go right, and b) things do not go wrong. 
These two issues are the consequences of two different processes and they do 
not have the same meanings. In the first case (a) the explanation is that things 
go right due to people knowing and understanding how things work and ensuring 
that they have the best possible conditions to continue to do so, that is, make 
things go right. In case (b) the focus is on failures, and why things do not go 
wrong is due to barriers and prevention methods used for things that do not go 
wrong (Safety I). Safety II is an understanding of how things work and their 
potential malfunctioning or going wrong. Safety II is observed in the presence of 
its success; the more successes the safer system is. 

The summary of differences between Safety I and Safety II is shown in 
Table 3. 

These two, Safety I and Safety II, take different approaches towards 
increasing safety in the system. It is important to emphasize that they 
represent two complementary views of safety rather than incompatible or 
conflicting views. Setting Safety I and Safety II side by side is therefore useful 
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to draw attention to the consequences of having one or the other as the basis 
for safety management (Hollnagel, 2014). 

 

Table 3: A comparison of Safety I and Safety II (Adapted from Erik 
Hollnagel). 

 Safety I Safety II 
Definition of 
safety 

As few things as possible go 
wrong. 

As many things as possible go 
right. 

Safety 
management 
principle 

Reactive, respond when 
something happens, or is 
categorized as an 
unacceptable risk. 

Proactive, continuously trying 
to anticipate developments 
and events. 

Explanations of 
accidents 

Accidents are caused by 
failures and malfunctions. The 
purpose of an investigation is 
to identify causes and 
contributory factors. 

Things basically happen in the 
same way, regardless of the 
outcome. The purpose of an 
investigation is to understand 
how things usually go right as 
a basis for explaining how 
things occasionally go wrong. 

Attitude to the 
human factor 

Humans are predominantly 
seen as a liability or a hazard. 

Humans are seen as a resource 
necessary for system flexibility 
and resilience. 

Role of 
performance 
variability 

Harmful, should be prevented 
as far as possible. 

Inevitable but also useful. 
Should be monitored and 
managed. 
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Accident 

An accident is the result of the interaction of multiple failures (system 
accidents) and depends on the complexity of the system (Perrow, 2011). 

As the article “Understanding Accident” describes, an accident is the result 
of a sequence of events that occur in a specific order (Hollnagel, 2002), and its 
anatomy is shown in Figure 5. 

 
Figure 5: Anatomy of an accident (picture adapted from Erik Hollnagel). 

As Figure 5 shows, the occurrence of an accident process starts with an 
unexpected event under normal conditions during the system’s functions. This 
situation will result in the system reaching an abnormal situation and, when the 
system fails to control abnormal conditions, it leads to the loss of control. If the 
system’s protective mechanisms  are insufficient/inappropriate to protect the 
process/system, then the accident will happen.  

Accident occurrences are classified into three models; 

1. Sequential models  
2. Epidemiological models 
3. Systemic models (Hollnagel, 2002). 

 
1. The sequential models, as described above and illustrated in Figure 5, are easy 

to detect the unexpected or malfunctioning events in the process or chain of 
events, but this model lacks good capability for accident investigation in more 
complex systems. This model focuses on what went wrong in each individual 
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step and additional important information (as described in epidemiological 
and systemic accident models) may not be considered. 

 
2. Epidemiological accident models describe an accident in a similar way of 

investigation of disease. They focus on  the outcome of a combination of 
factors, some of which are easy to perceive (manifested) while some latent 
are latent, and that happen to exist together in space and time. 
Epidemiological accident models describe an accident as the result of the 
combination of agent and environmental factors that will lead to an 
unexpected situation. In the analysis of the Chernobyl accident, Hollnagel 
wrote (quoted from (Reason, 1987), “All man-made systems have within them 
the seeds of their own destruction, like 'resident pathogens' in the human 
body. At any one time, there will be a certain number of component failures, 
human errors, and 'unavoidable violations'. No one of these agents is 
generally sufficient to cause a significant breakdown. Disasters occur through 
the unseen and usually unforeseeable concatenation of a large number of 
these pathogens.” 

 
The presence of pathogens and latent conditions are an inevitable part 

of any complex technology and will affect the safety and health of the system 
as a whole (Reason, 1987). These two parts (latent conditions and pathogens) 
are related to poor design, gaps in supervision, undetected manufacturing 
defects or maintenance failures, unworkable procedures, clumsy automation, 
shortfalls in training, less than adequate tools and equipment. Any of these 
may that be present for many years before they combine with local 
circumstances and active failures to penetrate the system's many layers of 
defenses (Reason, 1987). The  shortcoming of this model is the difficulty of 
investigation for more detail  (i.e., for the latent factors that contributed to 
the accident) (Hollnagel, 2002). As mentioned earlier, latent 
factors/conditions are an inevitable part of the system that can cause 
problems for safety, quality, or reliability at some later point e.g., 
unforeseeable future consequences of current decisions, inadequate resource 
distribution for different organizational departments, etc.  

3. Systemic accident models describe the characteristic performance at the level 
of the system as a whole (because of the dynamic interaction of elements that 
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are linked together and cause dependencies in the system functionality) 
rather than at the level of specific cause-effect “mechanisms” (structural 
decomposition of the system), or even epidemiological factors. The systemic 
view considers accidents as emergent phenomena, which therefore also are 
“normal” or “natural” in the sense of being something that must be expected. 
Systemic models deliberately try to avoid a description of an accident as a 
sequence or ordered relation among individual events, or even as a 
concatenation of latent conditions, and are therefore difficult to represent 
graphically (Hollnagel, 2002). In this regard, for doing accident analysis in this 
model, it is necessary to consider other issues including a) control theory, b) 
chaos models, c) coincident models, and, d) stochastic resonance (Hollnagel, 
2002), (a, b, c, and d issues are beyond the scope of this thesis). 

Hollnagel summarized all three-accident models that shown in Table 4. 
Table 4: The types of accident models (Adapted from Erik Hollnagel). 

Model type Search principle Analysis goals Example 
Sequential models Specific causes and 

well-defined links 
Eliminate or contain 
causes 

Linear chain of 
events (domino) 
Tree models 
Network models 

Epidemiological 
models 

Carriers, barriers, 
and latent 
conditions 

Make defenses 
and barriers 
stronger 

Latent conditions 
Carrier-barriers 
Pathological systems 

Systemic models Tight couplings, and 
complex interactions 

Monitor and 
control 
performance 
variability 

Control theory 
models 
Chaos models, 
stochastic 
resonance, 
coincidence 
models 

 

The occurrence of accident relates to two phenomena: unsafe act of a 
person, and/or a mechanical or physical hazard, Hollnagel (2002)  cited from 
(Heinrich, Petersen & Roos 1980; org. 1931, p. 21) (Heinrich, Petersen, & Roos, 
1980). 
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As humans are an indispensable part of systems (both at the sharp-end as 
well as at the blunt-end), therefore their role in the occurrence of an accident 
cannot be denied. In many accident reports, operators were blamed as the cause 
of the accident (one example is the Three Mile Island nuclear power plant 
accident, when in fact the accident occurred because of inappropriate design 
and lack of human factors consideration in the design process (Norman, 2013). 

No one is willing to create an accident or disaster at their workplace, so it 
must be assumed that people always try to do what they think is right at the time 
they do it, therefore operators' actions that can result in an accident need to be 
discussed (Hollnagel, 2002). 

Operators’ actions are classified into five sorts in the following (Hollnagel, 
2002) quoted from (Amalberti, 1996). 

1. Actions performed correctly and results were as expected. 
2. Actions that were detected as leading to failure and were improved. 
3. Actions where failure was detected but tolerated because of its minor 

consequences or the possibility for subsequent improvement. 
4. Actions where failure was detected but not improved due to there being 

no option, or irreversibility of the process for improving, and improvement 
can be done subsequently. 

5. Actions where the failure was not detected, i.e., the force of latent factors 
or inappropriate maintenance performance, and the result of 
performance will not be as expected. 

 

Type of Actions and Accident Models 

In the sequential model, accident analysis is based on the assumption that 
an accident is the outcome of a series of unexpected events or a chain of events 
and their causes. Through backward thinking from the occurred unexpected 
events (accident), investigation starts by searching for the link between cause 
and effect. When this chain has identified the causes, they can be eliminated or 
encapsulated (controlled) in order to prevent future accident. 

In epidemiological models, an analysis will be based on searching for 
“carriers” and latent conditions, reliable indicators of general system health, and 
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characteristic performance deviation. In order to prevent future accidents, the 
focus is on strengthening defenses both for hardware (physical barriers, 
interlocks, technical safety equipment) and software (legislation, regulatory 
surveillance, rules and procedures, training, licensing, certification) (Reason, 
1987). 

In systemic models, human actions are variable and this variability should 
be in focus, that is, there is a need to understand the reason for this variability 
and variabilities’ effects on safety, rather than  focusing on the occurrence of the 
accident (Hollnagel, 2002). 

Humans usually can cope with the variabilities of their tasks. They are trying 
to optimize their task performance by their adaptability and flexibility.  
Optimization means following the principle of “Efficiency-Thoroughness Trade-
Off (ETTO)”. Thoroughness is believed as a necessary manner of performance in 
order to meet the task demands, and being efficient relates to not spending 
unnecessary effort or wasting time. In this process, if sometimes human actions 
fail, the reason is because of the variability of the context and conditions they 
are, rather than the failure of actions taken (Hollnagel, 2002). 

So long as people continue to be employed in modern technological 
systems, there will always be active failures; we cannot change the human 
condition, but we can change the conditions under which people work (Reason, 
1987). 

All these difficulties relate to the design of the system or products. In order 
to avoid any unexpected events, designers need to consider two characteristics 
in their design (system/products): discoverability for functions, and 
understanding how to interact. Discoverability asks whether is it possible to 
figure out what actions are possible, and where and how to perform them. 
Understanding asks what it all means.  How is the product supposed to be used? 
What do all the different controls and settings mean? (Norman, 2013) 
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Biomechanics Definition Related to Ergonomics 

Biomechanics is the science of studying the mechanical aspects of living 
organisms and it is a combination of “bio”, that means life, and “mechanics”, 
that is, the study of movements or actions and forces (Hall, 2012). 

Biomechanics uses the law of physics and engineering concepts to describe 
motion undergone by the various body segments, and forces acting on these 
body parts during normal daily activities (Chaffin, Andersson, & Martin, 2006) 
cited from (Frankel & Nordin, 1980). 

If daily work is manual, the physical exertions required can be occasional or 
very repetitive, and in cases where  manual exertions have high biomechanical 
stress,  the gradual deterioration of tissue over weeks and even years will result, 
and may lead to serious injuries (Chaffin et al., 2006). 

This science helps us to understand the mechanism of injuries, and the 
application of that will lead to effective prevention of injuries, thus  allowing 
workers to perform their tasks safely throughout their entire working lives 
(Chaffin et al., 2006). 

Occupational injury at any workplace is a symptom of a mismatch between 
humans’ physical capabilities and the required physical work performance, and 
can  result in a worker's disability. Occupational biomechanics is defined as “the 
study of the physical interaction of workers with their tools, machines, and 
materials to enhance the worker’s performance while minimizing the risk of 
musculoskeletal disorders” (Chaffin et al., 2006), and it is an area that is directed 
towards the prevention of work-related injuries and also improving working 
conditions and employee performance (Hall, 2012). 

The report by The National Institute for Occupational Safety & Health 
(NIOSH)  states one-third of the U.S workforce exerted significant force as part 
of their job (NIOSH, 1981). This reveals that human factors/ergonomics was 
overlooked as a key issue and deemed of no real importance or relevance to 
consider ergonomics/human factors. This means that the benefits of the 
application of occupational biomechanics were overlooked. The NIOSH report 
also states that over 60% of people suffering low back pain because of 
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overexertion due to job conditions, and approximately two-thirds of 
overexertion injuries, are related to lifting loads, while an additional 20% were 
involved in pushing or pulling loads. 

(Chaffin et al., 2006) state manual material handling activities, being 
contemporaneously performed and to be continued in the future in many 
industries, and that will result in musculoskeletal disorders in a large number of 
workers. Chaffin also cites from U.S. statistics that 1.5% to 2% of the workforce 
has a compensable low back injury for each year worked, and the cost of these 
injuries (cited from Pope et al. (Pope, Andersson, Frymoyer, & Chaffin, 1991)), 
has been estimated to exceed $20 billion. On the other hand, Chaffin cites a 
report from US General Accounting Office (GAO) August 27, 1997 (Office, 1997)  
stating that private companies spent approximately $60 billion in compensation 
costs related to injuries and illness for their employees each year. One-third of 
this cost was related to musculoskeletal disorders and the wide range of these 
illnesses and injuries were associated with repetitive stress exertion on the body. 
GAO also states that companies that applied biomechanical principles in their 
ergonomics programs could reduce compensation costs, related to 
musculoskeletal injuries, by 36-91%. 

With the aim of preventing such large numbers of low back injuries 
attributed to manual material handling, the equation below, called the NIOSH 
lifting equation, can be used as a means for predicting the recommended weight 
limit in the unit of Newton (N), (Waters, Putz-Anderson, & Garg, 1994). 

 
RWL = LC x HM x VM x DM x AM x FM x CM 

where RWL is recommended weight limit for lifting task; LC is load constant 
and set to 23 kg or 226 N, thus representing the maximum value for RWL; HM is 
a horizontal multiplier for origin as well as the destination of load for lifting task; 
DM is the distance multiplier for vertical object moves; AM is the angle of 
asymmetry multiplier in degree from midsagittal plane for both start and end of 
lift; FM is the frequency of lift (number of lifts per minute) for a period of less 
than one hour, one to two hours, and two to eight hours per day; lastly CM is a 
hand coupling multiplier rating (good, fair, or poor) which is based on an 
assessment of a person’s ability to grasp an object. 



43 
 

The value of each multiplier can vary between 0 and 1.  How to use these 
values is described in (Waters et al., 1994) article. 

When RWL has been calculated, it should yield the weight of the load that 
should be lifted.  By dividing the weight of the load to the RWL result represents 
lifting index. The value of Lifting index 3 is considered the maximum permissible 
limit (most people would be at risk of injury) and above the value of 3 would 
pose a significant risk to many workers. If the lifting index is below 1, most 
workers would be able to lift without fear of injury(Waters et al., 1994). 

 

LI =
Weight of Object Lifted

Recommended Weight Limit =  
L

RWL 

NIOSH lifting equation cannot be applied if any of the situations below 
occur. 

• Lifting or lowering with one hand. 
• Lifting or lowering for over eight hours. 
• Lifting or lowering while seated or kneeling. 
• Lifting or lowering in a restricted workspace. 
• Lifting or lowering unstable objects. 
• Lifting or lowering while carrying, pushing, or pulling. 
• Lifting or lowering with wheelbarrows or shovels. 
• Lifting or lowering with high-speed motion (faster than about 30 in. /s). 
• Lifting or lowering with unreasonable foot–floor coupling (<0.4 coefficient 

of friction between the sole and the floor). 
• Lifting or lowering in an unfavorable environment (temperature 

significantly outside. 
• 66 F0-79 F0 [19 C0-26 C0] range; relative humidity outside 35%-50% range). 

Some biomechanical software has applied NIOSH recommendations in 
order to simulate and evaluate the human physical performance (weight of the 
load and posture situations) as well as workplace design. In this thesis, two kinds 
of biomechanical software were used, namely ALBA and 3 D Static Strength 
Prediction Program (3DSSPP). 
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Musculoskeletal Disorders (MSDs) 

Searching only the text for “musculoskeletal disorders (MSDs) work in 
Europe” in Google Scholar shows approximately 15,200 related studies, and 
1,720 studies associated with MSDs since 2020. Many studies will also be carried 
out in the future. 

Nowadays, in the instructions/descriptions for many maintenance 
operations tasks, it is difficult to ascertain that specific task performance can 
cause fatigue (which is a result of muscle pain and awkward working posture) or 
is painful. 

Low back pain had been the foremost problematic phenomenon in manual 
work. This is especially true in maintenance tasks in industries demanding or 
requiring vigorous physical efforts (manual handling) and necessitating  
awkward postures because of incommodious working place conditions (space, 
angle, position of work, vision, and environment). These situations will lead to 
the risk of work-related musculoskeletal disorders,  especially if task 
performance takes place outside of the human body power zone: above the 
knees, below the shoulders, and close to the body (Len, 2007). 

The European Agency for Safety and Health at Work reported 25% of 
employees complained of backache; moreover, 23% reported muscular pains 
(Podniece & Zinta, 2008). These figures indicate that musculoskeletal disorders 
are the most common work-related health problem resulting in sick leaves in the 
European Union (EU). 

The Health and Safety Executive 2019 reported 498,000 workers suffering 
from work-related musculoskeletal disorders (19% lower limbs, 41% upper limbs 
or neck, and 40% back) that resulted in 6.9 million working days lost in 2018 
(Health & Executive, 2019). 

The Swedish Work Authority (Arbetsmiljöverket) published (Figure 6) the 
percentage of women and men who reported pain each week in the upper part 
of the back/neck, shoulder, or arms in 1991-2011 (Arbetsmiljöverket, 2012). 
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Figure 6: Physical problems for every week in 1991-2011 

All these researches indicate that MSDs are pandemic injuries, as the 
outcomes or as the resultants of existent workplaces and work demand’s 
characteristics. 

Methodologies 

In order to evaluate the force acting on the spine, the classical way is the 
use of biomechanics science. ALBA biomechanics simulation program, that was 
developed at Linköping University in Sweden in 1994, was used. In ALBA, 
subjects’ data regarding anthropometric information are (eight countries’ 
anthropometrical data both for women and men) built-in. When  the weight of 
an external load and posture situation is entered, it calculates torques and forces 
on different joints (elbow, shoulder, L5S1, hip, knee, and ankle) and shows the 
compression on L5/S1 (the region between the lumbar spine and sacral spine in 
the lower back) disc, in which they are most exposed to the load stress at static 
positions. 

From the first paper, study Figure 7  and Figure 8 show lifting at start and 
end positions, angle, torque for six joints (elbow, shoulder, L5/S1, hip, knee, 
ankle, and external force angle), the weight of the load, and compression on the 
spine. 

It includes NIOSH recommendations (number of lifts per minute, 
asymmetry angles in the sagittal plane), the Snook model, the average required 
efforts, and a checklist for working conditions. The program calculates the 
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recommended maximum lift weight according to the (NIOSH, 1981) lifting 
equation and/or the Snook model (Snook & Ciriello, 1991). 

In order to use this program, it is necessary to choose the population from 
its anthropometry database. These data are in percentile (5%, 10%, 50%, 90%, 
and 95%) that are concerned with weight, height, and the related ± standard 
deviation of the chosen population. 

 

 
Figure 7: Squat and stoop posture, lift object is 0 kg 

 

Figure 8: Standing and stoop posture, lift object is 0 kg 
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Table 5 shows the results of a real situation for maintenance operation.  The 
simulation was done without any hand load in situations of squat and stoop 
postures and with the hand load for 5 and 10 kilograms for the same postures, 
in order to analyze the compression and torque on L5/S1 hand load respectively. 

In these simulations, asymmetry angle in the sagittal plane is 0 because the 
lifted object was in front of the operator. 

Table 5: Existing stress for loading conditions (N=Newton and Nm=Newton 
meter). 

 Squat posture Stoop posture 
Hand load weight 0 kg 5 kg 10 kg 0 kg 5 kg 10 kg 
L5 S1 (Nm) 54,9 76,8 98,7 137 166,7 196,5 
Back compressive force (N) 1493 2028 2577 2773 3347 3916 

 

On the shop floor, the existing working conditions were observed, and 
better arrangement of the working place with better positioning was suggested. 
The improved workplace is designed in a way that operators can have a standing 
posture instead of a squatting situation, see Figure 9. Table 6 shows the results 
of improvements compared to a stooped posture. 

 

 
Figure 9: Standing and stoop posture, lift object is 10 kg 
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Table 6: Improved loading conditions. 

 Standing posture Stoop posture 
Hand load weight kg. 0 5 10 0 5 10 
L5 S1 (Nm) 16,4 33,2 49,9 137 166,7 196,5 
Back compressive force (N) 630 989 1341 2773 3347 3916 

 

NIOSH suggested a maximum permissible limit (MPL) for compression at 
L5/S1 intervertebral disk 6500 N. and for action limit (AL) the value of 3400 N 
(NIOSH, 1981). The action limit specifies exposure limits that may present a risk 
to some people. particularly if combined with other work or personal factors 
(Shrawan, 2013). Tasks at the AL level require 3.5 kcal/min energy expenditure 
and can be handled by 99% males and 75% females safely, and tasks at the MPL 
level require 5.2 kcal/min energy expenditure. This level is hazardous for 75% of 
males and 99% of females, and the risk of work-related low back disorders 
(WLBD) is eight times higher than at the AL level (Waters et al., 1994). 

Awkward posture will lead to muscle inflammation and increasing force 
requirement in order to perform tasks (Tichauer, 1973) also resulting in 
musculoskeletal disorders (Len, 2007)  (Herrin, Jaraiedi, & Anderson, 1986). 
Concerning lifting situations, studies concerning the squat lift posture show that 
torque and force can be small because the load is close to the body (Floyd, 1958) 
and (Nachemson, 1971). 

NIOSH  described many objects which are heavy and large, and that cannot 
be lifted between the knees, as Floyd and Nachemson described for the squat 
lifting method. Therefore, it is impractical (NIOSH, 1981). 

 An awkward posture is the consequence of the load position and/or 
workplace layout. This will result in higher moments and forces on L5/S1 of the 
low back. Low back pain is related to working in an unnatural posture (Allread, 
MARRAS, & PARNIANPouR, 1996), and (Yamamoto, 1997). Davis et al. stated low 
back pain increase significantly when work requires movement in three planes: 
sagittal, coronal, and transverse (Davis & Marras, 2000). As shown in Figure 10, 
holding the load even in the preferred lifting posture i.e., power zone (Len, 
2007)) can cause different torque and forces on L5/S1 (NIOSH, 1981). 
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Figure 10: Predicted compression forces acting on the L5/S1 disc (adapted 

from NIOSH). 

A guideline from Swedish Work Authority (Arbetsmiljöverket, 2012) (Figure 
11) shows the two different appropriate working posture situations, both for 
height and horizontal reach ranges in centimeters; green as acceptable, yellow 
as needing consideration for improvements, and red as not acceptable. 

 
Figure 11: Proper posture for standing heights and reach range situation 

(adapted from Swedish Work Authority).                                                                           

In order to minimize moment and compression forces on the spine, it is 
necessary to design the workplace in such a way as to protect the back from 
pain/injuries during manual handling activities. The ALBA program was used for 
design, redesign, and evaluating workplaces where manual handling works were 
performed, as shown in Figure 12. 
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In the real workplace, the Swedish Work Authority (Arbetsmiljöverket, 
2012) guidelines were used for the redesigning of that workplace. There, the 
operators' tasks were to lift products from a conveyer belt with a height of 90 
centimeters, turn 180 degrees, and put objects into standard containers of 1147 
millimeters width and 1650 millimeters length. Containers were designed such 
that the front gate could be taken apart. This operation (putting products into 
containers) forced operators to bend their back more than approximately 90 
degrees and at the same time extend their arms in order to load the products in 
the first row in the container. In order to improve working postures at this 
workplace, the ALBA program was used for simulating upright standing (with the 
back straight) postures. 

In order to fulfill the proper postures as shown in Figure 11, it was decided 
to redesign the containers for the appropriate range of reach. For the height 
requirement, an adjustable table was installed for putting containers on; this 
table was set in the green zone for both female and male workers. 

Pallets were redesigned in the shape of U form, according to suitable reach 
ranges (operators could step inside to the U area 655 mm). Regarding the 
suitable height, the pallet stands on an adjustable lifting and lowering table was 
redesigned to have the same U-shape as the pallets. This improvement 
eliminated awkward postures during the work process; see Figure 12 after 
improvement. 

 

 
Figure 12: U-formed pallet and U- formed lifting table. 

In the third study, 3D Static Strength Prediction Program (3DSSPP) was 
used. This tool evaluates/analyzes the load on the back, shoulder, wrist, elbow, 
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torso, hip, knee, and ankle. The 3D SSPP program shows the results in the form 
of bar graphs, with the percentage of the population having the current 
anthropometry data and who have enough strength to perform the required 
load, and the percentage of maximum voluntary contraction for each above-
named joint. The 3DSSPP is most useful in the analysis of slow movements that 
are used in heavy materials handling tasks and biomechanical computations, 
when it is assumed that the effects of acceleration and momentum are 
negligible. 

Instructions for 3 DSSPP explain that task performance should be divided 
into a sequence of static postures so as to analyze each individual posture. 
Mathematical models and occupational biomechanics issues that are referred to 
in this program are found in Occupational Biomechanics 4th Edition (Chaffin et 
al., 2006). 

The 3D SSPP program is commonly used as an ergonomics evaluation tool 
in scientific studies, measuring workload. Paul S. Adams in his study of “Selecting 
Ergonomics Analysis Tools” (Adams, 2005) described the 3DSSPP program as 
being a useful tool for simulating the initial design of ergonomics actions; beyond 
that, this program is used for simulation and to assess hypothetical solutions. 

A study of compression on L4 – L5 in firefighters which compared different 
ergonomics tools, stated that 3DSSPP DHM (digital human models) have allowed 
for an in-depth investigation of injury risks when firefighters lift and carry hoses 
(Kajaks, 2017). 

The 3D SSPP program is used at over 2,000 U.S. and international sites by 
ergonomists, researchers, engineers, those who evaluating a job, job designers, 
and physical as well as occupational therapists (Huangfu et al. Multiple tasks 
input tool for 3D Static Strength Prediction Program), (Huangfu, Gao, Cao, & 
Gallagher, 2015). 

The 3DSSPP used (NIOSH, 1981) recommended limits for percent of the 
population with sufficient strength as a default. Strength limits named Strength 
Design Limit (SDL) and Strength Upper Limit (SUL) correspond to NIOSH action 
limit (AL) and maximum permissible limit (MPL) respectively. 
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The SDL in the program is shown by bar graphs. It shows the transition of 
green to yellow and is set at 99% for men or 75% for women. SUL is labeled as 
the transition from yellow to red and is set at 25% for men or 1% for women. 
The compression on L4/L5 is the sum of low back muscle force, abdominal force, 
upper body weight, above L4/L5, and hand load. These forces will result in a 
moment on L4/L5. 

 

 
Figure 13: Top-view + Z axis          Front-veiw + Y axis    Side- veiw + X axis 

 

 
Figure 14: Low back compression in Newton 

From the third study, Figure 13 shows low back compression because the 
posture taken is located in the yellow area and indicates 3690 Newton 
force/pressure (Figure 14). According to NIOSH, it is necessary to have 
administrative control when the conditions exceed the AL limit (3400 N). 
Administrative controls suggested by NIOSH are educating operators concerning 
symptoms in active parts of the body that can lead to MSD and how to get 
assistance, teaching and instructing the best work performance, and controlling 
that includes investigating of musculoskeletal injuries, the degree of severity of 
those workers who were exposed to this condition, and identifying the reasons 
for work related to these problems. 
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Figure 15: Strength percent capability. 

 

 
Figure 16: % of maximum voluntary contraction. 

Figure 15 show the results of strength capability. In this study, strength 
capability of populations was chosen as 50% tile due to the operators' ages (50 
to 63). Figure 15 shows the analysis of joints on the wrist, elbow, shoulder, torso, 
hip, knee, and ankle. Figure 15 shows torso, hip, and ankle are less than 99% 
because of posture. 

Figure 16 shows maximum voluntary contraction (%MVC) in percentage 
that affects the above-named joints with regards to anthropometry and strength 
of populations. Regarding the wrist, elbow, and shoulder, they are in red 
situations while other joints are in the yellow zone. 
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Task Analysis 

When a human is a part of the system, the human lives in symbiosis with 
the system. Her/his performance, including   capabilities and limitations, will be 
the core issue for system affectivity and efficiency for both inputs and outputs. 
In order to ensure the system is effective, efficient, reliable, operable, and 
maintainable, humans as an element in the system ought to be integrated at all 
stages of the system lifecycle NASA (Witt, 2016) and (Kirwan & Ainsworth, 1992). 

In this regard, human task performance analysis will be one of the central 
issues both during system design, and even if the system is already designed and 
is in function. 

Task analysis is the study of what an operator (or team of operators) is 
required to do, in terms of actions and/or cognitive processes to achieve a 
system goal (Kirwan & Ainsworth, 1992). Task analysis is a methodology, with 
different tools that can be used by designers, operators, and ergonomists. This 
methodology provides  clear details of what system performance demands from 
a human perspective. 

Task analysis affecting a system’s safety include identifying hazards, 
evaluating the design, clarifying human action, and investigations into incident 
or accidents. Task analysis into productivity’s efficiency includes employee 
training, number of employees, and reducing employees error; analysis of 
availability includes maintenance operation that requires maintenance 
operators to perform in a way that reduces mean time to repair, and downtime). 
It can therefore be seen that task analysis is an ongoing process during the 
system lifecycle (Kirwan & Ainsworth, 1992). If task analysis starts at the 
beginning of system design, there is a possibility to consider all human factors 
aspects in the most cost-effective manner (Stanton et al., 2004) and (Kirwan & 
Ainsworth, 1992). 

 

 
  



56 
 

 
  



57 
 

Hierarchical Task Analysis (HTA) 

This method was developed at the University of Hull in order to analyze 
complex task performance (Stanton et al., 2004), and it is used for training 
process control tasks in steel and petrochemical industries,  (John Annett & 
Duncan, 1967), and (John Annett, 2003). HTA has been used for a range of 
applications, including interface design and evaluation, allocation of function, 
job aid design, error prediction, and workload assessment, (Stanton, 2006). 

As stated, hierarchical task analysis is the best-known task analysis 
technique in ergonomics, (Kirwan & Ainsworth, 1992) and (Shepherd, 1998), and 
the advantage of hierarchical task analysis is that it can be presented in form of 
a table or hierarchical diagram  (John Annett, 2003). 

During the past 38 years, many developments and methods occurred in the 
ergonomics research area but still, hierarchical task analysis has remained as a 
central approach (Stanton, 2006). The advantage of hierarchical task analysis, as 
John Annett (John Annett, 1996) described, is that this method motivates 
persons who conduct task analysis to understand what can happen if things go 
wrong, and also it can track down each sub-goal success and their failure 
consequences. 

Hierarchical task analysis is a process strategy for examining or investigating 
thoroughly the nature of the task, having the intention for refining performance 
criteria, concentrating on related skills, understanding task situations, and 
generating useful hypotheses in order to overcome performance problems, 
(Shepherd, 1998). HTA presents an effective method of how work should be 
systematized in order to meet the intended system objectives, consequently, the 
work of operators’ performances are directly connected to the system 
requirements (Kirwan & Ainsworth, 1992). 

Three terms need to be comprehended in order to carry out hierarchical 
task analysis in an effective way, namely: goals, tasks, and operations. Goals are 
desired states of systems under control or supervision; tasks are the method 
taken in order to achieve the goal; and operations are something that people 
actually do to attain a goal (Kirwan & Ainsworth, 1992).  
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This method is a top-down process hierarchies and follows a walkthrough 
of the task, describing the system’s goals, sub-goals, and plans. Each operation 
and goal is broken down or decomposed in a hierarchy form, in order to 
determine in what sequences sub-performance should carry out. The 
decomposition proceeds down to the level at which the specification of an 
operation is independent of any specific equipment or interface design, and this 
approach frees the designer to think about a range of design possibilities (J.  
Annett, Duncan, Stammers, & Gray, 1971). 

 Degree of Decomposition and Stop Rules 

Stopping decomposing can be determined by the formula P x C, whereas P 
stands for the probability of inadequate performance operation and C 
represents the cost of that inadequate performance (J.  Annett et al., 1971). 

This rule can be used to evaluate operators' skills also (Kirwan & Ainsworth, 
1992) for each operation or task, to evaluate if the operator is capable to operate 
the task in order to meet the goal, or how we can measure operator 
competence. Cost (C) should be considered to the whole system components 
such as personal accident, degraded product, and damage to the equipment. 
This conforms to the U.S Army’s Engineering Design Handbook (Bazovsky, 1976) 
in developing maintainability criterion that human factor tables and standards 
for technician skills, personnel skills populations, maintenance task sequences, 
etc. need to be evaluated. 

Applying hierarchical task analysis as a tool can show the root cause of an 
existing failure or latent failure that can occur during the performance of the 
task. It also proposes a solution for modification or redesigning of equipment or 
work procedures; the type of required skill, training and support; risk analysis; 
and synchronizing the difference between work-as-done and work-as-imagined. 

In the maintainability process, hierarchical task analysis is an appropriate 
tool and using this method will reduce the system’s downtime and mean repair 
time. 

There are seven steps for carrying out hierarchical task analysis, which are 
shown in Table 7 (John Annett, 2003). 
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1. Decide the purpose(s) of the analysis. 
2. Get agreement between stakeholders on the definition of task goals. 
3. Identify sources of task information, and select means of data acquisition. 
4. Acquire data and draft a decomposition in table or diagram form. 
5. Recheck validity of decomposition with stakeholders. 
6. Identify significant operations in the light of the purpose of analysis. 
7. Generate and, if possible, test hypotheses concerning task performance. 

 
1. Step 1: Purpose of analysis 

The purpose of HTA used in the second study was safety, and to modify 
crane operating procedures and standardize the task performance. The crane 
and its components were considered as hazards that could cause many serious 
risks resulting in accidents. 

Operators were experienced and trained. The work sequences among 
experienced operators were not much different; on the other hand, when new 
operators were employed, before they started working at this specific 
workplace, they participated in a course for operating cranes at their worksite 
and received information about all the risks in their performance. 

(John Annett & Duncan, 1967) in their study of  “Task Analysis and Training 
Design” stated the problem in task analysis for industrial training is to determine 
what to describe and up to what level of detail. They found that even though 
workers’ theoretical knowledge, gained from training school, was at its highest 
at the beginning of their real work, their abilities to find faults were lower than 
expected.   Gradually their abilities improved with experience in the field. HTA 
standardizes the work sequences in chronological steps, and thus, creates 
performance standardization which will lead to preventing inadequate or poor 
crane operation. 

2. Step 2: Determine task goals and performance criteria 

This performance had to be done safely, not only to the company standards 
but also to governmental regulations. All stakeholders (operators, crane 
instructors, representatives of the workers union, supervisor, and manager) 
were aware this operation is risky. Any mistake or inadequate performance for 
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this task could lead to serious accidents. Operators’ low performance could 
result in a fatal accident, material losses and related costs, and the company’s 
reputation internally as well as externally. 

3. Step 3: Identify the source of task information 

The Source of information was risk analysis that was carried out for each 
step of performance in order to quantify the degree of severity (S), exposure 
time (E), and the probability (P) of risk occurrence (William, 1971). According to 
the company’s regulations, risk analysis was documented and participants in 
risks analysis were maintenance operators, worker’s union representative, 
crane’s instructor, and health and safety engineer.  

4. Step 4: Draft decomposition diagram/table 

This part represents what to do and how to do it in order to prevent 
inadequate performance. A description of task was formed in numerical 
hierarchy diagram, and the level of descriptive detail for each sub-goal was 
decided at step 3. Stop point (P x C) was decided in parallel with the results of 
risk analysis in order to comprehend how performance should be done and what 
will happen if they do not what they should. 

5. Step 5: Recheck validity of decomposition with stakeholders 

Since all stakeholders have participated in the entire process of 
decomposition there was no misunderstanding of their task structure.   

6. Step 6: Identify significant operation 

This task is operated only by one operator and there are no team workers. 
The stop points and risks analysis were reviewed at this stage. 

7. Step 7: Generate and test a hypothetical solution to a performance 
problem. 

As described in stage 6, there are no team workers that perform this task. On 
the other hand, it has been decided these operators will take a yearly training 
program to update their skills/knowledge. 
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Table 7: Annett summarized seven steps to carry out hierarchical task 
analysis (HTA) (Adapted from Annett (John Annett, 2003)). 

Step Number. Notes and Examples 
1. Decide the purpose(s) of the analysis. 1. Workload, manning, error assessment. 

2. Design a new system or interface. 
3. Determine the training content or method. 

2. Get agreement between stakeholders on the 
definition of task goals and criterion measures. 

1. Stakeholders may include designers, 
managers, supervisors, instructors, or 
operators. 
2. Concentrate on system values and outputs. 
3. Agree on performance indicators and criteria. 

3. Identify sources of task information and 
select means of data acquisition. 

1. Consult as many sources as are available; 
direct observation, walk-through, protocols, 
expert interviews, operating procedures and 
manuals, performance records, accident data, 
or simulations. 

4. Acquire data and draft decomposition table 
or diagram. 

1. Account for each operation in terms of input, 
action, feedback, and goal attainment criteria 
and identify plans. 
2. Sub-operations should be (a) mutually 
exclusive and (b) exhaustive. 
3. Ask not only what should happen but what 
might happen. Estimate the probability and cost 
of failures. 

5. Recheck validity of decomposition with 
stakeholders. 

1. Stakeholders invited to confirm the analysis, 
especially identified goals, and performance 
criteria. 
2. Revert to step 4 until misinterpretations and 
omissions have been rectified. 

6. Identify significant operations in light of the 
purpose of analysis. 

1. Identify operations failing the p x c criterion. 
2. Identify operations having special 
characteristics, e.g., complex plans, high 
workload, dependent on teamwork, or 
specialist knowledge. 

7. Generate and, if possible, test hypotheses 
concerning factors affecting learning and 
performance. 

1. Consider sources of a failure attributable to 
skills, rules, and knowledge. 
2. Refer to current theory or best practice to 
provide plausible solutions. 
3. Confirm the validity of proposed solutions 
whenever possible. 



62 
 

 
 

  



63 
 

Risk Analysis 

William Fine developed a mathematical evaluation for controlling a hazard 
(William, 1971).  His method gives a quick overview of the seriousness of a risk 
(related to a hazard) that contributes to injuries. Through calculating the risks’ 
scores, it is easy to arrange them in rank order to ascertain  which of them 
requires the most attention focused on corrective actions. This method was used 
in the second paper and, due to the real situation, it changed slightly (adding 
date of risk evaluation and participants, recommended action, who is 
responsible for doing corrective action and its date, following action procedure, 
and re-evaluating risk after corrective action). 

Risk (R) calculation or risk score is a function of three factors: potential 
Severity or consequences (S) of an accident, the frequency of Exposure (E) to the 
hazard event, and Probability (P) that hazard event will lead to the accident and 
its consequences. 

R = S ×E × P 

Each factor has descriptions and numerical ratings. The below tables (Table 
8, Table 9, and Table 10) show the descriptions that are adapted from William 
Fine. Severity descriptions start from minor cuts, minor damage, to catastrophe 
for numerous fatalities, and their ratings are between 1 and 100, and classified 
into five levels; see Table 8. 
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Table 8: The level of severities. 

 Description Lower rate Highest rate 

 S 1 Minor damage, minor cut, headache, bruises, 
damage that can lead to less than 10 days sick 
absence. 

1 3 

S 2 Burning damage, minor fractures, diseases 
with less disability, asthma, sick leave 
between 10-60 days. 

3 8 

S 3 Fracture, minor amputation, non-lethal 
poisoning, more than 60 days sick leave. 

8 15 

S 4 Larger amputation (hands, arms, legs, eyes) 
cancer, deadly damage. 

15 30 

S 5 Very serious injuries affecting many 
people, fatalities. 

30 100 

Exposure starts from very rarely to continuously or many times per day. and its 
rating lies between 0.5 and 10. It is classified into seven categories; see Table 9. 

Table 9: The exposure time to the hazard event. 

 Description Lower rate Highest rate 

E 1 Very unlikely. It is not known that it may 
happen. 

0,5 0,5 

E 2 Possible. It is known that it may happen. 1 1 

E 3 Irregular. This can happen from once a year 
to once a month. 

2 3 

E 4 Occasionally, from once a month to once a 
week. 

3 4 

E 5 Common, from once a week to once a day 
(shift). 

4 6 

E 6 Often more than once a day (shift). 6 8 

E 7 Continuously or many times per day. 8 10 
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Probability is classified into six categories and its rating span is from 0,5 to 
10 see Table 10. 

Table 10: The sequence of the accident. 

 Description Lower rate Highest rate 

P 1 Very unlikely, but possible. 0,5 0,5 

P 2 Unlikely, but possible. 1 1 

P 3 Rare. 2 3 

P 4 Often. It likely occurs at 5-25% of exposure. 3 4 

P 5 Probably. It likely occurs at 25-50% of the 
exposure times. 

4 6 

P 6 Very probable. It likely occurs at over 50% of 
exposure time. 

8 10 

Another advantage of W. Fine’s method is the justification for 
recommended corrective action. Once the hazard is identified and the cost of 
corrective action estimated, it can calculate whether the estimated cost is 
justified or not, as shown in Table 11. In the description part, all costs are shown 
in U.S. dollars so these costs and their level can be changed into each country’s 
currency. 

In this fraction, the numerator R is the product of severity or consequences 
(S), exposure (E), and probability (P), and the denominator is the product of cost 
factors (CF) and degree of correction (DC). 

The below formula as described above is: 

Justification= (severity X exposure X probability)/ (Cost factor X Degree of 
correction) 

J = (S x E × P) / (CF × DC) 

Each element of the denominator has a description and numerical rating. 
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As Fine described, for any justification score of 10 or more, the cost of 
expenditure is considered as justified, and for less than 10 the cost of corrective 
action will not be justified or: 

Justified> 10 > Not Justified. 

As described by Fine, the critical justification rating score has been 
arbitrarily set at 10 and it is based on experience, judgment, and current local 
budgetary situations; increasing or decreasing the level of this value depends on 
the number of accident occurrence in an organization, and an organization’s 
safety policies. 

It should be noted that if cost justification is less than 10, this does not 
indicate that improvement is unnecessary, but rather the analyst should decide  
if the consequences of severity (S), exposure (E), and probability (P) are still 
substantial. If so, corrective action must be taken by minimizing risk’s severity, 
exposure time, and the probability of accident occurrence, or another less costly 
improvement must be considered in order to make safer and healthier 
situational conditions. 

This number is used as the index of the degree of safety level in many 
industrial organizations. It is the sum of the number of detected risks plus 
incidents divided by the number of accidents. 

(Number of detected risks + number of incidents) / number of accidents 

High > 10 > Low 

Here too, even if the level of safety is less than 10, it does not indicate 
neglecting or overlooking the risk(s) that can have serious consequences. As 
described above, severity (S), exposure (E), and probability (P) should be 
seriously considered and corrective measures are required. 
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 Table 11: Cost justification adapted from (William, 1971). 

Elements CF and DC Description Rating 
Cost Factor (estimated cost 
of proposed corrective 
action) 

Over $50,000  
$2,500 to $50,000 
$10,000 to $25,000 
$1,000 to $10,000 
$100 to $1,000 
$25.00 to $100 
Under $25.00 

10 
6 
4 
3 
2 
1 
0.5 

Degree of Correction (the 
degree to which hazard will 
be reduced) 

Hazard positively eliminated, 100% 
Hazard reduced at least 75% 
Hazard reduced by 50% to75% 
Hazard reduced by 25% to 50% 
Slight effect on hazard (less than 25%) 

1 
2 
3 
4 
6 
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General Discussion 

Nowadays, people go to work and expect to be safe. Employers employ staff 
with the same expectations. Ironically, the cold hard facts show that reality has 
not lived up to expectations for either parties. Even new technologies, that are 
assumed to create a better life for their users, and which in many aspects do so,  
still ( as shown by many pieces of evidence) also create a large number of 
problems that result in ill-health for the people involved and those around them. 
These problems are due to the technology’s complexity, complication, expanded 
capacity, high work demand, speediness, and going beyond people's abilities. 
They are designed for running at high speed, both in performance activities and 
in production processing, and there still remain some production processes 
(those performed by humans) that are almost the same as man-machine 
interactions shown in Charlie Chaplin’s “Modern Times ” film in 1936. 

In the current era, designers, especially in European countries, have to 
follow the CE (Conformity marking/ Conformité Européenne) requirements  in 
order to clarify that their product complies with safety directives for intended 
users, and to put a CE mark on their products.  Despite that, there are still many 
accidents, incidents, injuries, and even fatalities due to industrial accidents. Most 
of the problems are due to design flaws, and lack of understanding of the design 
principles for effective human-machine interaction, because machines require 
us to be precise (many of the rules followed by machines are known only by the 
machine and their designers) and accurate; things that human are not very good 
at, and therefore, this can lead to accidents, injuries, and even deaths. This is 
especially the case when people fail to follow machine rules;  they lay the blame 
on not understanding the machine, because they were not following the 
machine's rigid specification (Norman, 2013). 

Dno Norman stated that designers think they are human, and expect other 
people to think in the same way. This mode of thinking is, in fact, a practical 
problem among designers because they are not aware of their design’s true 
needs of people such as discoverability (is it possible to even figure out what 
actions are possible, and where and how to perform them?), and understanding 
(What does it all mean? How is the product supposed to be used? What do all 
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the different controls and settings mean?) (Norman, 2013). He also stated that 
it is the machine and its design that are at fault, and it is the duty of machines 
and their designers to understand people. If the system has shortages in 
discoverability and understandability, human performance cannot be blamed as 
a human error rather the system is inhuman. 

Mathematic calculations of machine efficiency are common and well known 
in the domain of designers, but the moment when humans become involved 
with the machine or system, the effective use of the machine cannot be the same 
as designers calculated or were expecting. These discrepancies are due to the 
lack of knowledge of human-machine interaction (where humans influence 
machine efficiency).  To solve this challenge, the domain of ergonomics or 
human factors specialists can be employed. 

Ergonomics/human factors is a multidisciplinary science, which investigates 
the degree of congruence between human capabilities, limitations (physical as 
well as mental), and the designed systems or products for the involved human 
users. The participation of ergonomists' expertise in the design group is not only 
essential, but it can lead to better design, costs saving for the entire 
system/product lifecycle time and, most importantly, the well-being of the 
organization’s resources. Ergonomist expertise puts humans in the center and is 
called “human-centered design”; that is, this method starts first with the human 
characteristics, capabilities, limitations, and needs. Once these are known,  
decisions can be made regarding how the design should be adapted to those 
characteristics and needs. 

The purpose of this thesis was to investigate issues related to ergonomics 
problems for maintenance operators. The maintenance operation is planned in 
the maintainability design process. In the maintainability design and 
maintenance literature, many aspects (planning, costs, etc.) have been covered, 
and in addition to them, ergonomics or human factors issues were pointed out 
as a necessary part of the design. But maintenance operator workload, postures 
taken, task analysis, risk analysis, human factor costs, etc., are left open. This 
thesis highlighted the benefit of ergonomics or human factor application in 
maintenance performance in real working conditions and also provides guidance 
for maintainability engineers during the maintainability design process. 
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Regarding workload and posture, two different biomechanical software 
(ALBA and 3 D Static Strength Prediction Program) were used, and back 
compression overload was highlighted. Back compression overload was related 
to the nature of work requiring  maintainers to be in an awkward posture and 
lift burden during maintenance performance. In order to improve posture, the 
natural posture (standing upright) was simulated (by software) and for 
minimizing the weight of burden lifting, aids for lifting the burden were 
considered. Results showed back compression improved significantly. 

Regarding task analysis for maintainers’ task performance, after reviewing 
literature, Hierarchical Task Analysis (HTA) was used as an appropriate tool. HTA 
method is top-down hierarchies and follows walkthrough of the task, describing 
a system’s goals, sub-goals, and plans. Applying HTA as a tool can show the root 
cause of an existing failure or potential for a latent failure that can occur during 
task performance. It also proposes a solution for modifying or redesigning 
equipment, work procedures, the type of required skill, training and support, and 
risk analysis. This method was used in the second study for maintenance 
operators who needed to operate a crane safely as a part of their maintenance 
activities. This method is an appropriate tool for maintainability engineers and 
designers. 

In order to be safe at work, William T. Fine’s the mathematical evaluation 
for controlling hazards was used. His method gives a quick overview of the 
seriousness of hazards by calculating the score of risks.  Calculated risk scores 
can be arranged in rank order so as to see which one requires the most attention 
for corrective actions. This method was used in the second study.  In five out of 
eight identified risks, after corrective measures were taken, the degree of 
severity significantly reduced at the level of no-risk, one at the level of 
acceptance, one at the level of moderate, and the last one after corrective action 
remained a  high risk; operators received comprehensive information regarding 
how they should perform their task. 

The literature review showed the sooner ergonomists contribute to the 
design process, the better-humanized the design will be, which in turn improves 
maintainability, and as a result, leads to reducing time needed to repair, and 
affecting system dependability (the probability that a system or product will 
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accomplish its assigned mission, and downtime (Dhillon, 1999). The other 
benefits are cost savings as shown in Table 1 and Table 2. 

It had been discussed about Safety I and Safety II, in Safety I the efforts are 
to avoid things going wrong, while in Safety II the efforts are to understand how 
performance succeeds rather than how it fails. 

In this thesis, only some aspects (workload and postures taken, task 
analysis, and risk analysis) of ergonomics were discussed in order to improve the 
maintainability design process. In this process, the involvement of ergonomists 
in the design group will help them design more effectively and give citizenship 
to people who are part of the system or product. 
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Conclusion and Recommendation 

Safety and well-being are two key factors in any organization. Inherently, 
every technology comprises risks through its activities; risk exists not only for 
employess/users but also for the environment. Therefore, it is essential to 
consider people’s safety and well-being at the highest level. As much as possible, 
things (activities) need to go right rather than go wrong in entire organizational 
activities; in addition, an organization needs to establish an  atmosphere of 
safety for that their employees have the feeling of “being safe” for their presence 
at work. 

Maintenance operators are exposed to musculoskeletal disorders, and 
other risks due to the nature of their work and that are directly related to the 
maintainability design process. These problems have a negative impact or 
influence on mean time to repair (MTTR), system downtime, quality, 
productivity, increasing error, and social costs. As literature showed, these 
problems are due to a lack or insufficient knowledge of human factor issues 
among designers. Designers think about the functionality of their system, and 
they don't know what they don't know about the human factor issues, or they 
may underestimate the importance of them, or they may not know how their 
design could be friendly to the user (user friendliness). User friendliness is 
comprised of two characteristics: discoverability, and understandability. These 
indicate the crucial needs of  people who are involved in the system’s function, 
and they facilitate people's lives in symbiosis as part of the system. 

In order to overcome these problems, the participation of ergonomists or 
human factor specialists in the design group should be built into all design 
processes that people will be involved in, and failing this implementaion, later 
improvements/ modifications to the design will be suboptimal both for micro 
or/and macro-ergonomics aspects. 

It is crucial to set the user as the focal point in the core of the maintainability 
design process, and to have a palindromic perception about humans in the 
system during the entire maintainability design process. 
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Contribution to Knowledge and Science 

People have different perceptions concerning the design of a system or 
product, and of the human role as part of the system. This thesis showed the 
difference between purely engineered design and ergonomic design. 
Maintainability and ergonomics hold opportunity for endless co-relations and 
collaboration in the design of humanized systems. 
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Abstract: 
The objective of this paper is to describe an ergonomics contribution in maintainability. The economical designs, inputs 
and training helps to increase the maintainability indicators for industrial devices. This analysis can be helpful, among 
other cases, to compare systems, to achieve a better design regarding maintainability requirements, to improve this 
maintainability under specific industrial environment and to foresee maintainability problems due to eventual changes 
in a device operation conditions. With this purpose, this work first introduces the notion of ergonomics and human fac-
tors, maintainability and the implementation of assessment of human postures, including some important postures to 
perform maintenance activities. A simulation approach is used to identify the critical posture of the maintenance per-
sonnel and implements the defined postures with minimal loads on the personnel who use the equipment in a practical 
scenario. The simulation inputs are given to the designers to improve the workplace/equipment in order to high level of 
maintainability. Finally, the work concludes summarizing the more significant aspects and suggesting future research.  

ERGONOMICS CONTRIBUTION IN MAINTAINABILITY 

INTRODUCTION 

Technologies for automating manufacturing systems 
and processes played a key role in manufacturing facilities 
in the last decades; however it is impossible to remove hu-
man involvement in some of the manufacturing processes 
and still requires manual handling due to the flexibility and 
the skill of human operators. Some of these handling tasks 
deal with heavy physical loads or uncomfortable postures, 
which might result in stress or overload in the muscles and 
joints, and further generate potential risks for musculoskel-
etal disorders (MSDs) [1, 2]. In the manufacturing facilities, 
the design of complex mechanical systems must be carried 
out easing the tasks of operators who assemble and main-
tain them. To achieve these objectives, there is a need of 
detailed set of working instructions ensuring an effective 
manufacturing process and a safe work environment. 

Digital Human Modelling (DHM) techniques have been 
introduced to test, validate and improve the working in-
structions, improve both the design of workers’ task and of 
the product, taking human as the center of the work design 
system [3, 4, 5, 6, 7]. A human centric approach allows vali-
dating the workspace design, assessing the accessibility of 
an assembly design, reducing the production cost, and the 
risk of MSDs as well. Human Centred product design [8, 9] 
is considered an effective means to fulfil the customization 
trend and it should be conducted through the life cycle as 
much as possible. In particular in the early stage of product 
development like Design for Manufacturing (DFM) [10, 11] 
or Design for Assembly (DFA) [12, 13] ergonomic issues 
must be seriously taken into account. 

During the product design, designers are mostly focus 
on the functionality of their product. These products 

(industrial and private consumers) have an interaction with 
the intended users at the moment when they are in func-
tion or /and when they are in maintenance operations in 
order to keep them in function.  Nowadays industrial prod-
ucts are so complex and complicated that a group of de-
signers (electrical, mechanical, hydraulic, etc.) will be en-
gaged only for one product. 

In order to have high quality, durability, reliability and 
ease of use for each product it depends on up to what ex-
tent designer contemplated the end users’ physical and 
mental abilities as well as end users limitations. Fulton Suri, 
(2000) [14] highlighted that today’s designers work at a 
distance from their widely diverse communities of users. In 
many cases, they are expected to rely upon other specialist 
functions, such as market research and ergonomics, to act 
as interpreters of peoples' needs and desires. It is not ex-
pected products designer should have a thorough 
knowledge regarding the end users abilities and limitations. 
These areas are a domain or knowledge base of ergono-
mist. Haslegrave and Holmes (1994) [15] argued that it is 
important for ergonomists to understand the main aspects 
of engineering design, both related to process, product and 
business constraints, as well as it is important for design 
engineers to get some formal education in ergonomics, so 
that both professions understand each other’s approach to 
design problems.  

User centred system-product design logic make an im-
portant conceptual distinction between purely technical 
design and ergonomically design. So, any divergence or 
distance from this concept make end users to adapt them-
selves more to the system or product functions rather than 
design engineers together with ergonomist try to adapt 
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their system or products to the end users abilities’ charac-
teristics. 

O’Neill [16] described one of the maintainability aspects 
during design process is involvement of safety engineer in 
the maintainability management. 

Maintainability in general is a procedure in the process 
for design of system or product in which designers need to 
go through with the aim of having more maintainable and 
reliable, high quality, easy to use and higher durable func-
tionality of their design in order to meet in-tended user 
requirements. The process for product design is explained 
in Figure 1. 

The content flow of this manuscript is arranged as fol-
lows. After introduction, in the second part a brief litera-
ture review is presented, including the definition of the 
main concepts, which are later used in the paper. After-
wards, in Section 3, the maintainability indicators and 
maintenance levels are presented. Then, Section 4 the 
methodology to assign the maintainability attributes from 
device design perspective, maintenance staff and work con-
ditions perspective and logistics support perspective is illus-
trated. Consequently, in Section 5, the implementation of 
the methodology is explained and the corresponding re-
sults are also presented. Section 6 discusses the results 
obtained from the analysis. Finally, the work concludes 
summarizing the more significant aspects and suggesting 
future research. 

ERGONOMICS AND HUMAN FACTORS  

Human factors or ergonomics stands as a multidiscipli-
nary science. It applies for distinction between human abili-
ties concerning physical as well as mental and limitations at 
the time when human is used or being involved in system 
operation or use of manufactured products.  

Because of being multidisciplinary science Human Fac-
tors and Ergonomics Society introduce five different defini-
tions [17]: 
1. Definition from Professional Societies,  
2. Definition from Scientific Literature,  
3. Definition from Government Agencies,  
4. Definition from Industry; 
5. Definitions from open Sources. 

All these definitions are shared in the fundamental prin-
ciple that ergonomic (or human factors) is a method for 
investigations of interactions between humans and system 
in order to evaluate compatibility of: design, task, products, 
technologies and system to the human biological, physio-
logical, psychological and social characteristics. They are 
also shared in optimizing human performance as well as 
enhancing health and safety in the environment they are 
engaged.  

Ergonomics deals with human capacities by considering 
of their work environment. It deals with fitting the task to 

the man not vice versa as defined by Wickens (1984) [18]. 
There are several tools in ergonomics that can be used in 
order to evaluate human capacities to the work system 
requirements. Among them is participatory ergonomic. 
Brown, (2002) [19] describes; participation and participa-
tory practices are the principal methodologies in the design 
and analysis of work system. Cotton (1993) [20] defines the 
term “employee involvement” as a participative process to 
use the entire capacity of workers, designed to encourage 
employee commitment to the organizational success. Wil-
son and Haines [21] pointed out participatory ergonomics 
can be regarded as philosophy, an approach or strategy, a 
program, or a set of techniques and tools. They defined it 
as the involvement of people in planning and controlling a 
significant amount of their own work activities, with suffi-
cient knowledge and power to influence both process and 
outcomes in order to achieve desirable goals. The role of 
ergonomist participate in the manufacturing process is 
shown in the Figure 2. 

 
 
 
 
 
 
 
 
 
 
 

MAINTAINABILITY 

Dhillon [22] defined the maintainability, which refers to 
the measures taken during the development, design, and 
installation of a manufactured product that reduce re-
quired maintenance, man-hours, tools, logistic cost, skill 
levels, and facilities, and ensure that the product meets the 
requirements for its intended use. 

O’Neill [16] has described the maintainability as; “The 
relative ease and economy of time and resources with 
which an item can be retained in or restored to a specified 
condition when maintenance is performed by personnel 
having specified skill levels, using prescribed procedures 
and resources, at each prescribed level of maintenance and 
repair. In this context, it is a function of design.” He stated 
maintainability and reliability test and analysis usually fol-
low performance analysis in the design process. One of the 
maintainability aspects during design process is involve-
ment of safety engineer in the maintainability manage-
ment. The concept of “safety is first” is believed in all 
branches.  

In Handbook of Department of Defence [23] stated that 
“In designing for maintainability, the maintainability engi-
neer must be constantly aware of the relationship between 
maintainability and safety, also maintainability engineer 
must collaborate with human factors engineer in order to 
considering human factors during design efforts. It is also 

Fig. 1 Product design work flow 

 Engineers/
Designers

Functionality of 
the design

Experience regarding 
the products (tools)

Simulation of the 
Ergonomics of the Design
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Reliable, Durable & Safe product design

Fig. 2 Role of ergonomist participation  
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mentioned maintainability is included as a subset of human 
engineering. Safety includes designing the product and 
maintenance procedures to minimize the possibility of 
damage to the product during servicing and maintenance, 
and to minimize the possibility of harm to maintenance and 
operating personnel.”  

In many industries design of products are for private 
and/or industrial consumers. For both, designers in Europe-
an countries follow the CE (Conformity marking/Conformité 
Européenne) marking in order to clarify their products com-
plies with safety directive for intended users. 

SIS-ISO/TS 16949:2009 [24], is the standard that suppli-
er for car industries should follow it in order to be certified 
as car parts supplier. Shortage of that causes deviation or in 
case of major deviation it can be result to cancelling certifi-
cation. 

ISO 9001:2008, Quality management systems-
requirement which refers to work environment defines; 
“the organization shall determine and mange the environ-
ment needed to achieve conformity to product require-
ments”, in that the term “work environment relates to 
those conditions under which work is performed including 
physical, environmental and other factors (such as noise, 
temperature, humidity, lighting or weather). In this stand-
ard there is specific requirement; “personnel safety to 
achieve conformity to product requirements as: product 
safety and means to minimize potential risks to employees 
shall be addressed by the organization, especially in the 
design and development process and in manufacturing pro-
cess activities”.   

As it reported in “Fatal Injuries Among Grounds Mainte-
nance Workers – United States” [25], a total of 1,142 
grounds maintenance workers (GMWs) were fatally injured 
at work during 2003-2008, an average of 190 each year. A 
study by AFIM [26] (French association of maintenance 
engineers) on a population of maintenance workers shows 
an occupational disease rate 10 times higher than for other 
workers.  

Even though designers following all standards for their 
products or systems, the above reports reveals mainte-
nance people are more in danger compare with other 
workers. This indicates designer unintentionally trap in a 
Black Hole concerning to safety aspects in their design, that 
is “They do not know what they do not know”.  

In order to minimized or eliminating the risks as it men-
tioned earlier using participatory ergonomics as a tool in 
the design and development process it is not only improv-
ing safer work environment also will result the increasing of 
safety culture among designers. Participators can be; de-
signers, representative of workers union, skilled operators 
and ergonomist or human factors engineer. 

As maintainability designers use different simulation’s 
programs for testing the functionality of their future prod-
uct(s), ergonomics engineers can do necessary simulations 
concerning physical workload (products heaviness, posture 
taken, calculating biomechanical forces and moments in 
different part of body), inventing of risks (fall from height, 
cutting fingers, pinching finger under assembly or/and dis-
assembly of part(s), slippery floor, electrical shock). 
Through pre-simulation, participators can start to develop a 
Standard Operating Procedure (SOP) as described by Ali 
Rastegari [27]. He stated, “An SOP is a written document or 
instruction detailing all relevant steps and activities of a 
process or procedure”. 

For each operation of task this group should provide a 
standardized working process for maintenance operators in 
a way that where to start and how to end the work. Stand-
ardized work provides great benefits such as: stability in 
process, clear stop and start points for each process, organ-
izational learning, audit and problem solving, employee 
involvement, kaizen and training operators as describe by 
Pascal Denis [28] in his book “Lean Production Second Edi-
tion”. Figure 3 explains the overall picture of the ergonom-
ics contribution in maintainability. 

METHODOLOGY 

When the process of maintainability design is carried 
out, new risk analysis should be performed and it should be 
compared with the simulation phases whether they discov-
er new risk or not. Each identified risk should delegated to 
responsible person(s) with due date. Responsible person(s) 
have three alternatives; eliminating risk, minimizing risk or 
accepting the risk as it is. In the situation of second and 
third alternative relevant personal protective equipment 
and safe work instruction must be prepared. Regarding 
physical workload is the same, ergonomist should find tech-
nical lifting aids, other aid equipment or redesigning work 
cell structures. 

Fig. 3 Ergonomics contribution in maintainability  
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Concerning physical workload at different taken pos-
tures, it is necessary to calculate biomechanical forces and 
moment to the most critical parts of the body. 

One way during design process in maintainability is that 
ergonomist use different simulation program which among 
them is ALBA biomechanical analysis program. This program 
is developed at Linköping University in Sweden in 1994. 
ALBA has different functions and has eight countries an-
thropometrical data both for women and men. Among its 
anthropometric data two of them concern with body seg-
ment weight and their centre of mass locations. 

Chaffin, Andersson and Martin in “Occupational Biome-
chanics [29] describe how to calculate body segment mass 
which is a product of: 

 

D= m/V = (W/g)/V 
 

Where D is mass per unit volume (g/cm3), m is the mass 
of body segment (g or kg), V is the volume of water dis-
placed (g/cm3), W is the weight of the body segment (N) 
and g is gravitational acceleration constant (m/sec2). 

 

Segment mass = Segment Volume (cm2) x 
 x Segment Density (g/cm3). 

 

Knowing these two parameters (body segment weight 
and its centre of gravity) it helps to calculate the biome-
chanical stress (forces and moments) in some critical parts 
of the body. These critical parts are; elbow, shoulder, L5S1 
(the lowest of the lumbar spine’s of five vertebrae and the 
first vertebrae of the sacrum), hip, knee and ankle.  

IMPLIMENTATION AND RESUTS 

In ALBA compendium it is stated if the compression in 
spine shows the force between 2500-4500 Newton it in-
crease the risk for back injury and significantly increased 
risk for back injury when the compression exceeds over 
4500 Newton. 

At first, the existing working conditions are considered. 
Figure 4 shows a simulation without any hand load in situa-
tions; squat and stoop postures. 

In these simulations it assumed asymmetry angle in sag-
ittal plane is 0. In the ALBA anthropometries data, body 
segments weight for head, neck, hand and trunk is 63.5% of 
the total body weight. For below simulation, English men at 
50 percentile were selected. In Figure 5 and 6 it simulated 
hand load for 5 and 10 kg for the same postures. The results 
in Table 1 show even there is no load in hands based on 
only body segments weight having stoop posture is in risky 
zone and significantly increasing stress on moments on 
L5S1 and back compressions when hand load is 5 and 10 kg 
respectively. 

 (1)  

 (2)  

 

Fig. 4 Role of ergonomist participation  

Squat posture   Stoop posture 

Squat lift posture   Stoop lift posture 

Fig. 5 Lift object is 5 kg  

Squat lift posture   Stoop lift posture 

 

 

Fig. 6 Lift object is 10 kg  
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Table 1 shows the existing taking squat posture com-
pare to stoop posture maintenance operators have less 
stress moment on L5S1 (Nm) and back compression (N) in 
all three simulations phases. 

In the shop floor the existing working conditions at the 
working place were observed and better arrangement of 
working place with a better positioning is suggested. The 
improved work place environment is designed in a way that 
operators can have standing posture instead of squat situa-
tion the stress moment and back compression can be re-
duced. The simulated results of the new working environ-
ment with the new posture for the stresses with different 
loading conditions are shown in Figure 7, Figure 8 and Fig-
ure 9. The Table 2 summarise the stress conditions for the 
new posture. 

 

 

DISCUSSION AND CONCLUTIONS 

The newly introduced “Squat lift posture” reduces the 
stress levels (L5S1 and back compression) of the workers by 
50% (approximately). Therefore, the newly designed work 
place has improved the working levels improving the main-
tainability aspects. 

With the purpose of optimizing human performance in 
maintainability design procedure, establishing a group of 
designer, ergonomist and skilled operators who will have 
interaction with products is a key for the success to have a 
good designed product. Designers solve problem by tech-
nical manual(s) and aids while ergonomist and skilled oper-

Table 1 
Existing stresses for loading conditions  

 Squat posture Stoop posture 

Hand load weight 0 kg 5 kg 10 kg 0 kg 5 kg 10 kg 

L5 S1 (Nm) 54.9 76.8 98.7 137 166.7 196.5 
Back 
compression (N) 1493 2028 2577 2773 33477 3916 

Squat lift posture   Stoop lift posture 

 

Fig. 7 Lift object is 0 kg (new posture)  

Squat lift posture   Stoop lift posture 

 

Fig. 8 Lift object is 5 kg (new posture)  

Squat lift posture   Stoop lift posture 

 

Fig. 9 Lift object is 10 kg (new posture)  

Table 2 
Improved loading conditions  

 Standing posture Stoop posture 

Hand load weight 0 kg 5 kg 10 kg 0 kg 5 kg 10 kg 

L5 S1 (Nm) 16 33.2 49.9 137 166.7 196.5 
Back 
compression (N) 630 989 1341 2773 3347 3916 



 

  222                                                                                   Management Systems in Production Engineering 2017, Volume 25, Issue 3                                                                     
                                                 .         

ators prefer analytical and technical way base on their 
knowledge and experience.  

Ergonomist contribution in maintainability design pro-
cess can be in two platforms; Micro and Macro Ergonomic. 
Micro ergonomic deals with technical aspects of design; 
workplace, tools, software, while Macro Ergonomics deals 
with instruction or regulation of production system, work 
organization, organizational design (complexity, formaliza-
tion and centralization) and function allocation. 

In the maintainability design process both designer and 
ergonomist need to understand each other more in order 
to solve both technical and human limitation problems. 
Successful design needs collaboration between maintaina-
bility designer and ergonomist.  

This collaboration lead higher adaptability and flexibility 
of designed product to the intended users, lower cost for 
maintenance operation, more efficient maintenance can 
results faster return to operation or service consequently 
decreasing downtime, and lower cost of ownership over 
the product’s life cycle. 
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Abstract

Maintainability is key part of Reliability, Availability, Maintainability and
Safety (RAMS) estimation and prediction in complex assets. Indeed,
availability calculation comprises accurate estimation of maintainability and
frequently, it is just a time stamp for mean time to repair (MTTR) estimations.
However, maintainability is a human related figure where the skill, capabilities,
tools and the design of the asset play key role in its performance. The aim
of this article is to describe the effects of ergonomists’ contribution during
maintainability process for system/products design. System designer thinking
in system and its subsystem in a way of technical functionality. On the other
hand, ergonomists are expertise in human capability and limitation. If human
become a part of system than their interface and interaction become crucial
factors in a success of system performance and its sustainability. In this paper, it
has discussed three main issues that help the process of maintainability design.
These issues are safety, task analysis and risk analysis. It has also touched
reliability engineer’s task to increase Overall Equipment Effectiveness (OEE).
These issues are explained via a case study from a manufacturing industry.
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1 Introduction

The designers focus generally on the technical functionality of intended or
requested system/products. As defined, system is a set of components that
interact with each other in order to fulfill the required function or mission. One
of the components of any system is human that have interact and interface
with the system. On the other hand, ergonomists think to human abilities
(both physical and mental) and their limitations when they become involved
in the system or use of product. Today’s system performance required many
cognitive tasks load (it refers to the amount of cognitive workload which is
the property of task) and cognitive workload (it refers to human mental effort
and it is a property of an individual) activities [1]. Ergonomists are saying,
“fitting the task to the man not vice versa” as discussed in Teymourian et al. [2].
The fusion of these two (designers and ergonomists) way of thinking during
design process will lead to the concept of system thinking and emergence
of human citizenship in the system. The more contemplated ergonomists
in maintainability design process, the higher reliability, availability, main-
tainability and safety the system will have. Through these collaborations,
the cap between Work-As-Done and Work-As-Imagine eliminates or become
minimized Hollnagel, [3]. This cooperation will lead to have the collective
conscious minds [4], which in turn lead to have the same understanding of
entire system’s functionalities and human factors. Peter Senge [5] indicated
that understanding system is fundamental because larger system may drive in
different way than our value. In other words, by faulty design system may have
some negative side effects on workers/maintenance operator’s health, safety,
performance and internal as well as external environment. In maintainability
management, safety engineers’ involvement is one key issue as; O’Neill, [6],
B. S. Dhillon, [7], B.S. Blanchard [8] pointed out. In this context, “Safety
First” is the key issue of conceiving and perceiving human wellbeing in
the sustainability of designed system/product. Designer together with the
maintainability engineers planning many issues for their system/product and
among them is the procedures for maintenance and its frequencies. Performing
maintenance required through thorough tasks analysis, both technically and
their related risks to human and its environment can be determined. To perform
maintenance operations in a safe way it is essential to have an extensive
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knowledge about safety and the situation of an eventuality shortage in safety.
It is also necessary to be aware of anatomy of an accident to control system
and maintenance performances. Tasks need to be decomposed in hierarchical
of subtask(s) for ensuring as much as possible things/performances go right.

2 Background of the Case Study

The integration of ergonomics in maintainability was studied through an
automotive parts manufacturing company tools maintenance. One of the tasks
performed by the tool maintainers is to separate a large tool, top from the
bottom and then turn the top part, which is as shown in Figure 1. In this
study the part of the upper tool that turned where investigated and is shown
in Figure 2.

Maintainers have accessed to necessary information regarding, tool
drawings and documents, work manuals, checklist, work procedures, work
instructions at the level of operators and instructors, training for being
qualified, special skill requirements, type of equipment and facilities, work
place design, risk analysis, working alone, ergonomic evaluation, personal
protective equipment (PPE) that had been prepared in advance. Environmental
factors like temperature, working time, air quality, noise level, chemical
substances that are crucial factors for tasks performance are in accordance with
the governmental requirements. In some tasks or sub tasks it is required special
skills for instance, crane driver in production department is not qualified for
separating tools apart in maintenance workplace and they are qualified for

Figure 1 Separating tools.
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Figure 2 Turn part of the tool.

transporting objects/tools. Tool maintainers need to be specialized for not
only transporting tools, but also how the heavy large tools should be separates
and turns. The process of maintainability of the top part of the tool is analyzed
based on the methodology explained in the Section 4.

3 Methodology

For the proposed case study described above, must be analyzed in such a way
that ergonomics in represent in the maintainability. To analyze the proposed
case, number of steps has been followed and is explain under this section.

3.1 Reliability Engineers Task

One of the reliability engineers’ task during design of system or product is
identifying the possibility of failures that may occur for system or product
functionality. By identifying failures, potential accidental event, causal and
its consequences will be evaluated by using different risk analysis tools such
as fault tree, failure mode, effects and criticality analysis (FMECA), Event tree,
etc. Marvin and Arnljot, each failure and its frequency leads to breakdown,
to which influences system availability [9]. Vorne has classified six big losses
on system performance [10]. Among them breakdown (others are; setup and
adjustment, small stops reduce speed, startup rejects and production rejects).
These losses in availability can be sporadic (well visible) and/or chronic
(difficult to see). To minimize breakdown and other losses implementing
of Total Productive Maintenance (TPM) or Productive Maintenance (PM)
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is key issue for increasing of Overall Equipment Effectiveness (OEE) of
system/product. TPM or PM is based on involvement of all employees’
activities for continuous improvement in maintenance performance [8]. List
of failures and keeping system in function are a guideline for maintenance
engineers in order to prepare different maintenance plans, preventive main-
tenance (all scheduled maintenance actions in order to keep system in its
intended function), corrective maintenance (all unscheduled maintenance
actions because of failures), predictive maintenance (it refers to condition
monitoring of system in order to predicting the system degradation), mainte-
nance prevention TPM (refers to the concept of maintenance free design with
the objective of minimizing maintenance down time and reducing life cycle
cost), adaptive maintenance (it is relating to the relevant software and changes
in processing) perfective maintenance (it refers to computer software so that
increasing performance, maintainability) [8].

3.2 Safety

What it means by safety? The following phrases:

• “have an expression of good wish”;
• “as long as you are here you are safe”.

First and second expressions describing tellers’ feeling of hope for no any
unexpected and unwanted events that can lead to adverse outcomes like as
accidents, incidents or harms. However, interpretation of the last expression
is, as long as you are here nothing bad will happen to you. Safety is a condition
or state of being safe from undesirable events. In other words, have a feeling
of being safe is the outcome of activities that we do will lead to an expected
and success events, that is, things go right rather than go wrong or the number
of adverse outcomes is as low as possible. Hollnagel [3] stated safety as
dynamic non-event. Eurocontrol International Civil Aviation Organization
(ICAO) defined safety as: “The state in which the possibility of harm to
persons or of property damage is reduced to and maintained at or below,
an acceptable level through a continuing process of hazard identification
and safety risk management” [11]. People may have different perception
concerning the presence of safety. It is necessary to know what the condition
of becoming aware of or perceiving the presence of safety is. Hollnagel [3]
described through intersubjective verification people can have the same under-
stating for presence of safety. Intersubjective means, “Involving or occurring
between separate conscious minds like, intersubjective communication [12]”.
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Conscious mind according to Sigmund Freud consist of everything inside of
our awareness and it includes sensations, perception, memories, feeling and
fantasies. He often exemplified this to the tip of the iceberg (outside of water)
[13]. Conscious minds are the hypothetical and transcendent consciousness
that is created by fusing people’s minds into a collective called as group
mind [14]. Accident and incident (both from negative point of view) are the
outcome of unwanted and unexpected events that caused from uncertainty,
unpredictability and failures which is the reason of lacking in presence of
safety. Accident defines as [15]: “an undesirable or unfortunate happening
that occurs unintentionally and usually results in harm, injury, damage, or
loss; casualty; mishap”. The philosophical definition of accident [16]: (in
Aristotelian thought) a property of a thing, which is not essential to its nature
like, ‘The new element is existence, which Avicenna regarded as an accident,
a property of things.’ Incident defines as “a violent event or the occurrence
of danger” [17]. Today and future technologies require new way of thinking
about risks that can reduce safety. Recently, safety consider as two categories;
Safety I and Safety II. Safety I defined as A state where as few things as
possible go wrong. Safety II, ensuring that as many things as possible go
right [11]. A White Paper that published by [11], describe, “Things go wrong
due to technical, human and organizational causes – failures and malfunctions.
Humans are therefore viewed predominantly as a liability or hazard”. In Safety
I (one), accidents investigate when it already had happened by identifying
the sequence of events and risk analysis carried out to clarify the degree of
danger. In the context of Safety I, system is decomposable in parts to find
out the causes of accident, but it is not applicable for socio-technical system,
human and organizational components. On the other hand, Safety II (two) is
concerning in: variability of every day performance and human considered
as resource needed in the system for trying to understand how components
functioning correctly to answer why part/process is not functioning as it
planned. Safety II view is investing in safety not as a cost rather as investing
in productivity. In a complex system workers performance occur base on
working conditions rather than what they had told to do. There are differences
between blunt-end and sharp-end concerning how the task should performed.
Blunt-end (managers, office staff) are those whose roles and procedures affect
how performance should be done that called “Work-As-Imagined”, while
sharp-end are those who do the real performance and confronted to different
risks. Sharp-end understood how things work and through adjusting their
performance according to different situations, performing their task, that [3]
described as, “Work-As-Done”. Through participatory ergonomics approach
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Figure 3 Events distribution [11].

[18] the gaps between Work-As-Imagined and Work-As-Done will be reduced
or be eliminated. By knowing the differences between Safety, I and Safety II
characteristics, it can be concluded that safety I focuses on the two side of
events normal distribution. While Safety II concentrating in the middle of
the same distribution (things go right) Figure 3. Improvement activities in
Safety I will be too costly because of unexpected events. While improvement
activities in Safety II are smaller and more continuous. These two methods can
be used together as complementary to enhancing and improving safety in the
system/product performances. In other words, moving from safety I concept
to safety II will lead to make assured that system will function right.

3.3 Task Analysis

Today’s tasks are form in such a complex set that required both physical
and/or with many cognitive parts such as monitoring, predicting, anticipating
and decision-making workload Annett, J., 2004 [19]. To do task analysis, it is
necessary to apply relevant tools.

There are several methods that can be used for analyzing task: fault
tree analysis (FTA), Event tree analysis (ETA) and so forth. Among them
is Hierarchical Task Analysis (HTA) that applied in this paper. HTA method is
top-down chain of process and it designed to walk-through the task, describing
system’s goals, sub-goals and plans. This method developed at University of
Hull to analyze complex tasks [20]. HTA had been used for human factor
and human computer interaction applications, including training by Shepher
in 2002 [21], design by Lim and Long, 1994 [22], error and risk analysis by
Baber and Stanton, 1994 [23] and team skills assessment by Annett et al.,
2000 [24]. In the maintainability design process, HTA is an appropriate tool
for analyzing the performance of operation and maintenance Energy Institute
[25]. HTA is applicable at each six stage of maintainability process that
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Blanchard [8] described (conceptual design, preliminary system design, detail
design and development, production and/or construction, system utilization
and life-cycle support and system retirement and phase-out). HTA starts to
describe the main goal as a set of sub operation. Each operation broken-down
or decomposed in hierarchy form in order to sequences what sub performance
should carried out. Operation or sub-operation can be break-down to such
detail level that is necessary for starting task analysis. Stopping decomposing
can be determined through the probability of failure (P) times the cost of failure
(C) at an approximate acceptable level (P × C) Annett et al., 1971, [26]. HTA
analyzes not by actions but it is a process for achieving operational goals [20].
Annett et al., 1971, [26] stated, three main principles determine HTA analysis;
1) it is necessary to consider each task formed of an operation and its intended
operational goal in form of production, quality and other system requirement,
2) broking down each operation and its goal in sub-operation and sub-goal
is a way for measuring their contribution to the overall system output, 3) the
relationship made up of operations and sub-operation are hierarchical which
means sub-goals have to be achieved sequentially, this cannot be always the
case. Applying HTA as tool can show the root cause of existing failure or
latent failure that can occur during performance. It also proposing solution
for modification or redesigning of: equipment, work procedures, the type
of required skill, training, support, risk analysis, and so forth. Stanton [27]
also stated, “HTA should also serve as a benchmark for all other ergonomics
methods and approaches and remain in the core repertoire for ergonomists”.

3.4 Risk Analysis

Risk analysis is the one indispensable process after task analysis that designers
and ergonomist compelled to perform it to secure task performance as safe
as possible. For this purpose, there are several risk assessments methods in
ergonomics: Rapid Upper Lim Assessment (RULA) [28], Quick Exposure
Checklist (QEC) [29], Rapid Entire BodyAssessment (REBA) [30], etc... Each
of them has special quality and is strong manner. All these method needs to
an additional risk analysis regarding health and safety for preventing incident
and accident. William T. Fine [31] developed a mathematical evaluation for
controlling hazard. His method gives a fast an overview of seriousness of
hazards by calculating the score of risks which in turn calculated risk scores
can be arranged in rank ordering to which one requiring most attention for
corrective actions. Risk (R) calculation or risk score is a function of three
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factors: potential Severity or consequences (S) of an accident, the frequency
of Exposure (E) to the hazard event and Probability (P) that hazard event will
lead to the accident and its consequences.

R = S × E × P

Each factor has descriptions and numerical ratings. It recommends during
maintainability design phase, maintenance engineer and ergonomist start to
simulate; “work as-imagined” (idealistic view of formal task), ergonomic
evaluation for workloads, health and safety [31] risk assessment and risk
analysis. These simulations give an over view of an idealistic performance
(work as imagined) and having a list of identified risks. By rank ordering
risks list (descending/ascending number of product R) it helps to start to
think what should be done (correct action), who is responsible for measuring,
due date and action taken. Many of risks can be reduced or be eliminated
before real work starts. The next step will be reevaluate risks in order to
see the reduction of severities’ degree. Identified risks have three alternative:
eliminating, reducing or accept as it is. In the case of last two alternatives,
it is obligatory to protect exposed staffs from risks by personal protective
equipment and/or education and information. When the real task starts, there
is a possibility that new or latent risks discover. In this situation, the earlier
analyzed risk should be updated.Another advantage of W. Fine’s method is the
justification for recommended corrective action. Once the hazard identified
and the cost of corrective action estimated it can calculate whether estimated
cost is justified or not. The formula is:

Justification = severity×exposure×probability
Cost factor×Degree of correction

J = S×E×P
CF×DC

Numerator is R, the product of severity or consequences (S), exposure (E) and
probability (P). Denominator is, cost factor (CF) and degree of correction (DC)
in percentage. Each factor in above formula has description and numerical
rating. The criteria for justification rating is 10 that is, if planned corrective
action is:

Justified > 10 > Not Justified

William Fine method used for tool maintainers. Three factors contributed in
the degree of hazard seriousness: Severity (S), Exposure (E) and Probability
(P). Table 1 shows five level of severities, description, lower and highest rates.
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Table 1 Severities levels
Lower Highest

Description Rate Rate
S 1 Minor damage, minor cut, headache, bruises, damage that

can lead to less than 10 days sick absent.
1 3

S 2 Burning damage, minor fractures, diseases with less
disability, asthma, sick leave between 10–60 days. . .

3 8

S 3 Fracture minor amputation, non-lethal poisoning, more than
60 days sick leave.

8 15

S 4 Larger amputation (hands arm, legs, eyes) cancer, deadly
damage.

15 30

S 5 Very serious injuries affecting many people, fatalities 30 100

Figure 4 The anatomy of an accident Erik Hollnagel [3].

4 Case Analysis

Three main areas discussed in the methodology, safety, task analysis and risk
analysis are investigated related to the industrial case. When considering
safety, it is essential to be aware of connection and interaction between
different elements in the system and make it easier to predict unexpected
events, which can lead to accidents. This awareness will lead to take required
measures also having control over things that should go right. Hollnagel, Erik
[3] visualized the anatomy of occurrence of an accident as showed in Figure 4.

Through participatory ergonomics (Figure 5) approach [18] Work-As-
Imagined and Work-As-Done are two key issues that needs to be considered
how real work should performed in safest way.

Concerning task performance, through hierarchical task analysis, each step
of tasks and sub-task can be studied, and all possible risks and trainings can
be identified and prepared. This process is shown in Figure 6. In this case
separating and turning tool include of 17 or up to 20 sub tasks.
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Participatory Ergonomics

Intersubjective
verification 

Practical Work
Performance

Work-As-Done
Sharp-End 

Work-As-Imagined
Blunt-End

Figure 5 Participatory Ergonomics approach.
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Maintenance operation
(separating tools)

Figure 6 Hierarchical Task Analysis (HTA) for tool separation and overturn one part of tool
performance.
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Table 2 Exposure time to the hazard event
Lower Highest

Description Rate Rate
E 1 Very unlikely. It is not known that it may happen 0,5 0,5
E 2 Possible. It is known that it may happen. 1 1
E 3 Irregular. This can happen from once a year to once a month. 2 3
E 4 Occasionally from once a month to once a week 3 4
E 5 Common from once a week to once a day (shift) 4 6
E 6 Often more than once a day (shift) 6 8
E 7 continuously or many times per day 8 10

Table 3 Sequence of accident
Lower Highest

Description Rate Rate
P 1 Very unlikely, but possible 0,5 0,5
P 2 Unlikely, but possible 1 1
P 3 Rare 2 3
P 4 Often. It is likely that it occurs at 5–25% of exposure 3 4
P 5 Probably. It is likely that it occurs at 25–50% of the

exposure times
4 6

P 6 Very probable. It is likely that it occurs at over 50% of
exposure time

8 10

Concerning risks analysis based on the William Fine method, there are
three factors that contribute in the degree of hazard seriousness; Severity (S)
Table 1, Exposure (E) Table 2 and Probability (P) Table 3. Each of them has
descriptions, lower and highest scales.

Exposure start from very rarely to continuously or many times per day and
its rating start from 0,5 to 10. It classified in seven categories and provided in
Table 2.

Probability is classified in six categories and its rating span is from 0,5 to
10 and shown in Table 3.

5 Results

Based on William Fine method severity (S) exposure (E) and probability (P)
are calculated according tables; 1, 2 and 3. Table 4 shows the levels of severity
for each identified risk.

R = S × E × P
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Table 4 Shows the degree of severity (R) for four different level risks
Degree of Severity R = S × E × P

Lower Rate Heights Rate
No risk 0,5 10
Acceptable risk 11 30
Moderate risk 31 100
Serious risk 101 300 and above

The result of the study as shown in Table 4, the degree of risks 1, 3, 4 have
reduce from serious risk to no risk through corrective action. Risks 2 from
360 reduced to 180 due to minimizing probability but it is still in serious
risk zone. Risk number 5 from moderate risk level reduced to no risk. Risk
number 6 has not changed and it is still in moderate level. Risk number 7
changed from moderate to no risk level and risk number 8 did not change and
still in acceptable level. Table 6 shows the results of Table 5 for what elements
has been changed (S, E and P).

Table 5 Identified risks for tool maintainers at their workplace are
Identified Degree of Recommended Reassessment
Risks (R) Severity Measure Measured of (R)

1 Collision between
cranes because of
several cranes

360 Collision
protection
between all
cranes

Done 3

2 Because of
cramped between
tools’ table (tools
working bench)
there is a risk of
collision with the
other tool that
stand on its bench.

360 Education,
information
about risk to
keep himself
away and make
sure no one
stays between
tools

Done 180

3 Work under
suspended load.

180 Prepare stands
that tool can be
put on for
working under
tool

Done 0,25

4 During turning
tool, there will be
strong fold on
chain with wide
angle.

120 Daily check of
crane and its
accessories
continuous
education and
information

Done 4

(Continued )



140 K. Teymourian et al.

Table 5 (Continued )
Identified Degree of Recommended Reassessment
Risks (R) Severity Measure Measured of (R)

5 Labeling tool
weight there is a
risk overloading
the crane
accessory

80 Marking clearly
tool weights

Done 2

6 Lifting with
magnetic device.

60 Information and
education take a
distance with
load

Done 60

7 Other people who
walk in the hall
show very poor
respect to those
who drive crane.

40 information
about the risks
or forbid to go
through the
workshop

Done 0,25

8 Risk of hitting the
head to chain

16 Information
about risk

Done 16

Table 6 Summary of the results
Risk Degree of Reassessment Change in
No Severity (R) of (R) Factors Results
1 360 3 S, E and P No risk
2 360 180 P Serious risk
3 180 0,25 S, E and P No risk
4 120 4 S and E No risk
5 80 2 S and P No risk
6 60 60 No changes Moderate risk
7 40 0,25 S and E No risk
8 16 16 No changes Acceptable risk

6 Discussion

The concept of safety first is digested and accepted nowadays in all
industrial settings. In fact, safety depends also on the principle of Efficiency-
Thoroughness Trade-Off (ETTO). This (ETTO) has an important role for
safety management system in the case of practical limitations such as,
resources, time and effort. Understanding system is a key issue so that up to
what extend its performance fill system designers’expectation and their value.
Faulty design system may have negative side effects on health and safety for
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people involved as well as their internal and external environment. Designing
well-functioning system required multi-disciplinary updated knowledge.
Maximizing system’s performance is a function of knowledge and ability to
analysis hinders in detail. That is, using relevant evaluating tools is key factors
for system’s safety (technical functioning), human’s health and safety and how
assimilating system to the environmental requirement. Safety is a key factor in
any organization. Inherently, every technology comprises of risks through their
activities not only for their staff members also for environment. Therefore, it
is essential to consider safety at the highest level for as much as possible things
(activities) go right rather than go wrong in entire organizational activities.
Organization policy need to establish the atmosphere for their employees to
have feeling of being safe.

7 Conclusion

In this paper, two relevant tools, Hierarchical Task Analysis (HTA) and
William Fine method were used to prevent serious accident and make tasks per-
formances safer for maintainers. These two methods can be key issues during
maintainability design process in order to make maintenance performance
easier. Collaboration between managers and ergonomist in this study led to
have better understanding of real work performance (work- as-down and
work- as- imagine) both for operators and managers. HTA could exposed
each sub task, needed skills and helped maintenance operators the sequences
of their task’s performance. Risks analysis detected related risks for tasks
performances. Operators became aware of all level of risks and personal
protective equipment were prepared within the manufacturing facility for
precautions.
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Abstract: Maintainability is one of the design parameters (reliability, availability, 
maintainability, and safety (RAMS)) and maintenance is needed to keep the respective design 
in sustainable use. At the same time, the human is involved in the form of interface and 
interaction in an engineered product/system designed. Ergonomics is a multi-disciplinary 
science that considers human capabilities and limitations in a broader sense. The objective of 
this paper is to integrate ergonomics into the maintainability design process in order to 
facilitate maintenance operation in lesser; time, cost, easier operation as well as the well-being 
of human who is involved. In other words, good ergonomics lead to good economics and in a 
broader sense, sustainability. This investigation shows that designing comfortable workplaces 
and lesser workload for maintenance operators will be beneficial for the maintainability 
design process and also improve the meantime to repair MTTR. In order to evaluate the effect 
of designed workplace and workload on maintainers 3 D Static Strength Prediction Program 
(3D SSPP) that is commonly used as an ergonomics evaluation tool in scientific studies was 
applied. 

Keywords: maintainability, ergonomics, low back compression, 3 D Static Strength Prediction 
Program 
 

INTRODUCTION 
Nowadays, as technologies become more advanced and complex, in order to maintain them 

maintenance operations will become more complex. Consequently, more physical and mental strain 
exertions will be for maintenance staff. No matter how the advanced system or industrial machines are, 
still, maintenance operations can cause a noteworthy amount of injuries each year. Maintenance 
performance influence workers’ health and safety. In the report of maintenance and occupational safety 
and health (European Agency for Safety and Health at Work) [39] stated maintenance workers exposed 
to many physical hazards like; carrying heavy materials, pushing, pulling taking unnatural postures 
like bending, reaching kneeling and performing their tasks in small working environments. In this 
report stated, maintenance workers' disease rate is 10 times higher than other workers are, and around 
10-15% of all fatal accidents were related to maintenance operations in 2006. 

According to data reported in Finland, between 1994 and 2004, the number of the severe 
accident were 90 for maintenance full-time staff [35]. These accidents resulted in injuries to 
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the upper limbs (39%) and at the same time (28%) to several body parts and (40%) of accidents 
associated with inappropriate or incongruous work instructions. Furthermore  [35] it reported 
33 occurred accidents led to fatalities during both planned operation and unscheduled repairs 
in industrial maintenance during 1985-2004.  

As reported, in the United States by the center for disease control from 2003 to 2008 a 
total of 1142 grounds maintenance workers fatally injured (an average of 190 fatal injuries per 
year) [10]. Maintenance operations most associated with musculoskeletal ill health, the most 
frequent troubles were identified in the shoulder, knee, ankles and feet, wrist, and hand, neck, 
and especially the back Riley 2006 [46].  

As the European Agency for Safety and Health at Work [39] described, lifting loads in 
awkward posture because of badly designed and no lifting devices can result in back problems 
which in turn leads to musculoskeletal disorders (MSD) for maintenance workers. Lifting load 
must be considered as a potential hazard, and the human low back is not structurally designed 
for manual lifting activities Chaffin et, al. [12]. Whereas, a study shown maintenance operators, 
represent the largest group of (approximately 40%) of all reported work-related to 
musculoskeletal disorders in Norway’s offshore petroleum industry Tone Morken et, al. [41]. 
Other studies show that awkward trunk posture during work can result in fatigue which leads 
to pain and disorders in the lower back William Monroe et al. [32]. Lakhwinder Pal Singh [49] 
did a posture analysis in the casting industry in India and he stated awkward posture and manual 
material handling can be eliminated through adaptation of ergonomics solutions like lifting 
assistance in order to decrease the risk of injuries and musculoskeletal disorders.  

Christina Sedlatschek [47] the director of the European Agency for Safety and Health at 
Work stated, “Maintenance has to be done, but it has to be done in a safe way. The figures on 
maintenance-related accidents and exposures show that there is room for improvement.” The 
above literature survey shows the seriousness of how maintenance workers are exposed to a 
variety of risks. In order to minimize or eliminating these risks, it is necessary to re-thinking in 
the earlier stages for maintenance planning and performance in the maintainability design 
process. All these risks need to be considered during the maintainability design process and 
planning of maintenance. Therefore, defects or imperfections in maintainability design and 
planning for maintenance operations processes not only create an indirect economic risk by 
jeopardizing the production continuity also confronting maintenance crew in danger. 

Manual material handling can lead to muscular fatigue NIOSH[20]. As NIOH described 
[20] muscular fatigue is the result of posture taken during and after manual material handling. 
Ciba foundation symposium [44], defined fatigue, as a failure to maintain the required or 
expected force in muscle, and the force of a voluntary contraction is graded according to both 
the tension generated in each muscle fiber and the number of fibers recruited (P. 11 Human 
muscle fatigue: physiological mechanisms) and one the possible meaning of fatigue also is 
impaired intellectual performance. As Gandevia et al, [17] stated fatigue cause loss of muscles 
force and slowing down muscle’s capability for producing contraction, and NIOSH [20] 
described when the muscles get fatigued they are no longer able to do effective work, also as 
Liang et al. [36] stated fatigue will reduce the joints strength, and in the study that did by Fang 
et, al. [14], shown fatigue slowing down body movement, and as Gerald et, al. [37] stated 
fatigue decrements in performance. 

In this article, the relationship between maintainability, maintenance, and ergonomics for 
system/product design and their effect on humans are discussed and 3D Static Strength 
Prediction Program (3D SSPP) was used in order to evaluate low back compression during 
maintenance operations. 
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MAINTAINABILITY  

ISO-Standard [51] define maintainability as, “the ability of an item under given conditions of 
use, to be retained in, or restored to, a state in which it can perform a required function when 
maintenance is performed under given conditions and using stated procedures and resources”. 
U. S. Department of Defense [40] defined maintainability as; “The relative ease and economy 
of time and resources with which an item can be retained in or restored to a specified 
condition when maintenance is performed by personnel having specified skill levels, using 
prescribed procedures and resources, at each prescribed level of maintenance and repair. In 
this context, it is a function of design”. Blanchard [42], “maintainability pertains to ease, 
accuracy, safety, and economy in the performance of maintenance actions”. He (Blanchard 
[42]) stated maintainability is a design parameter while maintenance is required as a 
consequence of design.  

Safety and human engineering are two parts among five key disciplines (manufacturing, 
human engineering, diagnostics and maintenance, logistics support, and safety) in the 
handbook of maintainability design, Blanchard [42] 

Dhillon [13] stated, maintainability is more dependent on the interactions between 
maintainers and machines author also stated maintainability depends more on human factors 
rather than reliability, and lack of careful consideration of human factors will result to increase 
problems for maintenance action and consequently reducing system/product effectiveness and 
readiness.  

Bernard [7] in his study on the human factor in aeronautical maintainability, for the 
maintenance activity, stated maintainability performers use tools that are not related to 
ergonomics expertise, and after discussion with maintainability actors they became aware to 
concern the need to integrate ergonomics in their process design. This indicates as Hendrick in 
Handbook of human factors and ergonomics methods [50] stated after the equipment or 
software is designed ergonomist called to modify some of the human system interfaces for 
reducing the likelihood of human error, improving comfort, or eliminating awkward postures 
and because of this process, the outcome of ergonomist efforts will be suboptimal for work 
system. This is a result of a technology-centered approach to the design process.  

This approach may have insufficient considerations of human factors aspects; the 
interface, interaction, limitation, and the capability which in turn, it may lead to deficiencies in 
reliability, availability, maintainability, and safety (RAMS) parameters.  Hendrick stated in 
this approach (technology-centered) employees are not actively involved throughout the 
planning and implementation process [50]. Therefore effective interventions of 
ergonomics/human factors in the earlier design process will result in significant cost saving 
Stanton [50]. In this regard, as it is shown in Table 1 the ergonomics portion of the engineering 
budget can vary at different stages of developing a system/product, [23] and [2]. 

 
Table 1: The cost of using ergonomics in design [24] 

Stage of development The portion of the engineering budget (%) 
Early design 1-2.5 
Blueprint 1-3.0 
Construction 2-6.5 
Commissioning 4-10.5 
Normal operations 5-12 + 

Table 1 reveals if qualified ergonomist(s) participate in design group activities (during 
design process) in the earliest stage of product/system and maintainability design, it will results 
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in not only the less costly the product/system will be, what’s more, this participation will lead 
appreciatively on the cost-benefit or costs-savings for the entire life cycle of system/product. 

Blanchard [42]  stated the cost of acquiring a product is less than the ownership over the 
product’s life cycle and it can be up to 75% of the total life cycle cost, and Dhillon [13] in some 
cases, it may increase up to 10 to 100 times of original product acquisitions. This can be the 
result of inappropriate technical and human factors considered in system/ product design.  
Blanchard [42] stated life cycle cost is an important aspect when it comes to analysis 
maintainability for operation and maintenance, and he described that life cycle cost can be 
reduced from the earlier stages; from concept, advance planning, production, and the 
construction phases. 

In the case of human-oriented design as shown in Table 1 the life cycle cost will be even 
less compared to the technology-oriented approach and the economic benefits of ergonomics 
design or redesign of the product can be measured through increasing; company’s stocks value, 
selling, productivity and reducing accident and its related cost Hendrick [24]. The consequence 
of human-oriented design will lead to “good ergonomics is good economics” Hendrick (1996) 
[25].  

The crucial aspects from an ergonomics point of view are how maintainability actors 
(designer, maintainability designer, and ergonomist) influenced the design of the 
system/product, design of work procedures, and work organizations in order to maintenance 
performances are free from accidents, incidents, and injuries. In order to integrate ergonomics 
in maintainability proactively, Bernard et al. [8] experimented with digital and physical mock-
up simulation for assessing postures taken for a helicopter’s eleven tasks maintenance 
performance in the situation of; standing, bending, lying down, and kneeling. They found a 
significant difference was between digital and physical simulations between acceptable 
postures, acceptable posture under conditions, and unacceptable posture, they stated the longest 
part of the performance was carried out in unacceptable posture. They concluded during 
maintainability analysis human factors/ergonomics need to be considered for various 
maintenance tasks, not individual tasks. During maintainability, design tasks can be 
categorized as physical, mental, or both. Tasks procedures for performance and its organization 
should consider both micro-ergonomics and macro-ergonomics principles and the shortage or 
absence of each one will not have optimal results. 

MAINTENANCE OPERATION  

Every engineered product due to the usage, aging, and failures will be degraded or become 
out of function. In order to keep the product in the intended function, maintenance operation 
is a crucial aspect, and as Blanchard [42] stated maintenance is required as a consequence of 
design. In the context of maintenance operations, the human factor needs to be applied in 
order to assure the maintainer's well-being and safety, which in turn results in, lesser 
maintenance cost, enhanced system supportabilities, enhances overall production, preventing 
production disruptions, and faster to repair. ISO-Standard [51] defines maintenance as, the 
combination of all technical, administrative, and managerial actions during the life cycle of 
an item intended to retain it in or restore it to, a state in which it can perform the required 
function. Maintenance is divided into two categories, preventive maintenance (PM) (time-
directed) and corrective maintenance (CM) (breakdown) [6][15]. Details of each above-
named categories are beyond the scope of this article. 
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ERGONOMICS ISSUE IN MAINTENANCE AND ITS COST-SAVING 

Usually, maintenance management handbooks describe human factors/ergonomics from the 
helicopter’s perspective. This kind of view will lead to many detailed ergonomics disciplines 
in order to apply several related tools at each stage of maintenance planning and 
performances. Application of ergonomics/human factor ensures the proper design features 
which relate to task performance for maintenance operators movements in their workplaces, 
Ben-Daya et al. [6]. System reliability is affected by multiple factors, near the top of the list 
are human factors, Diego et al. [16].  

Many ergonomics improvements resulted in increasing both technical enhancements and 
economical profits gained from this intervention. In the handbook of engineering design U.S. 
Army  [5], maintenance operation focused on human factors constraints. Shanmugam et al.  
[48] also applied ergonomics/human factors discipline in aircraft maintenance in order to 
improve maintenance performance in; hangar, workshops, task cards also designing tools and 
as Shanmugam conclude this discipline brought in benefits even to the area of aircraft design, 
operation, and maintenance. Rick Goggins [19] prepared a list of 250 companies and shown 
their costs benefits of different aspects of ergonomics improvements also, Hendrick [23] gave 
several examples of cost benefits of ergonomics in product design, from the petrochemical 
project, The Air Force C-141 aircraft system development and software design. Hendrick [24] 
in his article shows many pieces of evidence of the cost benefits of an ergonomics intervention 
in productivity. One of the companies he (Hendrick) mentioned “Forge shop manipulator” 
through ergonomics design could improve their productivity and the results they gained were; 
reducing whole-body vibration, reducing the noise level by 18 dB, sick leave from 8% to 2%, 
dropping maintenance costs by 80%. 

Many industry managers may think that ergonomics is an extra cost expense for their 
system. They may think ergonomics or human factors nowadays are nothing more than 
“common sense” and it is built in the design process Hendrick [24]. That is, this way of 
perception is or reveals on trusting to technology-oriented design rather than technology’s 
operators oriented or human-oriented design. In the case of some discrepancies or decreases in 
their system performance is humans’ fault.  This way of thinking (common sense) can be a 
route of incorrect judgment and make decisions based on their pre-judgment. They may get 
used to and accepting of dealing with eventual accidents, incidents, or poor usability of their 
engineered product/system designed. 

The benefits of considering ergonomics /human factors are how this science can increase 
the quality of people working life and this science had been shown enormous potential for 
improving the safety, health, and comfort of people that led to increased productivity for both 
humans and the system Hendrick [24]. The economic benefit of integrating ergonomics in the 
design process falls in three aspects, 1) employees see Table 2., 2) in materials and equipment 
and, 3) increased sales, Hendrick [23]. As he stated these benefits can be instantaneous and 
also cost-saving for the system/product’s entire life cycle time. He (Hendrick) notified also 
other ergonomics intervention benefits like reduced; scrap, equipment, production parts and 
materials, maintenance tools, and material and equipment damage. 
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Table 2: Summary of employees-related benefits [34] 
Personnel-related benefits Cost benefits 
Increased output per worker Design in; workplace, hardware, software, and work 

system (macro-ergonomics) 
Reduced errors Increased productivity, fewer accidents, reduction in 

equipment damage, personnel injuries, and related 
costs 

Reduced accidents, injuries, and illness Savings in workers compensation insurance, saving in 
production, maintenance, and administration units 

Reduce training time Work system design in easier to perform function and 
process, less turnover, reduced lost time because of 
accidents and injuries, less absenteeism, fewer workers 
to perform a given function, and ergonomicsally 
designed training program 

Reduced skill requirements Improved work system process and related task leads 
to reducing skill, reduced training, and saving in salary 

Reduced maintenance time Many times ergonomics improvements to jobs, 
workplace, equipment, or work systems lead to 
reducing maintenance performances, fewer 
maintenance operators, saving salary consequently 
reduced maintenance costs 

Reduced absenteeism Reduction of personnel replacement, saving in salary, 
and increasing productivity 

Reduced turnover Improved employees’ quality of working life, reduced 
employees turnover cost 

APPLICATION OF ERGONOMICS IN THE MAINTENANCE PROCESS 
International Ergonomics Association (IEA) [29] “Ergonomics (or human factors) is a 

scientific discipline that concerns with the understanding of interactions among humans and 
other elements of a system, and the profession that applies theory, principles, data, and methods 
for design in order to optimize human well-being and overall system performance”. 
Application of this science in system/product design results in positive effects of ergonomics 
as well as economics in the system or product usage, good ergonomics is good economics [25]. 
The integration of micro and macro ergonomics in system/product design is a more effective 
(doing the right thing) and efficient (doing things right) way to handle human integration into 
the system. 

Nowadays, in many maintenance operations task(s) instruction(s)/description(s) it is 
difficult to find out the description for a specific task performance that can cause fatigue (which 
is the result of muscle pain and awkward working posture) or is/are painful. Despite the fact 
that designers considering all safety standards for their designed system/product but lacking in 
human factors knowledge will cause problems to system/product, in other words, they do not 
know what they do not know, this is because designers mostly focus on the functionality of 
their engineered design [52]. In this context, human abilities in terms of physical and mental 
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limitations may be missed during the entire design process. Metaphorically, they are trapped 
in a situation called cognitive tunneling. As Almeida [3] described, ”Cognitive tunneling, also 
known as cognitive capture is an in-attentional blindness phenomenon where one becomes 
hyper-focused on some variable other than the present environment”. In order to exit from the 
cognitive tunnel, it is essential to consider an ergonomist as a part of the design team. 
Ergonomists as a part of the design team or as a consultant can use several tools from their 
domain in order to identify risks and simulating/calculating the consequences of risks, 
evaluating future task performance in conjunction with maintenance operators' physical and 
mental abilities. 

Usually, maintenance tasks in industries demanding or requiring vigorous physical effort 
(manual handling) and having awkward postures because of incommodious working conditions 
(position of work in space, angle or position of work, vision, and environment). These 
situations will lead to the risk of work-related musculoskeletal disorders (MSDs) if task 
performance is out of the human body power zone (above the knees, below the shoulders, and 
close to the body) [27]. Even there is no reason to assume every task that is in the human power 
zone is safe. 

A report of the European Agency for Safety and Health at Work EN 4 [43], stated, 
musculoskeletal disorders (MSDs) or injuries are related to muscles, tendons, joints, nerves, 
ligaments, and skeletons. These injuries are the effect of the work or workplace where the task 
is carried out, it is also reported twenty-five percent of employees complain of backache 
moreover, twenty-three percent reported muscular pain [43]. These figures indicate the 
musculoskeletal disorders (MSDs) are the major cause and are the most common work-related 
health problem which resulted in sick leaves in the European Union (EU). It reported 498000 
workers suffering from work-related musculoskeletal disorders (19% lower limbs, 41% upper 
limbs or neck, and 40% back) that resulted in 6.9 million working days lost in 2018  [22]. 
Swedish Work Authority (Arbetsmiljöverket) [4] published the percentage of women and men 
who reported pain each week in the upper parts of the body, back/neck, shoulder, or arms in 
1991-2011, see Fig. 1. 

 

 
Fig. 1 Physical problems for every week in 1991-2011 

METHODOLOGY FOR EVALUATING PHYSICAL WORKLOAD 
In order to assure maintainers’ safety and wellbeing different risks (e.g. job factors, personal 
factors, and organizational factors) assessments and risks analysis are needed to carry out 
before maintenance operations start [21]. These two (assessing and analyzing risks) are the 
core issues that are prerequisites to be considered during maintainability design and 
maintenance planning. 
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There are several classical tools for evaluating physical workload. Rapid Entire Body 
Assessment (REBA), is used for analyzing postures taken in order to evaluate musculoskeletal 
injuries [26]. Rapid Upper Limb Assessment (RULA) focuses on upper extremities and 
neck/shoulder when sitting or standing [38]. ALLA is used for agricultural lower limb 
assessment [33]. OWAS is a practical method for identifying and evaluating poor working 
postures [31]. Quick Exposure Check (QEC) is used for assessing exposure to risk factors for 
work-related musculoskeletal disorders [18]. Posture, Activity, Tools and Handling (PATH) 
are used for ergonomics analysis in the area of construction and other work that are non-
repetitive [9].  

In this study, 3D Static Strength Prediction Program (3DSSPP) is used. This tool is using 
for evaluating/analyzing the load on the back, shoulder, wrist, elbow, torso, hip, knee, and 
ankle. 3D SSPP program shows the results in form of bar graphs the percentage of the 
population that has the current anthropometry data has enough strength to perform the required 
load and the percentage of maximum voluntary contraction for each above-named joint. The 
3DSSPP is most useful in the analysis of slow movements that are used in heavy materials 
handling tasks and biomechanical computations when assumed that the effects of acceleration 
and momentum are negligible. Instructions explain that task performance should be divided 
into a sequence of static postures in order to analyze each individual posture. Mathematical 
models and occupational biomechanics issues that are referred to in this program are found in 
“Occupational Biomechanics 4th Edition” by Chaffin et al. 2006 [11].  

The 3D SSPP program is commonly used as an ergonomics evaluation tool in scientific 
studies measuring workload Paul S. Adams in his study of “Selecting Ergonomics Analysis 
Tools  [1]  described the 3DSSPP program as being a useful tool for simulating the initial 
design of ergonomics actions, on top of that, this program is used for simulation and to assess 
hypothetical solutions.  

In a study for compression on L4 – L5 for firefighters compared different ergonomics 
tools, it was stated that 3DSSPP DHM (digital human models) have allowed for an in-depth 
investigation of injury risks when firefighters performing lift and carry the hose Kajaks 2017, 
[30]. 3D SSPP uses over 2000 in U.S. and international sites by an ergonomist, researchers, 
engineers, those who evaluating a job, job designer, and physical as well as occupational 
therapist, Rong et al. (Multiple tasks input tool for 3D Static Strength Prediction Program) [28]. 
We can conclude that the 3D SSPP is a valid tool to simulate and give valid recommendations 
for improving the workplace and reducing low back compression. 

CASE STUDY 
In one maintenance workshop, the maintainers’ physical workloads were investigated. A 

Nordic standard questionnaire was used and it is shown six and four operators (out of nine) 
claimed they have pain in the upper and lower back pain respectively and seven declared 
having a problem with their shoulder. Operators’ daily works were rotating at different 
workplaces, and one of their tasks was lifting two heavy objects with both hands( see Fig. 2). 
Each object weighed 18 kilograms that should lift from the floor and put to the intended place 
(this study carried out only on lifting objects not carrying and putting on the intended place). 
At the place of lifting objects, their performance was filmed and then it converted into 
pictures. 
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Fig. 2 Avatar matched with operator posture 

RESULTS 
A combination of risk factors normally interacts with each other, consequently, it creates 
comprehensive risks for upper limb disorders (ULDs). Some of these risk factors are, 
repetitive tasks, force, working in awkward postures, duration of work in an awkward 
posture, and working environment that cause work-related to musculoskeletal disorders 
(MSDs). Fig. 3 shows posture taken in order to lift 18 kilograms of spring with each hand in 
different axis (Z, Y, and X) in positive directions. 

 

 
Fig. 3 (a) Top-View + Z axis, (b) Front-View +Y Axis, (c) Side- View + X Axis 

 
Fig. 4 shows the back compression in the taken posture and lifting springs. 
 

 
Fig. 4 Low back compression in Newton 

 
 
In order to understand the low back compression effects on the spine during manual 

handling works, it is necessary to describe two terms in the unit of Newton, Action Limit (AL) 
and Maximum Permissible Limit (MPL) [34].  

According to NIOSH quantifications load force on the back, the action limit (AL) is the 
amount of 3400 Newton or [350 kg or (770 lb.)] compression force on the L5/S1 (Lumbar spine 
5/Sacral spine 1) disc can be tolerated by most young, healthy workers. It is also stated up to 
350 kilograms over 99% of men and over 75% of women can lift the loads. On the other hand, 
Maximum Permissible Limit (MPL), made a firm decision as, biomechanical compression 
forces on the L5/S1 disc are not tolerable over 6400 Newton or [650 kg (1430 lb.)], and only 
less than 1% of women and about 25% of men workers have the muscle strengths also [20], it 
is shown work-related low back disorders (WLBD) at MPL level is eight times higher than at 
AL level [53]. 
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In this program, the default limit value between the green and yellow regions is the NIOSH 
action limit (AL) value, and the default limit is the transition from yellow to the red regions is 
the NIOSH upper limit (MPL).  

Fig. 4 shows the load on the back because of the posture taken is located in the yellow 
area and indicates 3690 Newton force/pressure on the operator’s low back. According to 
NIOSH [20], it is necessary to investigate administrative controls when the conditions 
exceeding the AL limit (3400 N). Administrative control refers to whether workers are weak 
or unfit for the heavy lifting loads or strong workers or fit workers are well trained in order to 
avoid certain lifting posture and/or activities that are known to increase the hazard level.  

 
Fig. 5 shows the results of joints’ strength capabilities in; wrist, elbow, shoulder, torso, hip, 
knee, and ankle. This figure highlighted the strength of, torso, hip and ankle are less than 99% 
because of the posture situation. And, Fig. 6 highlighted the fatigue in wrist and shoulder. 
  

 

 
Fig. 5 Strength percent capability of joints. 

 
Fatigue defined as a failure to maintain the required or expected force in muscle, and the 

force of a voluntary contraction is graded according to both the tension generated in each 
muscle fiber and the number of fibers recruited, and one the possible meaning of fatigue also 
is impaired intellectual performance Ciba foundation symposium [44]. It causes loss of muscles 
force and slowing down muscle’s capability for producing contraction [17], it is also shown 
slowing down body movement [14], decrements in performance [37], and consequently, when 
the muscles get fatigued they are no longer able to do effective work [20]. Fig. 6 localized 
fatigue on wrist and shoulder due to the posture, load and exerted force duration.  

 

 
Fig. 6 Localized fatigue. 

 

RECOMMENDATIONS 

As the essence of the work performance requires taking the posture as it is shown in Fig. 2 
and at the same time lifting an 18-kilogram spring with each hand that caused 3690 Newton 
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compression on the low back, the best solutions are either to reduce the weight, redesign 
workplace in form standing posture, or using lifting aids as NIOSH [20] also recommended.  

Usually, the object’s weight cannot be changed therefore other two options can be 
considered as improvement factors.  

Concerning the redesign workplace, a study that did by the Association of  American 
Railroad (AAR) (1989) [45]  used the University of Michigan Center for Ergonomics 
computer model that calculated back compression at bending lift posture at Union Pacific 
Railroad’s (UP) shop operation. The results of calculations shown 1319 lbs. compression on 
the back and according to NIOSH, this compression was between the action limit (AL) and 
maximum permissible limit (MPL) or in the area of the yellow zone as shown in Fig. 7. 

 

 
 

Fig. 7 Posture taken during bending lift (Pictures adapted from AAR). 
 

 
Fig. 8 A redesigned workplace (Adapted AAR). 

 
As a result of redesigning the workplace as shown in Fig. 8 in standing lifting posture at 

UP shop operation, their productivity increased from 1564 cars to 2900 in three years and the 
value of car repaired increased from $ 8935 million to $ 12000 million in three years. The 
company calculated the ratio of cost-benefit that reveals from 1 to 10. Table 3 shows the effect 
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of improvement that resulted in reducing back injuries and its benefits in the UP Railroad’s 
shop operation. 

 
Table 3:  Results of implementing Back-injury reduction program (Adapted AAR) 

 1985* 1986 1987 1988 
Total incidents 33 23 10 12 
Reportable incidents 29 10 2 7 
Lost-time incidents 12 1 0 0 
Back injuries 9 0 0 0 
Lost days 579 11 0 0 
Restricted days 194 15 2 4** 
*1985 data are typical of data for the previous 4 years 
**Increase is in non-back-related minor injury incidents. 

 
In order to reduce low back compression as it shown in Fig. 3 lifting assistance (lift arm 

hoist) can be considered as a solution for, they can perform their task in standing posture 
(natural posture), see Fig. 9. In order to use lifting aid as shown in Fig. 10 operators grip the 
maneuvering panel and pressing the button for lowering the hook (or any kind of gripper). 
After adjusting the griper/hook to the load, operator should press lifting up button to perform 
the task. 

Using lifting aid in natural posture was simulated, and the results of low back compression 
reveal in the green area only 178 N (no burden in hand) (see Fig. 11.), strength capability of 
joints all are in the acceptable situation (see Fig. 12.), and no indication of fatigue as shown in 
Fig. 13 for the wrist, elbow, and shoulder. Consequently, this task can perform by over 99% of 
men and over 75% of women NIOSH [11].  

 

 
Fig. 9 Hoist 
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Fig. 10 Standing in the natural posture 

 
 

 
Fig. 11 Low back compression in Newton using lifting aid 

 

 
Fig. 12 Strength percent capability using lifting aid 

 
 

 
Fig. 13 Localized fatigue using lifting aid 
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DISCUSSION 
As the literature survey described work related to musculoskeletal disorders is common in 

maintenance operations.  This is due to the maintainability design process in which designers 
overlook work performance and work organization for a specific task. The focus of this study 
was how posture has taken due to the nature of work for lifting objects that can affect low back 
compression. Even operators who were trained on lifting techniques still postures taken 
indicate after a while that operators do not follow the training. Working at this posture for a 
prolonged time has shown to result in fatigue and serious back pain. Fatigue will have negative 
effects on productivity, a longer time for maintenance performance or increasing mean time to 
repair (MTTR), reduces quality, higher cost, and can increases errors. As Dhillon [13] stated 
“Maintainability is more dependent upon the action of the operating and maintenance 
personnel, and to a greater extent involves the interactions between people and machines. It, 
therefore, depends more on human factors than does reliability. Failure to consider human 
factors carefully during equipment design can lead to increased maintenance problems and 
reduced effectiveness and readiness”.  

In maintainability, and maintenance planning handbooks, many cost considerations 
described regarding; technical, administrative, logistics,… issues, but there is a lack of cost or 
cost-benefit calculations for ergonomics/human factors interventions during the 
maintainability design process in their chapters for safety and human factors considerations. 

This can be assumed, workers in many situations have to adapt themselves to technology-
oriented design. 

Due to the nature of their work, the results of the analysis reveal why they have pain in 
their back and shoulders. If during maintainability design process ergonomist was involved, 
all performances could have been simulated and designers could have redesigned workplace 
and/or lifting aid could have been prepared, and workers’ health were assured.   

 
 

CONCLUSION 
Repetitive tasks, be forced to take an awkward posture and its duration, a workplace that 

causes musculoskeletal disorders, and other environmental risks are factors that can interact 
with each other in which the combination of them lead to musculoskeletal disorders. Taking 
discomfort posture and at the same time exerting efforts cause also pain and fatigue. These 
two symptoms influence to the lesser productivity, increasing mean time to repair (MTTR), 
increasing downtime, cause poor quality in maintenance activities, increase errors, and also 
leads to social costs.  

All these problems are due to the design because of mismatching of the system’s work 
demand and human characteristics. Designers think (because they are human) they 
understand human and end-users of their system/product should have the same understanding 
of the logic of the design, or system/product buyer think that ergonomics or human factors 
issues are common sense, it should be built-in the design, therefore investing on that is un-
productive. 

Lack of sufficient ergonomics/human factors understanding for both owners and 
designers will end-up in poor maintainability design and maintenance performance, which in 
turn leads to decreasing the overall equipment effectiveness (OEE). If OEE cannot perform 
based on designers' logical calculation, operators should not be blamed because of that, rather 
this is the designers’ fault of the poor design, which leads to deficiencies in the 
system/product’s functioning. 
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If designers or system owners come to know deficiencies in their system are related to 
human factors and look for ergonomics improvement they should be known improvements 
will be suboptimal because the design was founded on technology-oriented. Therefore, the 
sooner ergonomist participation in the design process not only the more humanized 
system/product will be also this participation will lead to the cost benefits for the entire 
system/product life cycle time. 

The purposes of maintainability are safety, ease, accuracy, and economy for maintenance 
actions and those who are performing maintenance actions will be affected by all these four 
named elements. As literature reveals maintainability plan is directly related to human 
characteristics (abilities and limitations) who will be performing the maintenance operation.        

In the above-named literature about maintainability, all authors stressed the need for 
collaborations between maintainability engineers and ergonomist/human factors engineers.  

In this context, the cost of human factor or ergonomics is needed to be in the innate of 
the maintainability design process as like the other cost considerations.  

The system is not only the sum of its collected parts, but it is also more than that when 
the system/product is in function. Functioning is an emergent property of the system/product 
which each individual element does not have that property. Overlook to human 
factor/ergonomics issues as one part of the system/product functionality is failing to 
understand or to comprehend the concept of an emergent property of the designed 
system/product. 

Therefore, during the design of the engineered system or product, it is crucial to set the 
user as the focal point in the core of the maintainability design process and having a 
palindromic perception about human in/and system for the whole maintainability design 
process.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 16 of 19 

 

REFERENCES 
 
 
1. P.S. Adams. "Selecting ergonomics analysis tools," in Proc ASSE Professional 

Development Conference and Exposition, American Society of Safety Engineers, 2005. 
2. D. Alexander. The Cost Justification Process. Auburn Engineers. Inc, Auburn, 

Alabama, 1999. 
3. D. Almeida. (2017). Exit the Cognitive Tunnel. Available: 

http://davidalmeidamd.com/category/cognition/. 
4. Arbetsmiljöverket. (2012). Physical problems for every week in 1991-2011. Available: 

https://www.av.se/globalassets/filer/statistik/arbetsmiljostatistik-arbetsmiljon-2011-
rapport-2012_04.pdf. 

5. I. Bazovsky. Engineering design handbook- Maintainability engineering theory and 
practice.  US Army Materiel Command, 1976. 

6. M. Ben-Daya, U. Kumar and D.N.P. Murthy. Introduction to maintenance engineering: 
modelling, optimization and management. John Wiley & Sons 2016. 

7. F. Bernard. "Consideration of human factor in aeronautical maintainability," in Annual 
Reliability and Maintainability Symposium (RAMS), IEEE, 2017. 

8. F. Bernard. "Virtual reality simulation and ergonomics assessment in aviation 
maintainability," in Cong. of the Int. Ergonomics Association, Springer, 2018. 

9. B. Buchholz. "PATH: A work sampling-based approach to ergonomics job analysis for 
construction and other non-repetitive work." Applied Ergonomics, vol. 27(3), pp. 177-
187, 1996. 

10. Centers for Disease Control and Prevention(CDC). "Fatal injuries among grounds 
maintenance workers: United States, 2003--2008. Morbidity and mortality weekly 
report MMWR." Centers for Disease Control and Prevention, 2011. 

11. D.B. Chaffin, G.B. Andersson, and B.J. Martin. Occupational biomechanics. John 
Wiley & Sons, 2006. 

12. D.B. Chaffin and K.S. Park. "A longitudinal study of low-back pain as associated with 
occupational weight lifting factors." American Industrial Hygiene Association Journal, 
vol. 34(12), pp. 513-525, 1973. 

13. B.S. Dhillon. Engineering Maintainability: How to Design for Reliability and Easy 
Maintenance. Gulf Publishing Company, 1999. 

14. D. Fang. "An experimental method to study the effect of fatigue on construction 
workers’ safety performance." Safety science, vol. 73, pp. 80-91, 2015. 

15. C. Franciosi, B. Iung, S. Miranda and S. Riemma. "Maintenance for sustainability in 
the industry 4.0 context: A scoping literature review." IFAC-PapersOnLine, vol. 
51(11), pp.903-908, 2018. 

16. D.P. Galar and U. Kumar. Maintenance audits handbook: A performance measurement 
framework. CRC Press, 2016. 

17. S.C. Gandevia, G.M. Allen and D.K. McKenzie. "Central Fatigue," in Advances in 
Experimental Medicine and Biology, vol 384. Springer, Boston, 1995. 

http://davidalmeidamd.com/category/cognition/


 17 of 19 

 

18. D. Geoffrey. "The development of the Quick Exposure Check (QEC) for assessing 
exposure to risk factors for work-related musculoskeletal disorders." Applied 
Ergonomics, vol.39(1), pp. 57-69, 2008. 

19. R.Goggins, Ergonomics cost benefit case study collection. Available: 
https://www.pshfes.org/cost-calculator. 

20. Health Division of Biomedical and Behavioral Science. "Work practices guide for 
manual lifting (No. 81-122)." US Department of Health and Human Services, Public 
Health Service, Centers for Disease Control, National Institute for Occupational Safety 
and Health, Division of Biomedical and Behavioral Science, Cincinnati, OH,  pp. 198. 
1981. 

21. Health, Executive Safety. "Performance Influencing Factors (PIFs)." Health and Safety 
Executive: UK, 2019. 

22. Health, Executive Safety. "Work related musculoskeletal disorder statistics 
(WRMSDs) in Great Britain, 2019." Health and Safety Executive: UK, 2019. 

23. H.W. Hendrick. "Determining the cost–benefits of ergonomics projects and factors that 
lead to their success." Applied ergonomics, vol. 34(5), pp. 419-427, 2003. 

24. H.W. Hendrick. "The ergonomics of economics is the economics of ergonomics," Proc. 
Human Factors and Ergonomics Society Annual Meeting, SAGE Publications, Sage 
CA: Los Angeles, CA, 1996. 

25. H.W. Hendrick. "Ergonomics is good economics." Human Factors and Ergonomics 
Society, Citeseer, 1996. 

26. S. Hignett. and L. McAtamney. "Rapid Entire Body Assessment (REBA)." Applied 
Ergonomics, vol. 31(2), pp. 201-205, 2000. 

27. J. Howard and L. Welsh.  Ergonomics Guide for Manual Material Handling. DHHS 
(NIOSH) Publication No. 2007-131, Cincinnati, OH 45226: California, Department of 
Industrial Relations, 2007. 

28. R. Huangfu. Multiple tasks input tool for 3D Static Strength Prediction Program. 
Available:https://www.researchgate.net/profile/Rong-
Huangfu/publication/281420858_Multiple_tasks_input_tool_for_3DSSPP_3D_Static
_Strength_Prediction_Program/links/55e661fa08aede0b57376c3e/Multiple-tasks-
input-tool-for-3DSSPP-3D-Static-Strength-Prediction-Program.pdf. 

29. W. Karwowski. "The International Ergonomics Association (IEA)," In International 
Encyclopedia of Ergonomics and Human Factors, vol. 3. CRC Press, 2006, pp. 170-
173. 

30. T. Kajaks. "Virtual ergonomics and gaming technology for posture assessment: From 
automotive manufacturing to firefighting." Doctoral dissertation, McMaster University, 
Hamilton, Ontario, 2017. 

31. O. Karhu,  P. Kansi and I. Kuorinka. "Correcting working postures in industry: A 
practical method for analysis." Applied Ergonomics, vol. 8(4), pp. 199-201, 1977. 

32. W.M. Keyserling. L. Punnett and L.J. Fine, "Trunk posture and back pain: identification 
and control of occupational risk factors." Applied Industrial Hygiene, vol. 3(3), pp. 87-
92, 1988. 

https://www.pshfes.org/cost-calculator


 18 of 19 

 

33. Y. K. Kong, "Comparisons of ergonomics evaluation tools (ALLA, RULA, REBA and 
OWAS) for farm work." International Journal of Occupational Safety and Ergonomics, 
vol. 24(2), pp. 218-223, 2018. 

34. S. Kumar. Biomechanics in Ergonomics. 2nd ed., CRC Press, Taylor & Francis Group, 
2007. 

35. S. Lind. "Accident sources in industrial maintenance operations. Proposals for 
identification, modelling and management of accident risks." VTT, 2009. 

36. L. Ma. "A new muscle fatigue and recovery model and its ergonomics application in 
human simulation". Virtual and Physical Prototyping, vol. 5(3), pp. 123-137, 2010. 

37. G. Matthews and P.A. Hancock. The handbook of operator fatigue. CRC Press, 2017. 
38. L. McAtamney and E.N. Corlett. "RULA: a survey method for the investigation of 

work-related upper limb disorders." Applied Ergonomics, vol. 24(2), pp. 91-99, 1993. 
39. M. Milczarek.  Joanna Kosk-Bienko,European Agency for Safty and Health at Work: 

A Statistical picture, 2010, Available: https://osha.europa.eu/en/publications 
/maintenance-and-occupational-safety-and-health-statistical-picture 

40. MIL-HDBK-470A. Designing and Developing Maintainable Products and Systems, 
Volume I., Department of Defence, USA, 1995. 

41. T. Morken. I.S. Mehlum and B.E. Moen. "Work-related musculoskeletal disorders in 
Norway's offshore petroleum industry." Occupational Medicine, vol. 57(2), pp. 112-
117, 2007. 

42. E.L. Peterson. D.C. Verma. and B.S. Blanchard. Maintainability: A key to Effective 
serviceability and Maintenance Management. vol. 13, John Wiley & Sons, New York, 
1995. 

43. Z. Podniece. S. Heuvel and B. Blatter. Work-related musculoskeletal disorders: 
prevention report, European Agency for Safety and Health at Work, 2008. 

44. R. Porter and J. Whelan. Human muscle fatigue: physiological mechanisms, vol. 82, 
John Wiley & Sons, 2009. 

45. RAILROADS, A.O.A., Preventing Back Injuries. USA, 1989, pp. 16-17. 
46. D. Riley, Manual Handling in the Rail Sector in South Wales. HSL/2006/53, 2006, 

Available: https://www.hse.gov.uk/research/hsl_pdf/2006/hsl0653.pdf 
47. C. Sedlatschek. A European Campaign on Safe Maintenance, in HEALTHY 

WORKPLACES.  European Agency for Safety and Health at Work, Belgium, 2011, 
pp. 56. 

48. A. Shanmugam and T.P. Robert. "Human factors engineering in aircraft maintenance: 
a review." Journal of Quality in Maintenance Engineering, vol. 21(4) pp. 478-505, 
2015. 

49. L.P. Singh. "An investigation into work postures of workers engaged in casting 
industry: a study in India." Asian Journal of Managerial Science, vol. 1(1), pp. 17-22, 
2012. 

50. N.A. Stanton. Handbook of human factors and ergonomics methods. CRC press, 2004. 
51. Swedish standard institute. "13306 Maintenance – Maintenance terminology, in 

Maintainability." 2017, 



 19 of 19 

 

52. K. Teymourian. D. Seneviratne and D. P. Galar. "Ergonomics Contribution in 
Maintainability." Management Systems in Production Engineering, vol. 25(3), pp. 217-
223, 2017. 

53. T.R. Waters. "Revised NIOSH equation for the design and evaluation of manual lifting 
tasks." Ergonomics, vol. 36(7), pp. 749-776, 1993. 

 





K
ium

ars Teym
ourian   Integrating E

rgonom
ics in M

aintainability D
esign Process  

Department of Civil, Environmental and Natural Resources Engineering
Division of Operation and Maintenance Engineering

ISSN 1402-1544
ISBN 978-91-7790-948-4 (print)
ISBN 978-91-7790-949-1 (pdf )

Luleå University of Technology 2021

Print: Lenanders Grafiska, 141472


	141472_inl_LTU_Teymourian.pdf
	(KAPA) 2021-10-25 (14-20) Integrating Ergonomics in Maintainability
	Acknowledgements
	ABSTRACT
	THESIS
	Distribution of work.
	List of Figures
	List of Tables
	Introduction
	Relevance of Research
	Reasons for the Research
	Goal and Objectives of the Studies
	Scope and Delimitation
	Related Literature Review

	Ergonomics and its Benefits
	Maintainability
	The Benefits of Merging Ergonomics into Maintainability
	1. Conceptual Design
	2. Preliminary System Design
	3. Detail Design and Development
	4. Production and/or Construction Phase
	5. System Utilization and Lifecycle Support
	6. System Retirement and Phase Out

	Safety
	Safety  I
	Deconstruction of Safety I
	Safety II
	Deconstruction of Safety II


	Accident
	Type of Actions and Accident Models

	Biomechanics Definition Related to Ergonomics
	Musculoskeletal Disorders (MSDs)
	Methodologies
	Task Analysis
	Hierarchical Task Analysis (HTA)
	Degree of Decomposition and Stop Rules

	Risk Analysis
	General Discussion
	Conclusion and Recommendation
	Contribution to Knowledge and Science
	REFERENCES

	Paper I
	Empty
	(P 1)ERGONOMICS CONTRIBUTION IN MAINTAINABILITY 10.1515_mspe-2017-0031
	Paper II
	Empty
	(P 2) Integrating Ergonomics in Maintanability A Ca - Copy
	Paper III
	Empty
	(P 3) Last version 2021_07_02 ErgonomicsEvaluation_in_DesignedMaintainabilityCaseStudyUsing_3DSSPP_MSPE210512 (002)
	Introduction
	Maintainability
	ISO-Standard [51] define maintainability as, “the ability of an item under given conditions of use, to be retained in, or restored to, a state in which it can perform a required function when maintenance is performed under given conditions and using s...
	Maintenance Operation
	Every engineered product due to the usage, aging, and failures will be degraded or become out of function. In order to keep the product in the intended function, maintenance operation is a crucial aspect, and as Blanchard [42] stated maintenance is re...
	Ergonomics issue in maintenance and its cost-saving
	Usually, maintenance management handbooks describe human factors/ergonomics from the helicopter’s perspective. This kind of view will lead to many detailed ergonomics disciplines in order to apply several related tools at each stage of maintenance pla...
	Application of ergonomics in the maintenance process
	Methodology for evaluating physical workload
	Case study
	Results
	Recommendations
	As the essence of the work performance requires taking the posture as it is shown in Fig. 2 and at the same time lifting an 18-kilogram spring with each hand that caused 3690 Newton compression on the low back, the best solutions are either to reduce ...
	Discussion
	Conclusion

	Tom sida
	Tom sida


