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Abstract

Workers' safety andproductivity and its affecting factors, such as ergonomics,
areessentiabspecs of construction projectdApplying ergonomicand realizing

the connections among workers and their assigned tasks have indicated a
decreasen workers' injuries andiscomfors, a beneficial effect on productivity,

and a reduction in project costs. Workers in the construction zone are often
subjected to awkward body postsir@and repetitive motios that cause
musculoskeletal disorderéccordingly, these disorders armttcumstances lead

to delays in productian

This researchiocuseson an automatedand systemati®hysical Demand
Analysis (PDA) via Atrtificial Intelligence (Al) and Motion Capture system
(MOCAP) for analyang the working circumstances associated with physical
demand. Itenables the health and safety departmentcdmprehend the
construction tasks and the plant operation in detail for each task and production
line to analyze the potential ergonomic risks forrkess. Conventionally,
ergonomists useraexpensiveandlong timeprocess tananually gather data to
fill out the forms associated with the PDA techniguich involvesobserving
and interviewinghe differentworkersabout the physical demandga particular
job. No study has yet been conducted to makautomaged frameworkbased on
construction 4.0 for this action. This study useM@CAP system and an
artificial intelligence technique to obtain joint angles aody segmenpositions
in different working situations convert them to activitiesand detect their

frequency. The framework is createdaotomatically fill a posturdasedPDA



form and address the physiological side of the task dem#sda result, it ca
provide precise data about the physical demands efch job for different
functions such agisk assessment, job matching, modified tasks for injured
workers,and others Also, the automag¢d frameworkis created to reduce waste

related to costs and persbaours andmprove the project's productivity
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Chapter 17 Introduction

1.1 Background

Construction workers are often exposed to physically demanding ,duties
including awkward body position and repeated motion, resultingark-related
musculoskeletatlisorders(WMSDs) that delay projects amanufacturing lines
(CPWR, 2018). Construction and manufacturing workers are more prone than
workers in other sectors to be subjected to higher physical demands, such as
awkward body positions, repetitive motion, and overexerflanet al., 2019).
Additionally, ManualMaterial Handling (MMH) tasks are prevalent these
industrial sectors and maintenangerkshops (Leung et al2004; Albers e#l.,
2005). Physicaldemandanalysis (PDA) is a technique that allows the health and
safety sector to thoroughunderstand the construction jobs and plant operation
for each task and production line and investigate potential ergonomic risks to
workers. PDA collects data about the physical demands of work on particular
parts of the human body via a systematic mahagy (i, 2017).

The 1950s and 1960s started the first research on the physical demands of
construction tasks. These researches were focused on work physiology, and
energy expenditure data for several trades were obtained (Lehmann, 1961,
Durnin & Passmore1967; Astrand, 1967; Astrand et al., 1968; Christensen,
1983). These analyses showed tkatimating the physiological demands of
construction tasks is complicatékhis difficulty was linked to the multiplicity of
individual operations required in a single activity and the unpredictability among
construction workers in adopting a method for performing an activity (As&and
Rodahl, 1986).

Ergonomics focuses on a sy of interacting components, including the
worker, the physical and orgaational work environment, the job, and the
workplace(Sluiter, 2006) Also, egonomics seeks to maxie& worker comfort,
safety, productivity, and efficiency by ensuring a goodcméetween employees

and their tasksTherapid upperlimb assessment (RULA) was createdevaluate



the risk of workrelated uppelimb disorders (McAtamney& Corlett 1993).
Ergonomic designs were also examined with help from RULA. Also, the
healthcare and service sectors tlserapid entire body assessment (REBA) to
track and evaluate workers' shifting postures while on the job (Highett
McAtamney 2000).

Lean construction was first defined in 1994 as applying Toyota
Production concepts to the construction industry. Upon the onset of the "fourth
industrial revolution," a significant studyasconducted to determine the impact
of industry 4.0 on therchitectue, engineering, and@onstruction(AEC) industry,
including construction 4.0. with a primary emphasis on technology. To continue
growing and supporting the AEC sector, Lean Construction must accept the
changes brought about by Industry 4.0 while maintaining the ppoptesses
technology triangle at its foundatioifhe AEC industry has several issues,
including a lack of innovation and management frameworks that are traditional
and shortsighteHamzeh et al., 2021).eanconstruction 4.0 should aim toward
system efficiency despite being a challenge in the consirugtdustry. This
requires a balance of human demands, technological advancements, construction
processes, and human ideals such as free choice, peace, and sustainability
(Hamzeh et al2021).

According to construction 4.0, sensing technology advancemératve
allowed us toautomatically gather and analyze body motion d&gu et al.
(2018) propose an automated posture assessment approach basedtian
measurementunits (IMUs) that enables ergonomic analysis via kinematic
information. The experimentdindings indicate that automated motion data
collection and analysis may aid in comprehending working postures selected by
workers with varying degrees of expertise (Ryu et al., 2008)rkers' body
motions can be tracked usingption capture(MOCAP), which collecs data for
ergonomic studies. It is generally simple to posicess data collected by the
instrument using direct measuremeas,a MOCAP system. Joint angles and

body segmenpositions are measured during various operations to determine the



frequencyaccuratef (Moeslund et al., 2006)Video recordings (Har& Lee,
2013), wearable sensors (Yan et al., 2017), or vidiased sensing technologies

like Microsoft Kinect are needefbr extracting worker motions to do an
automated ergonomic study (Han et al., 2)1®nce the motion data has been
collected, an ergonomic and biomechanical analysis may be used to automatically

identify potentially dangerous motions (Golabchi et all%

Human observers' assessment of joint angles is highly imprecise. The
standard deviation values demonstrate this for the various body joint angles
(Golabchi et al., 201§. Given the inherent imprecision in the human judgement
of body joint angles uized as inputs to postutgased ergonomic assessment
tools, the subjective nature of these tools toward their inputs might result in
discrepancies in outcome&olabchi et al. (2015 assessed the inaccuracy of
human assessment of joint angles charaaberiworker postures and investigated
how to improve ergonomic evaluation systems using fuzzy logic modelling
approaches.The findings demonstrate the significant inaccuracy of human
estimations and their influence on ergonomic study results while validating the
use of fuzzy logic to mitigate their effects. Using automated fuzzy expert systems
for ergonomic assessment, coastion practitionersaccessa rapid, easy, and
reliable technique for identifying and addressing risky worker movements to
lower the incidence of WMSE&Golabchi et al., 201%.

The absence of new ideas in thEC industry is only one ofhe sector's
problenms (Hamzeh et al.2021). Throughout the preceding two decadése
industry has paid growing attention #otificial intelligence (Al) techniques,
which are nowused to bring innovation to the construction field amgrove
project efficiency and productivity (Gu@016). While efficiency is a challenge
in the construction industrylean construction 4.0 should emphasize system
efficiency. Human demands, technology improvements, and construction

procedures must work togethigtamzeh et al., 2021).

This research involves conducting a literature reviewcamstruction 4.0,
PDA forms, WMSDs, MOCAP, and Al techniques. Then, in the subsequent



sectionsjt proposs aframeworkfor evaluating workerddody segmenpositions

and joint angles during manual handling and operational tasks on construction
sites by utilizing the Xsens MVN as an IMHd type ofMOCAP. It alsousesan

Al techniqueto convert the joint angles and body segment positions to different
activities, identify their frequency, and automatically fibsturebased PDA
forms After that, itimplementedhe frameworkin a case studyeventually, the
results show that a postdpased PDA form is developed that enables users to get
preciseinformation about the physical demands of a particular job for different
purposes such agrgonomic risk assessment, recruiting and training, job
matching, and modified tasks for injured workers, and othekéoreover, by
integrating Learconstruction 4.0nto thisframework an automated PDA filling
systemis created to reduce wastassociated with costand persorhoursin

subjective data collectiomndsolve the issues relatedit@mccuratd®?DA.

1.2 Problem Statement
1 No posturebased PDA forntontains most of the construction workers'
activities.
There is a lack of definition on how to define activities by body posture
Ergonomists fill PDA forms manually
Ergonomi st sé t ec hniofdllwetshe PDAAformdaeet a col | ec

expensivetakealong time subjectiveandimprecise

1.3 ResearchObjectives

1 Develop a posturbased PDA form that includes most tbe activities
construction workers do during work emable users to get information
about thephysical demands of a particular job.

1 Develop an Albased algorithm to detect activities based on joint angles
and body segment positions.
Propose a framework to fill tHfeDA forms automatically and accurately.
Redue waste related to cost and perstwurs andimprove the
efficiency and accurady collecting datdor physical demand analysis



1.4

Research Contributions

Contributions from this research consist of:

141

il
il

1.4.2

Academic Contributions

Developing a newposturebasedPDA form.

Using MOCAPand Albased algorithm tobjectively obtain postures and
joint anglesand body segment positiottsdefinedifferent activities

Using the definitions andh rule-based expert system to develop an

automated PDA filling system

Industry Contributions

Reduing wastes associated withcosts and persofhours for data
collection and PDA form completion.

Using the proposedrameworkwill aid in the ergonomic design of a
workstation or a manufacturing plant's production line. Alssteiad of
collecting data, ergonomists will concentrate their time physical
ergonomic interventionssuch asmproving the workplace's equipment
and suroundings,reducing employees' exposure to ergonomic risks and
enhancingvorker health and safety.

Helping workplace organizations and health care specialists to identify
and modify occupations or activities as a customized, effective, and
efficient retun-to-work program to accommodate disabled or injured
workers and assist them in returning to their prior positions.

Identifying the most demanding activities to avoid assigning them to
inexperienced or weak employees and matgiobs to specific persons
within the worker's working capacity increa® practicality, efficiency,
agility, operational effectiveness, and productivity.

Analyzing the physical demands of alternate work methods and
developng modified tasks or tactics to prioritize safety riskstigate

ergonomic risks and prevent workplace accidents.



1 Utilizing the framework may proactively reduogorkers' insurance
claims and injury repostand lower the industry's workers' compensation
costs.

1 Prepaing a specific job demanddocumentation for training, recruiting,
therapists to develop suitable treatment objectives, health care

practitioners, and workers' compensatimards.

1.5 Organization of Thesis

This thesis comprises six chapte@hapter 1 contains different parts such as
background and problem statement, research objectives and research
contributions. Chapter 2 contains an overview of the relevahterature on
construction 4.0,PDA, WSMD, MOCAP, and Al. Chapter 3 presents the
methodology and its steps, includingxperimental design, data collection,
processingdata andautomation verification andvalidation. Chapter 4 presets

the results of this study aradcase studwpf usingthe AI/MOCAP framework

in amasonry projectChapter 5 discusses the results of the laboratory experiment
and case study.Chapter 6 summarizes the stugdymakes suggestions and

identifies areas for more investigation.



Chapter 27 Literature Review

2.1 Construction 4.0

With the fast growth of technology and its applications across several disciplines,
industries are undergoing a paradigmansition, with greater digitalization,
increasing intelligent futureriented technologies, automation, and the internet of
things at the forefront (Lasi et aR014). The integration of Lean methods with
Industry 4.0 technology has been studied in rferturing, demonstrating the
existing synergies (Sanders et 2016). On the other hand, the AEC industry has
yet to obtain the benefits of current and developing technologies that comprise
the fourth industrial revolution to provide more effective affitient projects
(Sawhney et al2020).

Industry4.0 encompasses several ideas, includyigerphysicalsystems
(CPS), autonomously managed and digitalige@rt manufacturing, customized
product and service making, and disperself-organization (Lasi et al2014).
Industry 4.0 enables businesses to achieve greater agility, operational
effectiveness, and productivity via machih@minated production to digital,
intelligent, and integrated manufacturing (Rosin et2812Q Ozterel & Gursev
2020).According to RaBmann et al. (2015), these nine technical répassent
industry 4.0 in manufacturing. "automation, big data analytics, simulations,
cybersecurity, system integration, theternet of things augmented reality,
additive manufacturing, and the cloudl’ean construction 4.0 will need to
guarantee that people stay at the core of these implementa&tiopkasizinghe
user skill element and satisfaction conditions in new digdddiyen work
conditions without jeopardizingiork conditions or human connections (Hamzeh
et al, 2021).

Construction 4.0 is a critical component of Industry 4.0 because it entails
the application of numerous innovative technologies sucts@ssor networks,
virtual reality, automation,threedimensonal @D) printing, prefabrication,
unmannederial vehicles (UAV), augmented reality, and robotics to repetitive or

dangerous procedutes(Sawhney 2017; Ahmed 2019). These intelligent



technologies may enable construction stakeholders to gather data in an automated
method, simulate various scenarios, conduct sophisticated analysis, display
simulations, analyze findings, and operate the equipment. Construction 4.0's heart
is CPS, and althese developments are GB&ed or CP#nabled. Eventually,

CPS is critical to achieving the aims adnstruction 4.0, which include safer,
more practical, efficient, and environmentally friendly construction jobs
(Sawhney2017).

The AEC industry began rebracing some of these technologies in
response. Data analytics techniques such as predictivellmgdend machine
learning are effectivdor decisioamaking for AEC projects (Mansouri et al.
2020). Additionally, simulation has been used extensively in the AEC industry
for various objectives, including risk scheduling, process improvement, analysis,
claims, and maintenance operations. Indeed, simulation is critical in developing a
prospectivdadea of automated development planning and control (Abdelmegid et
al.,, 2020). Also, construction 4.0 has been presented as a structure for more
effective planning, design, and delivery of advanced facilities via phydigihl
transitions (Sawhney et a2020).

Lean manufacturing is aokd basis for Industry 4.0 since lean principles
encourage identifying inefficient processes and their simplification, facilitating
automation and digitalization (Buer et,&018).A new manufacturing term has
emerged imce the convergence dEan production andindustry 4.0: "Lean
Automation.” However, automation is not a new notioten, as the autonomy
principles admit that repetitive and valadding operations may be automated
(Satoglu et al.2018).Usingleanrtbased techniques, Satoglu et al. (2018) aimed to
show that waste reduction aaddingvalue are prerequisites famplementing
industry 4.0. This is known as production theory amda problemdriven
viewpoint based onleanbased approache$or using smart and digital
technologiesAlong with developing and implementinignovative solutions in
manufacturing and logistics, the need for ergonomically advanced equipment

continues to grow. It is possible to enhance workingdd@mns and the quality of



workplaces via the use of these technologies in an attempt to achieve Industry 4.0

compatibility across companiésGagov § et al ., 2017)

2.2 Physical Demand Analysis

Numerous scientists have claimed that since physicaxhaustion impairs
performance, performance may be enhanced either by eradicating the sources of
physical fatigue or by devising strategies to mitigate its eff@tsuhg 1967,

Janarg 1982; Itasca 2000). Physical fatigue mayreduce productivity and
enthusiasm, distraction, imperfect quality work, job unhappinessrjudgment,
coincidences, and injuries while working in physically demanding environments
(Brouhg 1967; Janaral982;ltasca 2000).

Physical and cognitive demands are the primary forntask demands
(Sluiter, 2006). The term "task demands" refers to the degree of difficulty, the
time constraint, and the effort necessary to complete the task workload (Nixon et
a., 2011). Also, task demands are a vital contributor to workplace physiologica
stress, and there is a significant association between increasing task workload
fatigue and individual mistake@®orrian et al, 2011; Guastello et al2012).
Additionally, task overloadsignificantly contributesto mental and physical
capacity failure in the job, such as mind and mutatigue (Nixon et aJ.2011).
Moreover, Dorrian et al. (2011) said that physical factors associated with work,
such ashigh force while lifting, holding big things, ang@petitiveness, contribute
considerably to reducing muscular capacity.

Accordingto Srinivasan et al. (2016), excessive physical activities have a
detrimental effect on cognitive function, lowering focus and attention levels and
increasing human mistakes. Numergasearch has examined the influence of
awkward postures and lifting task elements on musculoskeletal complaints;
however, the relationships between these variables and individual fatigue and
task demands have been neglected (Macdonald, 200@ver, phygal fatigue
caused by manual tasks, such as lifting, pushing, and pulling heavyweight items,
affects attentional resources, cognitive processes, and muscular stAdmiibrg
et al, 2000; Guastello et al2012). As a result, it is essential to be awaréhe



physical demands of construction woitx ensure the personnel's health and
safety andboost productivity. The answer to the question of whpé@onmay

safely perform is based on this idea, according to Brouha (1967).

For example, some studies ynhighlight construction work as the best
place to use physiologlyased solutions to minimize the physiological demands
of the task.These construction interventions include changing work techniques,
such as investing in more automated tools and equipersiiying enough work
rest cycles, or even revising expectations of what workers can reasonably be
expected to doUsing work physiology methodologies, Abdelhamid and Everett
(1999) proved the capability of monitoring -$itu physical demands of

constructbn operations for a concrete placement famdhing operation.

Eight ergonomic risks have been recognized by the Canadian Centre for
Occupational Health and Safet¢ QOHS, 201§ including " overtime work in
the office, static body posture, WMSDmanual material handlingjsage of
tools, poor lightingshift work, andslips/trips/falls" which should be taken into
account while creating production workstations. Alaekward body position,
repetition of action, and effort with force are the threajor ergonomic risk
factors (Jaffar et gl.2011, PSHSA 2010). Because of this, it is critical to
considerthe operational processes and working conditginse they necessitate
a wide range of varied physical positions, some of which might expose the
worker to awkward body posture riskki et al, 2019). Sq it is critical to
conduct a thorough study and evaluate cur@md new workstations in the
design phase to identify possible ergonomic r{gket al., 2019).

PDAs are used to record the enviramtal, cognitive, andohysical
demands of vital taskshich is often advised to Canadian industry as well as
other countriesQHCOW, 1998 Gagne 2010; WorkersCompensation Board of
Alberta 2014; Workplace safety and prevention servi2@41; Li et al, 2019).

PDA aids in the identification of possible risk factors for injury and

supports the design of activities that minimize these haZsvdskplace Safety
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and Insurance Board, 2018hstead of reacting just when someone is hurt and
takes time off work, the industry may be proactive rather than reactive by
adopting preventive sted8VCB of Albertg 2015). As a result, the PDA ian
essential tool for worker demand analysis and developifertive returro-

work programs that may be used in industries where physical demands are
involved (Li et al., 2019) Workers who have been wounded in the workplace
might continue contributing to their workstations apdoduction if given
modified work @signments (WCB of Albert2019).

PDAs for various equipment users are described in Workplace Safety
North (2016). Furthermore, it is worth noting that PDAs may be tailored to suit
any industry's specific needs. These ergonomic concerns were idelyifiedt
al. (2015), who used PDAs in an Alberta manufacturing plant to measure
"environmental demangdsensory demangfequency of activitiesandphysical
strength demantl Some risk evaluation tools like thmational institute for
occupational safety and health (NIOSH) lifting equation must be used in
conjunction with PDA, according to thaecupationalhealth clinics for Ontario
Workers (OHCOW, 199§, to accurately recognize risk factors and determine
whether a specific job duty nexsttates overexertion. Workers' return to work is
easier for injured employees when PDA is used with other evaluations, such as

the fitness for work or functional ability evaluatiofizagne 2010).

PDA employsa systematic approach to gathering data @ physical
demands of work on specific parts of the human body. preéeention PDA is
defined by thendustrialaccidentpreventionassociation(2009) as a systematic
techniquefor assessing the physical, environmental, and cognitive demands of
essential ad nonessential professional responsibilitie$his information
provides stefby-step recordings of all physical demand data attained from plant
observations. PDAs may be used to avoid injuries by detecting ergonomic risks

and helprehabilitateafter an acurrence (Li et al2015).

Each work is assigned a PDégnsistingof multiple tasks detailed in the
PDA. A typical PDA typically containsan overview of the job, a schedule of
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work shifts, and information about meals and breaks, job alterngisspnal
protective equipment (PPE), dangerous tasks, equipment used, strength
requirements, repetitive motion demands, body posture necessities, sensory
requirements, environmental saations, and ergonomic riskg¢Li et al., 2017a).

The PDA shows information in auitable formatfor various occupational
applications, ranging from rehabilitation to injury prevention. Companies have
complete discretion over which jobs obtain a PDA for@AHorms should be

updated when bBusiness innovates and improves its processes (Li, €04l&).

Having a functional PDA also benefits the manager, administrator, or
plant nurse in that it helps them understand jtte demands at the injured
worker's workplace (Gagne2010).Occupationakafety andhealthadministration
ergonomis led to PDA implementation in one organization, as Getty (1994)
described, who asserts that PDA provides a basis for injury curb measures that
improve quality and productivityOther studies detail the Canadian Workers'
Compensation Board's attempt to pdevPDA templates for industryvi@llory,

2018. Also, PDA templates, such as tbecupationalhealthclinics for Ontario
Workers OQHCOW, 199§ guideline for effective PDA implementation, have

been developed.

Costs associated with getting PDAformation vary according to the
difficulty of the project and whether external consultants or internal employees
are usedOHCOW, 1998) When working in a single place and doing repeated
tasks, the PDA may be completedless than an hour. Howevehe PDA may
take several days to complete if the task requires travel to many areas and
changes by day or seasdrhe cost of a PDA might also vary depending on who
conducts the PDAs. The least expensive option is to conduddAa Bing
internal workers. However, internal employees educated about job analysis and

injury risk variables may be restricted (OHCQY®98).

When establishing the cost of a PDA, the information should be priced
according to the kind of work being analyz&dPDA's cost should be calculated
hourly when a job requires repeated tagksost analysis should be undertaken
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perPDA basis for jobs that vargaily. Additionally, if the PDA avoids an
overexertion injury by job matching or ergonomic interventior, ¢hst savings
may be as high as $6,087,000 per instanc€OHCOW, 1998)

Collecting PDA information can be accomplished in two ways: reactively,
by performing PDAs as the circumstance happens, or proactively, by performing
PDAs in advance to build a datnk for use when and if the need appears. If the
PDA information is used fowarious purposes, proactive PDAs should be
conducted. Howeveryeactive PDA data gathering should be explored if
resources are limited or precise information is neceg€3#HCOW, 1998).Each
of the options outlined above has some proscamg Table 1shows he pros and

consof thetwo approaches for collecting PDA data

Tablel: The pros andonsof two PDA datacollection approachg®©HCOW,
1998)

Method Advantages Disadvantages

Proactive Allows for the broades Requires significant investment of
possible range of uses. resources and money
PDA data may be valuable i Maintaining a database of PDAs is
early as the first day of th complex such as the requirement 1

claim. update PDAs when deviations aris
Allows for the finding of The information included in curren
alternative employmen PDAs may not be as detailed as
placements through required in every accident situatior
database search.

Prioritizes ergonomic -

intervention in occupations
Affords applicable PDA dat: -
in job posters

Reactive possiblity of  receiung The application range is the
specific, thorough informatior smallest.
on an injury case.
When doing a work analysi¢ Finding alternative work placemen
accommodations might b is challenging, such as task searct
addressed and researched. from the restricted record.
Reduces resource and expel -
requirements
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A PDA is a method for dissecting a job into its constituent parts. When
investigators do a physical demand study, they objectively analyze and evaluate
the ambient circumstances, the usage of machinery, wdskegjuipment, and
the physical demands of each operation. Direct and indirect observation methods
are used to measure the physical and environmental demands of the work
(OHCOW, 1998).In several instances, experience has shown a lack of uniformity
among nvestigators. Due to the poor dependability of PDA information, the
PDA's use and accuracy will be low. Additionally, when the PDA is contested in
arbitration or on appeal, the data included in the PDA will be very problematic to
approve(OHCOW, 1998)

Performing a PDA might be particularly challenging for very variable and
occasional tasks. One approach is to collect videos of workers executing duties
using video recorders. The recordings are then combined and evaluated, allowing
the evaluator to analgzas though the worker performed a single continuous
activity (Li et al, 2017).

A time study may determine the frequency of various needed body
positions. Additionally, the overall durations of assigned jobs are nBiadly
postures are recordesing aspreadsheet atrhinute intervals for each task in
the time study Direct observation is utied with video recording since video
camerasbenefit from concurrently capturing hours of footage for several
locations. The research team can then amatlis fim to extract pertinent facts.
Moreover observers are aware of working hours and planned breaks in the case
of video recording in order to prevent gathering footage during breéks.
frequency is the number of timesvarker performs a motioduring a @rticular
period, calculatedby dividing the number of checkmarks in the spreadsheet by
the time study periodAdditionally, the length of action may be determined by
accumulating the consecutive checkmarks in the time study spreadsheet. After
calculatingthe percentage for each position, the following frequency descriptions
are given to each percentage rarfideveio (0%), fiRare (1i 5%), iOccasional
(61 33%),AFrequend (34i 66%), andiConstand (671 100%)(Li et al., 2019)
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PDAs were constructed in stages, beginning with data collecting. To
begin, the researchers installed a video camera around one worker's desk and
performed direct observation to familiarise themselves with the procetuee
measuring instruments on handedpup the process of completing the
measurements. The next step was to create a time study spreadsheet and observe
the worker for 60 minutes, with check marks every minute to capture the worker's
movements where it is necessary to determine the frequércyiens(Li et al.,

2019)

2.3 Work -Related Musculoskeletal Disorders

Painful illnessesreincluded under the umbrella temtmusculoskeletal disorders,
affecting the body's soft tissues such as nerves, muscles, cartilage, tendons,
ligaments, and joint§CCOHS 2013). WMSD risk factors are elements in the
workplace that contribute to the likelihood of developing WMSD (Jaffar et al.
2011). They are classified as physical stressors, psychological stressors, and
individual variables."Repetitive strain injuriescumulative trauma disorders,
overuse syndromendrepetitive motion disordetsare other terms for thenn

most cases, WMS&xesult from either the job or the workers' work environment,
and they tend to grow over tim&/MSDs may be classified as sprains, strains,
and cumulative trauma disorders, depending on the mechanism of injury (Inyang
et al, 2012). Highly physical demanduties in the construction sector expose
employees to weknown WMSD risk factors, including excessive force
exertion, repetitive motion, vibration, awkward body position, and interaction
force. Significant financialdamage may result in wounded emplsy/esnd
managers (Wang et a2015).

Repetitive doing lowforce activities may lead to WMSD, according to
the Ontariosafety association forcommunity andhealthcare (OSACH, 2010),
without tirednessabnormal body postures, pain, and tissue damage. Estadlis
break intervals to enable workers to eat and rest, automating castamating

operational chores, and ensuring that the activity is physically possible for the
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worker at the recruitment stagare effective alternatives for decreasing

ergonomic prolems(Safety and Health Authorif2006).

In the United States, WMSD account for 33% of all waelated illnesses
and injuriegBureau of Labor Statistic2013).Researchers who interviewed 750
bricklayersrandomlydiscovered that 67% of those tested had symptoms similar
to WMSDs (Boschman et gl. 2012). Injured workers, contractors, and
civilization may incur high economic and human co&tsnstruction contractors
often pay a higher premium for workers' compensaitisurance than employees
in most other businesses (AWCBgZ012). According to one insurer, WMSD
accounted for 29% of covered contractors' workers' reimbursement claims.
(Albers et al. 2006). Besides direct costs, contractors might have to pay for
various indirect expenditures, such as compensation for missing personnel, lost
productivity during a work stoppage, staff training, and replacement costs
(OSHA, 2012).

One of the most considerable signs of the severity of injuries and ilinesses
is the mediannumber of days away from wor{Bureau of Labor Statistics
2013. Injuries to the back received while working in construction are the-third
highest among private firmsegarding days away from workafter only
transportation and retail (CPWR2013). Injuries to the lower back are
responsible for more than half of all WMSBesulting in days away from work
(CPWR 2013%). So, back WMSB are the most prevalent injury in the
construction industry. Construction workers with WMSIDay have decreased
job abilities, andf the symptoms are ndteated effectivelythey are likely to
return(lnyang et al.2012). WMSD, on the other hand, magsult in lifelong

impairment in the most severe instances (Allgegsstill, 2007).

Methods to estimate the risks of WMSDnay be divided into the
following groups: expert observation, remote sensing, -seffort, and direct
measurementAmong these, selfeport and observational approaches may
discover only clearly recognizable risk variables like repetition and abnormal

posture, leavingunresolved other workplace risks, such as excessive force
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exertion and vibration Sensor and sensing technology advaresgm have
resulted in approaches for collecting human movement data developed using
markerbased and distant sensing techniques. (Wang,&(dl5). Moreover, Li

and Buckle (1999%tudiedposturebased observational, direct measurement, and
selfreport aproaches for assessing physical workload and related WMSD risk
exposure.Most approaches for measuring exposure to possible WMSD risks
were created for research purposes and are therefore unsuitable for application in
many reaiworld work contexts. Also, Bvid (2005)addressed thbenefits and
drawbacksof the strategies from workplace safety and health professionals.
Observatiorbased assessments were shown to be the most effective for health
practitioners and professional safety with limited sources iam&l Furthermore,
Inyang et al. (2012) used statistical data from Canada to examine the severity of

WMSDs in the construction industry.

Ergonomic concepts should be included in workstations' design to
decrease the risk of damageHuman body modéng and surface
electromyography (SEMG) as used to establish a technique for evaluating
fatigue development and muscle power during manual lifting exerises al,,
201h). Additionally, a repetitive lifting action is chosen, and tloev back
muscles' pdormance is examined using monitoring SEMG muscle actiVibe
kinematics of the lifting job is captured using AnyBody Technology software to
create a human body model (Komeili ef 2015).

On the other hand, although an ergonomically designed workplage
increase operational efficiency, it often requires unnatural body positions and
activities potentially harmful to worker®Vorkers may suffer from WMS®due
to this incident, and their mental health may be exposed, resulting in considerable
compensatin costgHales 1995 Golabchi et al.2015%).

2.4 MOCAP

MOCAP is a technique for capturing people's movements and providing data for
ergonomics investigation Like the fast development and widespread

implementation ofMOCAP technology, improvements in WMSD evaluations
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have been achieved in construction research over several years, particularly in
postureoriented assessment. Two major research programs are focused o

vision-based approaches and wearable sensor systéamg(etal., 2015).

From a design standpointV/OCAP can broaden the scope of user
research increatingnew productsdesigning more intelligent humammputer
interfaces, and diagnosingnobility problems (Xin et al. 2007). Also,
biomechanical knowledge and evaluation majtdreunderstandhow people or
groups interact with items and surroundings, allowing designers to project more
efficient scenarios. MOCABystemmay be used in thergonomicwork analysis
context to examine posture, dynamic occupation, workflows, and reaches using a
large amount of data, removing the need to analyze each frame of interest
individually, limiting researcher bias, lessening effort, and preserving time
(Pagura et al. 2012). The motion or kinematics data obtained may be input for
current observational risk assessment methods that evaluate risk quarisites on
and biomechanical simulations that calculate tissu@int loading related to
WMSD hazards Wang et al, 2015). Manual observatiotased ergonomic
analyses are helpful in stationary workplaces like manufacturing assembly
sections and officesHowever, they can provide incorrect data on construction
worksites due to the wide range of manual acésiimplemented, the constantly
shifting work environment, and the complication of expodi@elabchi et al.
2016).

When combined with virtual simulationgdding MOCAP to digital
humanmodelsenables the assessment of novel work arrangements thait do
exist physically. They may also be used to teach new employees if knowledge or
the unique manner someone does a job is documented (Santo2@13).The
MOCAP is also utilized to stimulate the worker sample in the virtual world,
ensuring that existg conditions are accurately represen{@blabchi et al.
201%). When optimizing potential operating situations, the motion generation
element visualizes worker activities using -peeorded movements of

ergonomically safe operations, allowing the \aituepresentation for safety
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exercise requests. Golabchi et al. (2918016@) thoroughly explainthe safety

analysis component.

Direct measurement techniques give precise information, but their high
cost, data storage requirements, and processing tstrecteéheir use on many
patients or over a lengthy periobirect measurement is pretty precise, and the
postprocessing of the information collected by the device is sifidteslund et
al., 2006).The virtual model may be utilized to gather analyticuitspdirectly by
measuring quantitative qualities such as distances or by observing various
worksite components to gain qualitative features like body motion required to
carry out a manual activity (Guo et,&016) and facilitating the design's correct
perception (Golabchi et al2015). The resultanMOCAP dataarestored in the
Biovision Hierarchy(BVH) file format, anASCIl (American Standard Coder
Information Interchangejormat that describes body joints' configurations and
rotations for each time framand allows the animation of bipedal figureBhis
may be achieved by specifying the virtual worker model's posture and position
across timgGolabchi et al.201%). After applying loads to various body joints
throughout the motion file, it is possible to detect postures that place excessive
stress on a particular body joint and adjust the motion by redesigning the job until

it is ergonomically safe. (Golabchi et,&015).

The simulation model shows the present status of an ongoing operation
and may be used for both objectives. Firstsia reference model for analyzing
different operational scenarios, including existing operating safety and
productivity, to find the comany's optimal scenariowhen predetermined
motion time systems are included in the simulation environntleist method is
considerably improved to accurately simulate varied condit{Gudabchi et al.
2018). The motion production component is likewiseked to the simulation
model and thus produces the whole thing by combining gathered motions from a
databaséGolabchi et al.2017).A trace message links the simulation model with
motion generation and details the numerous motions exectheddata ighen

utilized as input for a process that searches for and constcootplete
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movements from a list dIOCAP data to develop a simulation model from the
output of action recognition and use it for operation assessment and improvement
(Golabchi et al.2017).Generally, thee types of MOCAP systenase used for
differentsituations.

2.4.1  Optical System

In an optical system, sensors track reflective, optical, or magnetic markers placed
in various areas on the body as the subject moves, and the markeishpaesi
collected by a series of sophisticated digital cameras (Rajflit3). The
method's disadvantages include lengthy processes that can take considerably
longer than the initial data gathering, including experimental setup time. While
data collectorsise many cameras, markers may be obscured by other portions of
a subject's body. Three orthogonal coils are installed in a transma#tér marker

in a magnetic system. The difference in magnetic flux between the transmitter
and receiver in the marker ales the position and orientation of the receiver to
be determined. The magnetic system has the benefit of beingfigight
independent. However, it is susceptible to magnetic fields and metalts.
(Rajput 2013).

Despitethe excellent precision with whiatptical MOCAPtracks marker
trajectories, the method's reliance on laboratory equipment limits its potential
applicability in everyday life activities or broader clinical practice (Karatstis
al,, 2019).

Direct measwement is often used in conjunction with or instead of expert
observation to improve the accuracy of risk assessment. Direct measurement is
accomplished by using accelerometeforce sensors and goniometers.
Researchers in the laboratory often use serdiogstly connected to individual
dress or skin to capture data such as joint and body segment motion in three
dimensions, although this is seldom used in a-wneald setting(Wang et al.
2015).In contrast to expert observation and seffort, direct rmasurement is

objective A broad range of typical direct measures, such as sound sensors,
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optical scanners, goniometers and inclinometers gfgadromyographyexamine

biomechanics and tissue and joint stress (CPWR,&013

Numerouscommercially availableneasurements based on optical marker
technologies are presented, including CODA, Vicon, Motion AnalySiAS,
and Qualisys.3D markers attached to the body may track different body parts'
positions and angular movement in rgale using particular algorithmé.i &
Buckle 1999).

Vicon is one of the most widely used 3MOCAP. It entailspositioning
retroreflective indicators on the humskin or dres&ind several infrared cameras
to monitor human movemen{Richards 1999).Marraset al. (1992) invented the
lumbar motion monitor taquantify workers' risk of low back hurtA triaxial
electronic goniometer included in the device was used to capture a w@iRer's
thoracolumbar spine movement while doing manual mateaatiling tasks.
Additionally, usingthe lumbar motion monitprthe same group evaluated the
features of trunk motion during repeated manual material handling (M&rras
Granatal997).

2.4.2 Vision-Based System

As a markeiless assessment technique, vidi@sedevaluation utilizes depth
sensors or numerous cameras to create 3D models of .ti@gsputer vision
techniques extract the skeleton and track its mobMtgr{g et al.2015). The use

of two-dimensional kinematic data from a video camera was selected since it is

the conventional method for determining kinematic parameters (Q0&8).

The currently existing devices are prohibitively costly, often require a
lengthy leaning curve, and are not customizable. With the debut of MS Kinect,
the ability to changethe biomechanical situation became available. This video
game console has been investigadeé to its welknown benefits includingts
cheap cost, markdess desig, andopensourcenature Berger et al. 2011
Chang et a).2011; FernandeBaena et al., 2012).
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2.4.3 Inertial Measurement Unit

The notion tracking techniqudsased oriMUs have beera practical method for
predicting the kinematics of 3Mody segmeist throughout the last decade
(Luinge & Veltink, 2005; Roetenberg et aR005, 2009; Zhang et ak013). A
significant advantage of such systems is their ability to operate in practoglly
environment without external equipment such as caméwa result of these
advancements imnertial motion capture, researchergproved their capacity to
asses8D groundreactionforces ananoments(Ren et al.2008; Karatsidis et al.
2019).

Wearabé measuring devicelike those used withniertial motion capture
were similarly utilized to monitor individual movement for ergonomic study due
to their applicability to various circumstances such as varied indoor and outdoor
temperatures andlighting (Kim & Nussbaum 2013). Also, numerous
experiments involving wearable sensor devices to evaluate Vé$M8&e
conducted. Physiological status monitoring, anisotropic magneteresistive
sensors,reattime locating systems (RTL$ ultra-wide bands (UWB) and
accelerometers were employed as senden( et al., 2015Also, Alwasel et al.
(2017) estimated joint forces and moments in a bricklaying operation using an
IMU-based sensor suit and a 3iatic strength prediction program. So far,
research dbrts in WMSDs in the construction sector have concentrated on
posture detection, categorization, and comparison of working pasitmn
ergonomic requirements using sensing technologies. Moreover, Li et al. (2016)
present a methodology for using 3D motimesed ergonomic analysis to gather

data on human body position.

Comparing markekess optical technology using Kinect V2 with wearable
technology utilzing IMUs for the RULA risk assessment toshows that
wearable technologys more accurate and reliablthan marketess optical
equipmentin on-site ergonomic risk assessmemtcauseself-occlusion and
object occlusion creasénconsistency in markdess optical technologfHumadi
et al., 2021)
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The Xsens MVN is aeakttime inertial MOCAP device for the whole
body that does not need a camera. One kind of it includes inertial sensors and a
Lycra suit with integrated cabling to cover the whole body in this system,
including up to twenty micr@lectremechanical systems. The tdafrom the
magnetometer, gyroscope, and accelerometer are all integrated by the IMU to be
calculated. Kim and Nussbaum (2013) state that this device can detect physical
exposure from handling tasks relevant to inside and out situafitwesinertial
systen MVN Biomech has proved reliable compared to other systems (Kider et
al., 2008).

2.5 Artificial Intelligence

Researchers in various fields define; Aor instance, computescientists are
often interested in developing intelligent systems and programs that
resemblehumanbehaviar, such as experiendsmsed learning and language
comprehensionOn the other hand, engineers place a more excellent value on
using Al to solve problemsSystems that think like humans, act as individuals,
think reasonably, and act fistically are all categories of Al, according to
Russell and Norvig (1994).

Al is unique from other methods since it focuses on how computer
programs mimic human mental functions, including memory, reasoning, learning,
and contextual interpretation of da{Guo, 2013). Al is a multidisciplinary field
that has drawn academics frowarious disciplines, including mathematics,
computers, neurology, linguistics, and psychology. The acceptance of Al
techniques has risen dramaticalljhey cover various topics in science and
engineering, including logic reasoning, feeling, decisimaking, illness
detection, and robot contr(Gug, 2013).

Al will continue to provide improved algorithms to construction
operations to maximize production while minimizing costs and time. Holographic
displays, virtual reality, andaugmentedreality will provide a newworld of

sensory experiences for system designers, practitioners, and users, advancing

23



humanto-system interactions to previously unimagined data integration and
usability (Hamzeh et al2019).

According to these descriptions, Al approaches can perfanergl
intelligent action, simulate the human brain artificially, actively learn and adapt
like a human, act intelligently, and process laagps and symbols (Gu2013).

The five most suitableAl approaches for engineering challenges are
"fuzzy logig knowledgebased systems, inductive learnimggnetic algorithms

andneural networks(Pham 199).

In knowledgebased systemsdata and information are necessary
components of knowledge because they allow for inferences and conclusions. It
might be implicit such as practical ability and competence, or explicit, like
knowledge of a topic. Knowledgmsed systems have been built based on the
principle that once information is arranged and represented that computer
programs can recognize, it often delig decisiormaking answers that are the

same or better than thosengeated by human specialists (GA013).

A further benefit of knowledgbased systems is that they may be used to
create software that can draw logical conclusions and provide decahons a
problem area based on the information they have accumtbagesgist humans in
understanding, decisiemaking, and acting (Hembry, 1990). To build a
knowledgebased system, one must prioritizée representationaccumulation,
acquisition; and gplication of taskparticular information.Knowledgebased
systems are made up of three main elements, as seen from the standpoint of the
enduser 1) Knowledge baséheuristics, rulesfacts, frames, and cases" make
up the knowledge base, which is a vaspository of extremely certain and
problemparticular information2) Knowledgebased reasoningffers problem
solvers and decisiemakers with solution suggestions, 3) User interface:
provides a means of connecting the -eisdr to the system, and under user

friendliness, encourages more people to utilize the system PBIR).
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"Expert systems'are the most common knowleddmsed system, and
"casebased reasoning systems" are two kinds of knowlbdged systems that
have been extensively used in numerous fields, such as software engineering,
fashion matching advice,computeraided design computer vision, and

production management (GLU2013).

A computer application is known as expert system that can mimic the
decisionmaking abilities of human expertby using explicit information
acquired from expertayhich may be used to execute complex decistasks.
The extracted information consists of factual and heuristic knowléudeding
judgment, intuition, and logical reasoningumerous representations have been
suggested for successfully representing knowledge expert system, including
sematics, frames andrules Expert systems based on rules employ rules to
represent their knowledge, callede-basedexpertsystemgGua, 2013).

In a rulebased expert system, knowledge is represented by rules that
reflect the expert opinignincluding relations, suggestions, heuristics, directions,
and tactics (Durkin, 1994). Two elements make up a rule: the IF section is
referred to as the antecedent, which includes assumption or condition, and the
THEN section is referred to as the consaguor inference. A rule's antecedent
and consequent are built of two components: an object and its importance, which
an operator connects such as "is, are, is not, and are not." They are often
employed to give a linguistic expression a figurative meanibging
mathematical operatorgssigning a numerical value to an object is possible
Additionally, a rule may contain numerous antecedents connected by the logic
operators AND as an aggregation, OR as a separation, and many consequents
connected via the ¢pc operator AND (Guo, 2013).
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Chapter 37 Methodology

The research methodology in this studydesignscienceresearch (DSR). The
methodology consists of three main scopes: 1) Finding gaps, 2) Developing a
framework, and 3) Testing tHfeamework(Hevner et al., 2004)igurel shows

the overall steps used to develop the framework. In the first step, the gaps related
to physical demand analysis are detected by doing some literature review around
this field, and a newosturebased PDA form is developed. In the second step,
preliminary laboratory tests consisty of forty-one activities that are the most
common in construction sites are simulated to determine the boundary numbers
and tolerances of joint angles and body segment positions during the experiments
using the MOCAP systenThese activitieanclude two primary parts: 1) Manual
handlingtasks and 2) Positionghsks. The next step defines different activities
using the boundary numbers and tolerancesid the MOCAP/Abased
framework. In the next stage, the definitions and-ha#ged expert systems are
used to develop an automated PDA filling system. Next, a laboratory experiment
is done for verificatiorby comparing the results difze different observers and

five expert ergonomist with the framework results Eventually, orsite
experiments are done to implement the framework and validbgic@omparing

the results of thergonomisivith the framework results.

Doing laboratory tests iy
o debhni the Defining different

Creating new posture- e et activities by using
based PDA form ] "IMOCAP and Al-based
angles and body

r

v

2 framework
segment positions

Using definitions and

rule-based expert Doing laboratory e)[()ocle:ﬁ'n 2';;;“% :
system to develop an >  experiments for val::i Skioh and
automated PDA filling verification ‘ :
implementation
system

Figurel: Methodologydiagram
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3.1. Experimental Design

3.1.1 Materials and Instrument

At least 200concrete blocks are hand lifted each day by block masons (Hess et
al., 2010). Given the 16.6 kg of a conventional concrete masonry unit (CMU)
(CCMPA, 2013), masons physically lift more than 3,300 kg ddihe national
institute foroccupationalsafety andhealth developed a recommended weight
limit for each lifting weight of 23 kg as the maximum weight that a person may
lift during the typical working day without raising his or her risk of getting back
discomfort for almost all healtivorkers.

In the laboratory tests, 72 cardboard boxed@d x 200 x 200 mm are
approximately similar ta kind of real CMUs that are CSARAO - Type AAO
(CCMPA, 2013).Also, some tables and chaiin different leved were used to

provideconditions for doinglifferent activities by participants.

In the actual experimerat the construction site,ne CMUswere 20 cm
standardmasonryunits with a normalweight of 18 kg andsizesof 390 x 190 x
190mm.

The motion data of participants were collected using wirddSE€AP, the
MVN Awinda from Xsens, and video camerds$e deviceconsists of seventeen
IMUs attached to each body segment: head, shoulders, upper arms, forearms,
hands, upper legs, lower legsetfestern, and pelvis. &h sensocomprisesa
triaxial magnetometer, triaxial gyroscope, atréhxial accelerometer which
collect motion data at a sampling rate of 60(Mgens Technologies B.V2020)
The tests were captured on video utilizing camaoartieidentify and segment the
data during the data processing step and observe thentaskglly filling the
PDA form. Each participant had a calibration session to confirm that the models
developed from the motion data were consistent with their bdubése the
experiment. The sensors' data is extracted as BVH files, which provide the local
threedimensional coordinates of body jointlso, an excel filethat includes
body segment positions, joint angles, and ergonomic joint angles in each frame is

exported
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3.1.1.1 Coordinate Systems

The MVN fusion enginecalculateshe location and orientatioof the sensor on
each body segmentoncerning an eartfixed coordinate systemGj. The
coordinate systens a righthanded Cartesian coordinate system wveaithlobal

reference framéXsens Technologies B.V2020)

Xis positivewhile directedto the local magnetic NortiW\(ith red colour).
Y directed to the West regardinght-handed coordinatg8Vith greencolour).
Z is positivewhile directingupward (With bluecolour).

When the persostandsin T-pose, the body frames are aligned with the
global reference frame. To calculate joint angles, an additional frame of eferen
is needed to establish the body frames based on the anatomical paesfitned

by origin (the rotational center's proximityX¢ens Technologies B.V2020):

X directed to thdéorward With redcolour).
Y pointing upward, from joint tgoint (With greencolour).
Z directedright (With bluecolour).

Figure 2 shows thebody segmentcoordinate system foeach body
segmenbrigin when standing in-pose, as used in MVNXéens Technologies

B.V., 2020).
i
A-A-—.L%P bl
v
| Global frame

&x

Figure2: Body segmentoordinate systerfor eachbody segmentrigin when
standing in Tpose(Xsens Technologies B.\2020).
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This alternate coordinate system is solely used to compute joint angles in
an intermediate frame. The anomical frame defines the joint originadicated
in the functional axes' centersjith the X, Y, and Z axes associated with

functional movementgXsens Technologies B.V2020).

The joint angles and different coordinate systems in a leg are shown in
Figure3 as an example to show that global and local coordinate frames are used
to calculate joint angles in MVN Analyz€<sens Technologies B.V2020).

Also, Figure4 shows that at each joint originpady segmentoordinate system
is employed to derive the joint angles in M\{{Ksens Technologies B.}2020).

Segment

Sensor frame,

“Z

Global frame
b

-

Figure3: MVN software coordinates local and global frantesalculatgoint
angks(Xsens Technologies B.V., 2020).

Figure4: a) MVN's body segmentoordinate system for determining joint
anglesp) The skeletorromprisegoint centers linked togethgpXsens
Technologies B.V., 2020)

29



3.1.1.2 Body Planes

The three orthogonaplanessplit the human bodyand segmentito diverse
sectorsto definea body segmenposition organs and limb structures, and body
parts’ movemds. The sagittal plane, also known as the median or lateral plane,
is any-z plane that divides the body into two halves (right and left). ¥ye
planes called the frontal or coronal planeplit the body into two halves: a front
and a back halflso refered to as the dorsal and ventral or posterior and anterior
halves.The transvemsplane or horizontal plane, oaxial plane, is arx-z plane
parallel to the grounthat separatethe top and bottom sections of the bodyso
known asthe superior and infer sectionsMraz, 2015). Figuré shows these

three body plane{sens Technologies B.\2020).

Saggittal plane (Blue)

u Frontal / coronal plane (Green)

5 |

Transverse plane (Red)

Figure5: Body planegXsens Technologies B.\/2020).

3.1.1.3 Body Segments

There are twentyhree segmentsn a body that thevlOCAP system measures
their positions.Figure 6 indicaes these bodysegmentsin a 3D graphical
simulation(Xsens Technologies B.yY2020). Moreover, a schematic drawing of

different body segments is shown in Tabld A
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i gL

44— 23

& Y

Figure6: Indication of differenbody segmet(Xsens Technologies B.\2020)

Table 2 shows the legend for defining the directions and body segments.
Also, Table 3 prepared a list of twerttyree body segments and their
descriptiongXsers Technologies B.V2020).

Table2: Legend table for body segments

Legend

Joint

Lumbar spine segmen

Sacral spine

Cervical spine segmer

= O O T «

Thoracic spine segmei
T8 Sternum

31



Table3: Body segment Table (Xsens Technologies B.V., 2020).

Number Body segment Segment between
1 Pelvis Both hip joints J L5S1
2 L5 JL5S1 J L4L3
3 L3 J L4L3 JL1T12
4 T12 JL1T12 JT9T8
5 T8 JT9T8 J T1C7 (Sternum)
6 Neck JT1C7 J C1 Head
7 Head End segment above J C1 Head
8 Right Shoulder J Right T4 Shoulder J Right Upper Arm GH
9 Right Upper Arm J Right Upper Arm GH J Right Elbow
10 Right Forearm J Right Elbow J Right Wrist
11 Right Hand End segment after J Rigitrist
12 Left Shoulder J Left T4 Shoulder J Left Upper Arm GH
13 Left Upper Arm J Left Upper Arm GH J Left Elbow
14 Left Forearm J Left Elbow J Left Wrist
15 Left Hand End segment after J Left Wrist
16 Right Upper Leg J Right Hip J Right knee
17 Right Lower Leg J Right Knee J Right Ankle
18 Right Foot J Right Ankle J Right Toe
19 Right Toe End segment after J Right Toe
20 Left Upper Leg J Left Hip J Left knee
21 Left Lower Leg J Left knee J Left Ankle
22 Left Foot J Left Ankle J Left Toe
23 Left Toe End segment after J Left Toe

3.1.1.4 Body Joints

There are twentywo joints in a body andthe MOCAP system measures their
motion angles Table 4 lists these joints and their descriptiong{sens
Technologies B.V.2020). Also, a schematic drawing dhem and ergonomic

joint anglesareshown in Table A2.
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Table4: Joints TablgXsens Technologies B.}2020).

Number Joints Joint between
1 JL5S1 Lumbar spine segment Sacral spinene
five
2 JL4L3 Lumbar spine segment Lumbar spine segmer
four three
3 JL1T12 Lumbar spine segment Thoracic spine
one segmentwelve
4 JTIT8 Thoracic spine segmen Thoracic spine
nine segmeneight
5 JT1C7 Thoracic spine segmen Cervical spine
one segmenteven
6 JC1Head Cervical spine segment Head segment
one
7 JT4 Right Thoracic spine segmen Right shoulder MVN
Shoulder four segment
8 JRight Shoulder MVN shoulder segmeni Upperarm
9 JRight Elbow Upper arm Forearm
10 JRight Wrist Forearm Hand
11 JT4 Left Shoulder Thoracic spine segmen Left shoulder MVN
four segment
12 JLeft Shoulder MVN shoulder segment Upperarm
13 JLeft Elbow Upper arm Forearm
14 JLeft Wrist Forearm Hand
15 JRightHip Pelvis Upperle
16 JRightKnee Upper lay Lower leg
17 JRight Ankle Lower leg Foot
18 JRightBall Foot Foot Calculated toe
19 JLeft Hip Pelvis Upper leg
20 JLeft Knee Upper leg Lower leg
21 JLeft Ankle Lower leg Foot
22 JLeft Ball Foot Foot Calculated toe

3.1.1.5 Sensors
The MVN Awinda from Xsends areaktime system thatcontainsseventeen
Wireless Motion Trackers (MTWhffixed to different body segmeist Each
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sensor includes a triaxial magnetometer, triaxial gyroscope, and triaxial
accelerometer, which collect motion data at a sampling rate of 60Kstng

Technologies B.V.2020).Figure7 shows the sensors that are attached to straps.

Figure7: A pictureof MVN sensors

Table5 shows the name dhe sensors and the relateddy segments. Also,
Figures 8 and 9 show the positions of different body segments that each sensor
needs to be attachéal(Xsens Technologies B.\2020).

HEAD @

SHOU L S & SHOU R

UARM L . b UARM R
armL @ ® orme
@ PEv
HAND L ﬁ § HAND R
uecL @ ® uesr
west @ P ucecr
FooTL P @ roorr

Figure8: Position of MVN sensoréXsens Technologies B.V2020)
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Sternum

Figure9: Position of MVN sensorattached to the body

Table5: List of MVN sensorgXsensTechnologies B.\/.2020)

Number Sensors Number Sensors
1 Pelvis 10 Left ForeArm
2 T8 11 Left Hand
3 Head 12 Right UpperLeg
4 Right Shoulder 13 Right Lower Leg
5 Right UpperArm 14 Right Foot
6 Right ForeArm 15 Left UpperLeg
7 RightHand 16 Left LowerLeg
8 Left Shoulder 17 Left Foot
9 Left UpperArm
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3.1.2 Participants, Tasks, and Experimental Setup
This research has three kinds of experimewith different purposes and

participants.

1) Preliminary hboratory tests consist dbrty-one activities including
manual handling tasks and positional tasklich are the most common
in construction siteso determinethe boundary numbers and tolerances
of joint angles and body segment positions during Xipegments

2) Laboratory testsimulate aymbolic constructiotask for manually and
automatically completing a PDA forms an adjustment and verification
of the proposed framewark

3) Onssite validation of a real construction jokfor implementing the

framework anccompletingthe PDA form manually and automatically

In the first kind of experimentenindividuals with a dominanight hand
were asked as volunt eer sgraduatastudemisein Uni ver si
Edmonton, Alberta,Canada.Each participant wasnformed of the study's
approach and completed an informed consent docurapptoved by the
University's Research Ethics BdaiThe tests took occurred in a University of
Alberta laboratory. Each participant was informed of #seeriment and
instructed to ddorty-one activitiesn the PDA formsseparately upon arriving at
the laboratorySome tables, chairs, amdrdboardooxes were used to provide
different activitiesfor participants. Definition and figures related to eactiviy

are inappendix B.

In the second kind of Ilaboratory testpne person with a
dominantright hand was invited tothe participantvia the university and
instructed to completenaB x 9 block wall usingseventytwo cardboard boxes in
the size of 40« 200 x 200 mm which is approximately similar to a kind of real
CMUs (CSARAO - Type A ¢ at the University of Alberta laboratarfigure 10
showsthat the experimental setup with the greilt wall was one courskigh
and consistedf two boxes at the first and end of the couRarticipants utilized

seventy other boxes to build the wall from the first through the ninth courses.
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Thus, each participant task consistedsefentyindividual lifts. As shown in
Figure 11, the participant performed laying blocks onlg.the beginning, the
blockswere placed 100 cm away from the wall, arranged in three pallats]

eachincludedtwenty-four boxes

a1 : T

Figure10: The experimental setup with tpee-built wall

Figurell: The participant performed laying bloctesmakean 8 x 9 block walll
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In thethird kind of test,the actual experiment at the construction site,
bricklayerwith a dominantight handwas asked to build a@ 5 block line using
five 20 cm standard masonry units with a normal weight of 18 kgiaeddf390
x 190x 190 mmon the eartlat a construction site in Scorpio masonry company,
Edmonton, Alberta, Canadkigure 12 shows the experinental setupn thatthe

bricklayer utilized five CMU blocks to build a line.

e o ST ,
Figure12: Thebricklayerperformed laying blockt makea 1 x 5 block line

Also, he built a 1x 3 block line using the same CMU blocks at 4.2 m
above the earth on a scaffold. FiguRshows that the experimental setup with
the prebuilt wall was 15 courses high. The bricklayer utilized three other CMU
blocks to build the wall in the sixteenth coeirs

Figures 12 and 13 show thtae participant tasks included bringing blocks
from pallets, laying them, spreading mortar between and on the blocks, scraping
off excess mortar, and doing the alignment. The blocks were Blaé&dcm

away from the wall.
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Figurel3: Thebricklayerperformed laying blockt makea 1 x 3 block line
3.2. Data Collection

Different strategies for collecting data in the workplace might provide wildly
disparate findings.There are two types of data collection: subjective and
objective. Apart from the financial strain placed on the enterprise, subjective risk
evaluations can result in an exaggerated risk of injury or chronic discomfort
based on evidence derived from aneed@almer et a).2000). Descatha et al.
(2009) show similarly that questionnaires often overestimate the degree of risk
compared to what is present as measured by direct observation. While
guestionnaires are a less expensive option, they might not etivpossible
health risks associated with exposure (Descatha, @089). When an employer's
primary goal is to minimize losses due to productivity and health hazards at the
price of a more study, an objective technique is preferable (PalmerasiGg).

McCallig (2010) conducted research at a construction firm to assess three
data collecting techniques for estimating exposure time to hand and-lndwle
vibration: questionnaire, interview, and direct observation. The research
discovered that interviewand direct observation are more trustworthy than
surveys or selfeported questionnaires (McCallig et al., 2010). Deros et al.
(2011) observed a motorcycle component manufacturing factory, capturing video
footage. The video was determined to provide eidffit time for observing the
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employees' posture and movement. Additionallypénson interviews were
undertaken tainderstand better the tadke difficulties encountered, and health
issues. According to their observations, workers are regularly recioiredst

their necks and bend their spinbecause ofthe poor ergonomic design of
workstations, which causemusculoskeletal disorders (Derat al., 2011).
Additionally, in conjunction with technical data, vidbased observation may
identify norrneutral and severe postures for repetitive motion that contribute to
WMSDs (JuukKristensen et al. 2001).

In this researcftherearetwo kinds of daa collecting methos

1 For manual data collectjn gather data throughout the experiment by
observation and video capture to gain information on the body's mobility,
such as joint angles. In this manner, a stopwatch is used to record cycle
time and job legth, and a camcorder or more to study specifics of
activities after the observation, as well as a description of the workplace
structure, equipment, and work instruments, among other things. The
video's duration varies according to the time necessaryrplete the
work under investigation, ranging from a few minutes to many hours.

1 For data collecting automaticallyThroughout the experiment, body
kinematics were recorded using seventeen IMUs affixed to main body
segments to gather data on body joint asmigled body segment positions.
Sensors are wireless, allowing for complete freedom and comfort during
the experiment. After calibrating the motion sensors, the participant was
directed tocomplete fortyonetasks included in the PDA form and begin
construding a block wall.They began by erecting theall's first course,
paying close attentioto the planned alignment line to aid in alignment.
Continuous motion and video data were gathered until the participant
deemed the wall ready. After that, the datdemting was immediately
stopped.

In the first kind of lab experiment, each participant's motion data resulted in

BVH and excel files. Each file started when the participant began the first activity
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and ended when they finished the feotye tasks In the secondkind of lab
experiment, BVH and excel files were created tfar participant's motion data.
The file startedwhile the participantstoodin front of the first brick and ended
behindthelast block on the walEventually, in the orsite experimet, BVH and
excel files were created fohe participant's motion datarhile standing infront

of themortar containeand ended behind the last block oniadl.

3.3. ProcessingData and Automation

The proposedVIOCAP/Al-based framework is developeddefine the activities

and automated PDA filling systerBix components comprigbe overall Rule

based Expert system: "knowledge base, knowledge acquisition facility, database,
inference engine, explanation facility, and user interface" (Guo, 2013). 1)
"Knowledge base": is a repository of information, like principles of problem
solving and insight, that an individual expert may utilize to solve issues in a
particular problem area, and it may be used to aggregate the expertise of various
human specialists. Bet of IKFTHEN rules represents the knowledgehe rule-

based expert systenihe rule is a conditional statement that establishes a
connection between specified circumstances and actions or decisions. So, when
therule's condition section is convincetie conclusion section is performed. 2)
"Knowledge acquisition facility": offers a valuable and straightforward method
for collecting and storing all HFHEN rules. Additionally, various expert
systems offer an interactive interface that enables a domauarteto add
information directly into the system during runtime. 3) "Database": holds a
collection of facts for matching the knowledge base'sTHEN rules. 4)
"Inference engine": performs the reasoning procedures necessary for the expert
system to obtaim solution and connects knowledge base rules to database facts.
The inference engine determines whether rules are fulfilled, assigns them a
priority, and then executes the rules with the top preference. 5) "Explanation
facility": helps the consumer comprend the expert system's reasoning process.
By keeping track of the rules that have been fired, the component creates a hint of
reasoning that causes a particular inference. 6) "User interface": opens a contact

line between the user and the system to mumsusolution. In addition, this
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decision is made during the system's design pf@se, 2013)So, the rules are
obtained fromthe literature review and the results of the first kind of laboratory

experiment.

After detecting the activities by tregorithm, the frequency of activities
need to be determied. It is accomplished by calculating the time spent on each
task in minutes per shift or workdaythe automated frameworldlso, the same
way is ugdto calculate the frequencies in manual teghes.Table6 shows the

range definitiorof five frequenésthat are calculated automatically.

Table6: Frequeng based ompercent shifor dayactivity is performegertask

Frequency Cumulative time per 8-hour workday
during
shift/workday
Not required 0 minute (0%)
Rarely More than Ominutes (1%) 24 minutes(5%)
Occasionally 24 minutes(5%) 2.64hours(33%)
Frequent 2.64(33%) 5.28hours(66%)
Continuous 5.28hours (&%) 8 hours (0(}%)

3.4. Verification and Validation Method

Model verification and validation are techniques for evaluating and communicating
the competence of model¥erification guarantees that a simulation model is
accurately coded and implemented, while validation confirms that the simulation

model generates a range of accuracy acceptable for the intended purpose.

This research has the support of five ergonaicst validation. For this
purposefive different observers anfive expert ergonomistfilled outthe PDA
forms related to thelabormtory and onsite experimeng using the time study
method and other techniques to compare with the framework reBaltghe
| aboratory experiment, the standard

results are calculated and compared wlith results of the ergonomists and the
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framework.Fortheons i t e exper i ment , s wiichprovidegonomi st 6

the most detailed datare compared to the framework results.

43



Chapter 47 Results

4.1.

Resultsof the Developed PDA Form

During this study, a new postdbasedPDA form was createdcontainingtwo

primary parts 1) Manualhandling tasksand 2) Positionaltasks. Additionally,

each section has a variety of activities. Martaidling tasks are divided to

lifting, carrying, andpushingpulling parts, each of which is further subdivided

into particular activities:

T

1

1

There are five different actions in the lifting pddw-level lifting, knee

level lifting, waistlevel lifting, shoulderlevel lifting, andaboveshoulder
level lifting.

There are five actions in the carrying pdront carry, side carry side
carry-right hand side carryleft hand,andon shoulder carry.

There are four actions in theushing/pullingpart: stationary pushing

stationary pulling, dynamic pushingnddynamic pulling

Positional Tasks contaimobility, back shoulder, neckelbow, wrist and

ankleparts that each of them breaks down into particular activities:

T

There are ten different actions in tmaobility part: sitting, $anding,
walking, climbing stairs climbing ladders, climbing stooler other
equipment, crouching, squatting, kneeljiagdcrawling.

There are three actions in thack part:forward bending, trunkotation,
andbackward bending.

There are five actions in ttshoulder partbelow shoulderlevelreaching,
forward shoulder level reachingbove shoulder level reachingdeway
shoulder reachingandbehind shoulder reaching.

There are three actions in tmeck part:forward bending backward
bending andtwist ortilt.

In theelbow part, there is one actiofiexion orextension.

There are three actions in theist part: flexion or extension,bending,

androtation.
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1 There are two actions in tlaakle part:flexion orextension, andotation.

Tables 7 and 8show the dveloped PDA fornfior manual handling tasks and

positional tasks, respectively.

Table7: Developed PDA fornfior manual handling tasks

Manual Description of Frequency of workday/shift
handling tasks objects handled Not Ra Occasi Freq Cons
required re onal uent tant
Lifting
Low level
Knee level
Waist level

Shoulder level

Above
shoulder

Carry

Front

Side

Side right
hand

Side left hand

On shoulder

H-oa 3 =T

Pushing/pulling

45



Stationary
pushing

Stationary °
pulling
Dynamic
pushing
®

Dynamic

[ ]
pulling ki

Table8: Developed PDA form for positional tasks

Positional tasks Description Frequency of workday/shift
of activity  Not Rare Occa Fre Con
completed required siona que stan
I nt t
Mobility
Sitting

Standing

Walking

Climbingi stairs

Climbingi ladders

Climbingi stools, etc.

Crouching
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Squatting

Kneeling

Crawling

Back

Forward bending

Trunk rotation

Backward bending i
Shoulder

Below shoulder level

reaching

Forward shoulder level ® -

reaching r

Aboveshoulder level
reaching

Sideway shoulder
reaching

Behind shoulder
reaching

Neck

Forward bending e

Backward bending M

Twist/tilt »'\%\
‘:.‘.'.J
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Elbow

Flexion/extension

Wrist

Flexion/extension

Bending(ulnar/radial
deviation)

Rotation (supination/
pronation)

Ankle

Flexion/extension
(dorsiflexion/
plantarflexion)

Internal/external
rotation
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4.2. Results ofRule-Based Expert System foiDefining Activities

and Automated Framework
The proposed framework in this stueyaluatesvorkers' body segment positions
and joint angles during manual handling and operational tasks on construction
sites by utilizing the Xs&s MVN as an IMU type oMOCAP system. It alsaises
an Al techniqueto convert the joint angles and body segment positions to
different activities, identify their frequency, and automatically tfhié posture
based PDA formA rule-based expert system asked of Al technique and
Python as a higlevel programming language is used for providing this

automation.

For this purpose, movements in thdirection are divided into five parts:

1 Low level: is between the floor and knee height

1 Knee level: is between the knee height and the middle of the hip

1 Waist level: is between the middle of the hip and the middle of the back

1 Shoulder level: is between the middle of the back and the shoulder level
plus 10 centimetres

1 Aboveshoulder level: is above the shoulder level plus 10 centimetres

Figure 14 and Table9 show thez-direction movement and definition of

di fferent body segmentsd height.
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j E Above shoulder level

Shoulder level

B=Z between ‘
shoulder and
waist ‘\g
Waist level

A=7 between
waist and knee

/ Knee level
Z below knee Low level

Figurel4: Z-direction movemenfor doingtasks

Table9: Legendtable for heights

Legend

Waist_height  Height of waist in the natural position or first fram
Shoulder_heigh Height of shoulder in the natural position or first fra

Knee_height Height of knee in the natural position or first fram

Lower legz Knee height in the selected position or frame
A Waist_height Knee_height
B Shoulder_heighit Waist_height
Previous The pogtion in the previous frame




Tables10i 19 show the equations and rulgstresult fromthe first kind of laboratory experiment to detect different activities
The boundary and tolerance of joint angles and body segment positions obtained from the laboratory tests, RULANREBA,
OccupationalHealth Clinics for Ontario Workers (OHCOW, 1998) guidelines, and results from previous research are used for
generatinghese rulesAlso, Figuresl5-24 show3D graphical explanations fdifferent activities.

X or y position
of pelvis

=== Shoulder

flexion>=20 - === Vertical_pelvis

flextion>=20 -

X or y position
of hand

Shoulder flextion>=20 -
; => Vertical_pelvis

X or y position
flextion>=20- CHu

of pelvis

Hand z Lower leg z g
x or y position
of hand
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Elbow
flexion>= 20«

X or y position
':> of pelvis

\

X or y position
Pelvis z of hand

—> Shoulder

Shoulder z

\

X or y position |
of hand

&
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Shoulder .

flexion>=20-

1

Shoulder z x or y position
Hand z i of hand

X or y position
of pelvis

Figurel5: Different positions duringjfting activities; a) Lowlevel, b)Kneelevel, c) Waistlevel, d) Shoulder level, e) Above

shoulder level

Tables 10ai d: Rules for different lifting activities

Manual Condition 1
handling tasks
Lifting Or Or Or Or
Low-level Right Shoulder Flexio®20  Left Shoulder Flexiot©20 - -
Knee level Right Shoulder Flexio®20 Left Shoulder Flexiot©20 - -
Waist level Right Shoulder Flexio®20  Left Shoulder FlexioD20"  Right Elbow FlexionO  Left Elbow FlexionO

Shoulder level

Right Shoulder Flexio®20

Left Shoulder Flexiot©20

20 20
Right Elbow FlexionD  Left Elbow FlexionO
20 20

Above-shoulder

Right Shoulder Flexio®20'

Left Shoulder Flexiot©20
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Manual Condition 2

handling tasks

Lifting Or Or Or Or

Low-level Abs (Left Handx i Pelvis Abs (Left Handy1 Pelvis Abs (Right Handk i Pelvis Abs (Right Hand/i Pelvis
x) ©0.30m y) ©00.30m x) ©0.30m y) 00.30m

Knee level Abs (Left Handx 1 Pelvis Abs (Left Handy 1 Pelvis Abs (Right Handk i Pelvis Abs (Right Hand/1 Pelvis
x) 00.30m y) 00.30m x) 00.30m y) ©00.30m

Waist level Abs (Left Handx 1 Pelvis Abs (Left Handy 1 Pelvis Abs (Right Handk i Pelvis Abs (Right Hand/1 Pelvis
x) 00.30m y) 00.30m x) 00.30m y) ©00.30m

Shoulder level  Abs (Left Handx 1 Pelvis Abs (Left Handy 1 Pelvis Abs (Right Handk 1 Pelvis Abs (Right Hand/1 Pelvis
x) 00.30m y) 00.30m x) 00.30m y) ©00.30m

Aboveshoulder Abs (Left Handxi Pelvis Abs (Left Handy i Pelvis Abs (Right Hand i Pelvis Abs (Right Hand/1 Pelvis
x) 00.30m y) 00.30m x) 00.30m y) ©00.30m

Manual Condition 3 A Condition 4

handling n

tasks d

Lifting Or Or Or Or

Low- Right Handz < Right Lower Leg Left Handz < Left Lower Leg Right Handzi Previous Left Handzi Previous

level zm zm RightHandz©0.01m  Left Handz©0.01m

Knee Right Lower Legz ORight Hand Left Lower Legz OLeft Hand Right Handzi Previous Left Handzi Previous

level z< Right Lower Legz + A/2 z< Left Lower Legz + A/2 Right Handz ©0.01m Left Handz ©0.01m

Waist Right Lower Legz+ A/20  Left Lower Legz+ A/20OLeft  Right Handzi Previous Left Handzi Previous

level Right Handz < Pelvisz + B/2 Handz < Pelvisz + B/2 Right Handz ©0.01m Left Handz ©0.01m

Shoulder Pelvisz+ B/2 ORight Handz< Pelvisz + B/2 OLeft Handz < Right Handzi Previous Left Handzi Previous

level Right Shouldez + 0.1m Left Shoulderz+ 0.1m Right Handz ©0.01m  Left Handz©0.01m

Above- Right Handz ORight Shouldez  Left Handz OLeft Shoulderz Right Handzi Previous Left Handzi Previous

shoulder +0.1m +0.1m Right Handz ©0.01m  Left Handz©0.01m
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Manual handling tasks Condition 5 Source

Lifting

Low-level lifting Vertical Pel vi s F1 OHCOW, (1998)
Knee level lifting Vertical Pel vi s F’1 OHCOW, (1998)
Waist level lifting - OHCOW,(1998)
Shoulder level lifting - OHCOW, (1998)
Aboveshoulder lifting - OHCOW, (1998)

—>Elbow = X or-)i
flexion>=20-X°ry <= position of
position pelvis
of hand

= Walking
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Should.er Shoulder
abduction>=30- _, . h>=30.

Shoulder
abduction>=30-

b

c—r>=Shoulder
abduction>=30-

<=3 Walking Walkinge=">>
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Shoulder

Shoulder = abduction>=30-

abduction>=30-

s

<=3 Walking Walking ==>

Hand z E i oo
@ Shoulder z Shoulder z @

Figurel6: Different positions duringarrying activitiesa) Front, b)Side c) Side right-hand d) Side left-hand e) On shoulder

57



Tables 11ai c: Rules for different carrying activities

Manual Condition 1

handling tasks

Carry Or Or Or Or

Front Right Shoulder Flexio®20' Left Shoulder Flexio©20  Right Elbow FlexionO Left Elbow FlexionO

20 20

Side Right Shoulder Abductio®30 Left Shoulder Abductio®30° - -

Side right hand Right Shoulder Abductio®30 - - -

Sideg left hand Left Shoulder Abductio®30 - - -

On shoulder Right Shoulder Abductio®30 Left Shoulder Abductio®30° - -

Manual Condition 2

handling tasks

Carry Or Or Or Or

Front Abs (Left Handxi Pelvisx) O Abs (Left Handy i Pelvisy) O  Abs (Right Handk Abs (Right Handy i
0.25m 0.25m i Pelvisx) 00.25m  Pelvisy) 00.25m

Side Abs (Pelvisxi Previous Pelvix) Abs (Pelvisyi Previous Pelvig) - -
>0.1m >0.1m

Side right hand Abs (Pelvisxi Previous Pelvix) Abs (Pelvisyi Previous Pelvig) - -
>0.1m >0.1m

Side left hand  Abs (Pelvisxi Previous Pelvix) Abs (Pelvisyi Previous Pelvig) - -
>0.1m >0.1m

On shoulder Abs (Pelvisxi Previous Pelvig) Abs (Pelvisyi Previous Pelvig) - -
>0.1m >0.1m
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Manual handling tasks Condition 3 Source

Carry Or Or

Front Abs (Pelvisxi Previous Pelvig) > 0.1m Abs (Pelvisyi Previous Pelvig) > 0.1m OHCOW, (1998)
Side - - OHCOW, (1998)
Side right hand - - OHCOW, (1998)
Side left hand - - OHCOW, (1998)
On shoulder Right Handz ORight Shoulderi 0.05m  Left Handz OLeft Shoulderzi 0.05m OHCOW, (1998)

o> Vertical_pelvis

/:
>=5¢

P > Shoulder
flexion>=20-

‘Wrist Extension

<=_35- <

e HiP

flexion>=5»
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Vertical_pelvis
extension<=-10 -«
Shoulder
flextion>= 20-

Wrist Flexion
== _30 -

Hip
flexion>=5-

== Vertical pelvis
flexion>=10 -

Shoulder <:|

flexion>=20 » Hip flexion>=5-

<7 Walking

Elbow flexion>=20-
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‘W o> Vertical_pelvis
extension<=-5<
Shoulder
flextion>= 20-

£ Hip
flexion>=5-

<=1 Walking

d

Figurel7: Different positions during; &tationary pushingo) Stationarypulling, c) Dynamic pushingd) Dynamic pulling

Tables 12ai c: Rules for different pushing and pulling activities

Manual handling Condition 1
tasks
Pushing/Pulling Or Or Or Or

Stationary pushing Right Shoulder Flexio®20 Left Shoulder Flexiot©20

Stationary pulling Right Shoulder Flexio®20 Left Shoulder Flexio©20" Right Elbow FlexionO  Left Elbow FlexionO

20 20
Dynamic pushing Right Shoulder Flexio®20  Left Shoulder Flexiof020" Right Elbow FlexionO  Left Elbow FlexionO
20 20
Dynamic pulling  Right Shoulder Flexio®20  Left Shoulder Flexiof020" Right Elbow FlexionO  Left Elbow FlexionO
20 20
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Manual handling Condition 2 A Condition 3

tasks n
Pushing/pulling Or Or d
Stationary pushing Abs (Pelvisxi Previous Abs (Pelvisy i Previous Vertical Pelvis
Pelvisy O nmD. 0 Pelvisyy O nmD. 0 Fl exi‘on
Stationary pulling Abs (Pelvisxi Previous Abs (Pelvisy i Previous Vertical Pelvis
Pelvisy O nmD. 0 Pelvisy) 005m Extens$l0or
Dynamic pushing Abs (Pelvisxi Previous Abs (Pelvisy i Previous Vertical Pelvis
Pelvisx) > 0.05m Pelvisy) > 0.05m Fl exi on
Dynamic pulling Abs (Pelvisxi Previous Abs (Pelvisy i Previous Vertical Pelvis
Pelvisx) > 0.05m Pelvisy) > 0.05m Ext ens$s ol
Manual handling Condition 4 A Condition 5 Source
tasks n
Pushing/Pulling Or Or d Or Or
Stationary pushing Right Hip FlexionO5 Left Hip FlexionO5 Right Wrist Extension Left Wrist Extension OHCOW,
Oi 35 i 35 (1998)
Stationary pulling Right Hip FlexionO5 Left Hip FlexionO5 Right Wrist FlexionO Left Wrist FlexionO OHCOW,
i30 i30 (1998)
Dynamic pushing Right Hip FlexionO5’ - Left Hip FlexionO5’ - OHCOW,
(1998)
Dynamic pulling  Right Hip FlexionO5’ - Left Hip FlexionO5’ - OHCOW,
(1998)
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Lower leg z

Pelvis z

Walkinge—=">

20->Shoulder <=
Flexion >=10 -

Walking >y
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|=> Shoulder Flexion
>=20- I:> Vertical_Pelvis

Flexion>=20 -

Pelvis z
Lower leg z

Ankle Dorsiflexion
>= 10+ < =13
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|:> Knee Flexion >=30"

E—

Figure18: Different positions duringnobility activities; a)Sitting, b) Standingc) Walking, d) Climbingi stairs,e) Climbingi ladders,
f) Climbingi stools,g) Crouching,h) Squattingj) Kneeling,j) Crawling

65



Tables 13ai d: Rules for different mobility activities

Positional Condition 1
tasks
Mobility Or Or Or Or
Sitting Abs (Pelviszi Right Lower Legz) 00.15m - - -
Standing Whole frameg walking1 climbingsi carryingsi - - -

sitting’ crouchingi kneelingi low i level lifting

i knee level liftingi Pullingi pushingi crawling

I squattingi Dynamic Pushing Dynamic Pulling

T trunk forward bending backward trunk bendin:
Walking Abs (Pelvisxi Previous Pelvig) > 0.05m Abs (Pelvisy i Previous Pelvis - -

y) > 0.05m
Climbing 1 20°>Right Shoulder Flexio®10° 20°>Left Shoulder Flexio©10° Right Shoulder Left Shoulder
stairs ExtensionOi  ExtensionOi
1° 1°

Climbing Right Shoulder Flexio®20' - - -
ladder
Climbingi  Abs (Right Toezi Previous Right Tog) 00.1m  Abs (Left Toezi Previous Left - -
stools, etc. Toez) 00.1m
Crouching Vertical Pelvis FlexionD20 - - -
Squatting Right Knee FlexiorO30 Left Knee FlexionO30° - -
Kneeling Right Lower Legz O0.15m Left Lower Legz 00.15m - -
Crawling Abs (Headzi Pelvisz) 00.1m Abs (Headzi Pelvisz) 00.1m - -
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Positional
tasks

Condition 2

Mobility

Or Or Or

Or

Sitting

Abs (Pelviszi Left Lower - -
Legz) 00.15m

Standing

Walking

ClimbingT
stairs

Abs (Right ToexT Previous Abs (Right Toeyi Previous Abs (Left ToexT Previous

Abs (Left Toey i Previous

Climbing 1
ladder

Right Toex) > 0.01m Right Toey) > 0.01m Left Toex) > 0.01m
Left Shoulder Flexiot©20° - -

Left Toey) > 0.01m

Climbing 1

stools, etc.

Crouching

Abs (Pelviszi Right Lower - -
Legz) 00.15m

Squatting

Kneeling

Crawling

Abs (Right Handzi Right
Footz) O0.1m

Abs (Left Hand' Left Foot -
2 00.1m

Positional
tasks

Condition 3 A

=]

Condition 4

Mobility

Or Or d

Sitting

Standing

Walking

Climbing1

Abs (Right Toezi Previous Abs (Left Toezi Previous Left -
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stairs Right Toez) 00.1m Toez) 00.1m

Climbing i Abs (Right Toezi Previous Abs (Left Toezi Previous Left - -
ladder Right Toez) 00.1m Toez) ©00.1m
Climbingi - - - -
stools, etc.
Crouching Abs (Pelviszi Left Lower Legz) - Right Shoulder Left Shoulder
00.15m Flexion 020’ Flexion 020
Squatting - - - -
Kneeling - - - -
Crawling Abs (Right Lower Legzi Right  Abs(Left Lower Legzi Left - -
Footz) 00.1m Footz) 00.1m
Positional tasks Condition 5 Source
Mobility Or Or
Sitting - - OHCOW, 1998
Standing - - OHCOW, 1998
Walking - - OHCOW, 1998
Climbingi stairs - - OHCOW, 1998
Climbingi ladders - - OHCOW, 1998
Climbingi stools, etc. - - OHCOW, 1998
Crouching Right Ankle Dorsiflexion010° Left Ankle DorsiflexionO10° OHCOW, 1998
Squatting - - Mallor, 1998
Kneeling - - OHCOW, 1998
Crawling - - OHCOW, 1998
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=> Vertical_pelvis
flextion>=20-

> Vertical Pelvis
Extension <=-20"

D
!

<
\

L5S1 Axial L5S1 Axial
Rotation Rotation
>= 10 - <=-10-

b

Figurel9: Different positions duringrunk activities; ajorward Bendingb) Trunk Rotation c) Backward Bending

Table14: Rules for different back activities

Positional tasks Condition 1 Source
Back Or Or

Forward bending  Vertical Pelvis FlexionO20 - REBA
Trunk rotation L5S1 Axial RotatiornOi 10 L5S1 Axial RotationD10" assumption
Backward bendin¢ Vertical Pelvis ExtensioDi 20 - REBA
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Shoulder z

|:>45 = > Shoulder Flexion
>=20+ : X or y position
Hand z of pelvis

X orry position
of hand

Shoulder z

§

X or y position,
of hand

—{> Shoulder

flexion>=45 - => X or y position
of pelvis
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Shoulder z 9
X or y position
§ of hand iti
Shoulder |=> xory p'osn ion
i of pelvis

flexion>=45 -

C

T8_Head Axial

: T8_Head axial
K_) Bending <= 10+, = 0. €

U

Shoulder Abduction
>=30-

Shoulder Abduction
>=30-¢
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r' Q |:> T8_Head Axial Bending

<=-10-

T8_Head Axial Bendingc:( ) 6

>=10-

O

Shoulder Extension I;S_S; Axial Bending ¢' ()

E D 2 1551 Axial Bending

<= 5.

Shoulder Extension

<= -5- <= -5+

§

X or y position
of hand

x or y position
of pelvis

Figure20: Different positions duringeachingactivities a) Below shoulder leveh) Forward shoulder levet) Above-shoulder level,
d) Sideway shouldeg) Behind shoulder
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Tables 15ai f: Rules for different shoulder activitielor reaching

Positional tasks Condition 1

Shoulder Or Or Or Or

Below shoulder level  Abs (Left Handx 1 Abs (Left Handy 1 Abs (Right Handk i Abs (Right Handy i
reaching Pelvisx) ©0.30m Pelvisy) ©0.30m Pelvisx) ©0.30m Pelvisy) ©0.30m

Forward shoulder
level reaching

Abs (Left Handx T
Pelvisx) 00.30m

Abs (Left Handy T
Pelvisy) 00.30m

Abs (Right Handk i
Pelvisx) 00.30m

Abs (Right Handy i
Pelvisy) 00.30m

Above shoulder
level reaching

Abs (Left Handx T
Pelvisx) 00.30m

Abs (Left Handy T
Pelvisy) 00.30m

Abs (Right Handk i
Pelvisx) 00.30m

Abs (Right Handy i
Pelvisy) 00.30m

Sideway shoulder

Abs (Left Handx i

Abs (Left Handy 1

Abs (Right Handk i

Abs (Right Handy i

reaching Pelvisx) ©0.30m Pelvisy) ©0.30m Pelvisx) ©0.30m Pelvisy) ©0.30m
Behind shoulder Abs (Left Hanax T Abs (Left Handy T Abs (Right Handk 1 Abs (Right Handy 1
reaching Pelvisx) O0.30m Pelvisy) 00.30m Pelvisx) 00.30m Pelvisy) 0O0.30m
Positional tasks Condition 2 A Condition 3
Shoulder Or Or n Or Or

d

Below shoulder
level reaching

45° > Right Shoulder

FlexionO20°

45° > |eft Shoulder

FlexionO20°

Right Handz < Right

Shoulderzi B/2

Left Handz < Left
Shoulderzi B/2

Forward shoulder
level reaching

Right Shoulder Flexio®

45

Left Shoulder Flexion

045

Right Shouldezi B/20
Right Handz < Right

Shoulderz+ 0.1m

Left Shoulderzi B/2
OLeft Handz < Left
Shoulderz+ 0.1m

Above-shoulder

Right Shoulder Flexio®

Left Shoulder Flexion

Right Handz ORight

Left Handz OLeft

level reaching 45 045 Shoulderz+ 0.1m Shoulderz+ 0.1m
Sideway shoulder Right Shoulder Abductio® Left Shoulder Right Elbow FlexionD20  Left Elbow FlexionO
reaching 30 AbductionO30’ 20

Behind shoulder Right Shoulder Extensiod Left Shoulder Right Elbow FlexionD20  Left Elbow FlexionO
reaching i5 ExtensionOi 5° 20
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Positional tasks Condition 4 A Condition 5 Source
Shoulder Or Or 3 Or Or
Below shoulder level Vertical Pelvis - - - REBA
reaching Flexion < 45
Forward shoulder level Vertical_Pelvis - - - REBA
reaching Flexion < 45
Aboveshoulder level Vertical_Pelvis - - - REBA
reaching Flexion < 45
Sideway shoulder T8_Head Axial T8_Head Axial - - assumpt
reaching BendingO10° BendingOi 10° ion
Behind shoulder T8_Head Axial T8_Head Axial L5S1 Axial L5S1 Axial REBA
reaching BendingO10° BendingOi 10° BendingO5° BendingOi 5°

Tablel6aic : Rules for different shoulder acti vi t°(secendpokitom) r eachi

Positional tasks Condition 1

Shoulder

Or

Or

Or

Or

Below shoulder level

reaching

Abs (Left Hanax T
Pelvisx) 00.30m

Abs (Left Handy T
Pelvisy) 00.30m

Abs (Right Handk

Pelvisx) 00.30m

Abs (Right Handy 1
Pelvisy) 00.30m

Forward shoulder
level reaching

Abs (Left Handx T
Pelvisx) O0.30m

Abs (Left Handy i
Pelvisy) 00.30m

Abs (Right Hand i

Pelvisx) ©0.30m

Abs (Right Handy i
Pelvisy) 00.30m

Above-shoulder level

reaching

Abs (Left Handx T
Pelvisx) O0.30m

Abs (Left Handy i
Pelvisy) 00.30m

Abs (Right Hand i

Pelvisx) ©0.30m

Abs (Right Handy i
Pelvisy) 00.30m
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Positional tasks Condition 2

Shoulder Or Or Or Or
Below shoulder Abs (Right Handx T Right Abs(Left Handxi Left Abs(Right Handyi Right Abs(Left Handy 1 Left
level reaching Shoulderx) > 0.05 Shoulderx) > 0.05 Shouldery) > 0.05 Shouldery) > 0.05
Forward shoulder Abs (Right Handx T Right ~ Abs(Left Handxi Left ~Abs(Right Handyi Right Abs(Left HandyT Left
level reaching Shoulderx) 00.05 Shoulderx) ©0.05 Shouldery) 00.05 Shouldery) 00.05
Aboveshoulder Abs (Right Handx i Right Abs(Left Handx1 Left Abs(Right Handyi Right Abs(Left Handy1 Left
level reaching Shoulderx) > 0.05 Shoulderx) > 0.05 Shouldery) > 0.05 Shouldery) > 0.05
Positional tasks Condition 3 Source
Shoulder Or Or
Below shoulder level reaching 45°>Right Shoulder Flexio®20° 45°>Left Shoulder Flexio©20© REBA
Forward shoulder level reachir  Right Shoulder Flexio®45 Left Shoulder Flexiot©45  REBA
Above-shoulder level reaching  Right Shoulder Flexio®45 Left Shoulder Flexiot®45 REBA
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I:> T8_Head Flexion

=50 - o> T8_Head Extension

<=-20-

=> T8_Head Lateral T8_H'.aad Lateral
Bending >= 20+ Bending <= -20

[Cp> T8 Head Axial  T8_Head Axial <3
Bending>= 20+ Bending <= -20

._7L7_7-‘Z_7 B

Figure21: Different positions duringeckactivities a) Forward bendingh) Backward bending;) Twist/tilt
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Tablel7: Rules for different neck activities

Positional Condition 1 Source

tasks

Neck Or Or Or Or

Forward T8 Head Flexior©20 - - - REBA

bending

Backward T8_Head Extensio@i 20 - - - REBA

bending

Twist/tiit ~ T8_Head Lateral BendinQ T8_Head Lateral BendinQ T8 Head Axial T8 Head Axial REBA
20 i20 Bending020 BendingOi 20

¢

Elbow flexion|
>=20.

Figure22: Position duringelbowactivity
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Table18: Rules for elbow activity

Positional tasks Condition 1 Source

Elbow Or Or

Flexion/extensior Ri ght EIl bow Left EI bow REBA
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Figure23: Different positions duringvrist activities a)Flexion/ extensionp) Bending (ulnar/ radial deviation}) Rotation

(supination/ pronation)

Table19: Rules for different wrist activities

Positional tasks Condition 1 Source
Wrist Or Or Or Or
Flexion/extension Right Wrist FlexionO Right Wrist Extension  Left Wrist FlexionO Left Wrist Extension REBA

15° Oi15° 15° Oi15°
Bending Right Wrist Radial Right Wrist Ulnar Left Wrist Radial Left Wrist Ulnar Lind et al.
(ulnar/radial DeviationO10 DeviationOi 15 DeviationO10 DeviationOi15  (2020)
deviation) ]
Rotation Right Wrist Pronation Right Wrist Supination Left Wrist Pronatio® Left Wrist assumption
(supination/pronatio 015 Oi 15 15 Supinatio®i 15

n)
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" Ankle
Plantarflexion
<=-15-

Figure24: Different positions durin@nkleactivities a) Flexion/extension (dorsiflexion/ plantarflexiof), Internal/ external rotation
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Table20: Rules for different ankle activitiggassumptions)

Positional tasks Condition 1
Ankle Or Or Or Or
Flexion/extension Right Ankle Right Ankle Left Ankle Left Ankle

(dorsiflexion/plantarflexion)

DorsiflexionO15° PlantarflexionOi 15° Dorsiflexion O15°

PlantarflexionOi 15°

Internal/external rotation

Right Ankle Internal Right Ankle External Left Ankle Internal
RotationO15° RotationOr1 15° RotationO15°

Left Ankle External
RotationOi 15°

81



4.3. Resultsof the Laboratory Experiment

This section shows the results of three different methods of implementing the
PDA form.

4.3.1 Resultsof the Time Study Method

The following tables preserthe results of the time study method used by five
different observers. Tablel2shows the frequency of different activities as
percentageAlso, dandard deviation quantifiegbe variation or dispersion of the

observeréresults.

Table21: Frequency of different activitidsr the time study method

Activity Frequency/percentage Stand
Obs.1 Obs.2 Obs.3 Obs.4 Obs 5 ard
devia
tion
Lifting
Low-level 100.00 100.00 100.00 100.00 100.00 0.00
Knee level 85.71 28.57 100.00 85.71 100.00 26.50
Waist level 85.71  0.00 4286 85.71 71.43 32.58
Shoulder level 42.86  0.00 28.57 0.00 42.86 19.38
Above-shoulder 42.86  0.00 28.57 0.00 42.86 19.38
Carry
Front 100.00 100.00 100.00 100.00 100.00 0.00
Side 0.00 0.00 0.00 0.00 0.00 0.00
Side right hand 0.00 0.00 0.00 0.00 0.00 0.00
Side left hand 0.00 0.00 0.00 0.00 0.00 0.00
On shoulder 0.00 0.00 0.00 0.00 0.00 0.00

Pushing/pulling

Stationary pushing 0.00 0.00 0.00 0.00 0.00 0.00

Stationary pulling 0.00 0.00 0.00 0.00 0.00 0.00

Dynamic pushing 0.00 0.00 0.00 0.00 0.00 0.00

Dynamic pulling 0.00 0.00 0.00 0.00 0.00 0.00
Mobility

Sitting/driving 1429 1429 1429 1429 1429 0.00
Standing 14.29 100.00 0.00 0.00 100.00 46.95
Walking 100.00 100.00 14.29 100.00 100.00 34.29
Climbingi stairs 0.00 0.00 0.00 0.00 0.00 0.00
Climbing1 ladders 0.00 0.00 0.00 0.00 0.00 0.00
Climbingi stools, 0.00 0.00 0.00 0.00 0.00 0.00
etc.

Crouching 0.00 0.00 0.00 0.00 0.00 0.00
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Squatting 0.00 0.00 100.00 0.00 0.00 40.00

Kneeling 0.00 0.00 0.00 0.00 0.00 0.00
Crawling 0.00 0.00 0.00 0.00 0.00 0.00
Back

Forward bending 100.00 100.00 100.00 85.71 100.00 5.71
Trunk rotation 0.00 0.00 100.00 85.71 100.00 46.95

Backward bending 0.00 14.29 0.00 0.00 0.00 5.71

Shoulder

Below shoulder level 100.00 100.00 42.86 85.71 100.00 22.13
reaching

Forward shoulder 28.57 28.57 28.57 0.00 0.00 14.00
level reaching

Above-shoulder level 42.86 42.86 28.57 0.00 0.00 19.38

reaching

Sideway shoulder 0.00 0.00 0.00 0.00 0.00 0.00
reaching

Behind shoulder 0.00 0.00 0.00 0.00 0.00 0.00
reaching

Neck

Forward bending 0.00 100.00 100.00 100.00 100.00 40.00
Backwardbending 0.00 0.00 28.57 0.00 0.00 11.43
Twist/tilt 0.00 71.43 100.00 0.00 100.00 45.54
Elbow

Flexion/extension 100.00 100.00 100.00 100.00 100.00 0.00
Wrist

Flexion/extension 100.00 57.14 0.00 0.00 100.00 44.81
Bending (ulnar/ 71.43 100.00 100.00 0.00 0.00 45.54

radialdeviation)

Rotation (supination/ 100.00 42.86 100.00 85.71 100.00 22.13
pronation)

Ankle

Flexion/extension 0.00 57.14 0.00 100.00 100.00 44.81
(dorsiflexion/
plantarflexion)

Internal/external 100.00 14.29 100.00 85.71 100.00 33.32
rotation

Table 2 showsthe average frequency of manual handling tagks
percentagea n d categori zersqutihreend, as nRHoE, 0 inoOcc
AFrequent, 0 or 3igvesntwetfraqudncy cand Tcatdgdries foP

positional tasks.
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Table22: Average frequency of activitider the time study metho@o and

range) for manual handling tasks

Manual handling  Average of Frequency of workday/shit
tasks frequency/ Not Rare Occasi Frequ Consta
percentage requir onal ent nt
ed

Lifting

Low-level 100.00 C

Knee level 80.00 C

Waist level 57.14 F

Shoulder level 22.86 O

lifting

Aboveshoulder 22.86 O

lifting

Carry

Front 100.00 C

Side 0.00 N

Side right hand 0.00 N

Side left hand 0.00 N

On shoulder 0.00 N

Pushing/pulling

Stationary pushing 0.00 N

Stationarypulling 0.00 N

Dynamic pushing 0.00 N

Dynamic pulling 0.00 N

Table23: Average frequency of activitider the time study metho@o and

range) for positional tasks

Positional tasks  Frequency/ Frequency of workday/shift
percentage Not Rare Occasi Frequ Consta
requir onal ent nt
ed

Mobility

Sitting/driving 14.29 O

Standing 42.86 F

Walking 82.86 C

Climbingi stairs 0.00 N

Climbing1 ladders 0.00 N

Climbingi stools, 0.00 N

etc.

Crouching 0.00 N

Squatting 20.00 O

Kneeling 0.00 N
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Crawling 0.00 N

Back

Forward bending 97.14 C
Trunk rotation 57.14 F
Backward bending 2.86 R

Shoulder

Below shoulder 85.71 C
level reaching

Forward shoulder 17.14 @)

level reaching

Aboveshoulder 22.86 O

level reaching

Sideway shoulder 0.00 N

reaching

Behind shoulder 0.00 N

reaching

Neck

Forwardbending 80.00 C
Backward bending 5.71 O

Twist/tilt 54.29 F

Elbow

Flexion/extension 100.00 C
Wrist

Flexion/extension 51.43 F
Bending (ulnar/ 54.29 F

radial deviation)

Rotation 85.71 C
(supination/

pronation)

Ankle

Flexion/extension 51.43 F
(dorsiflexion/

plantarflexion)

Internal/external 80.00 C
rotation

4.3.2 Resultsof an Ergonomist Method

The following results are related to a method usedhbyfirst ergonomist.The
ergonomist measured each activity's frequency perceratadj@etermined their
range definitios. Table 21 shows the frequency of activities in percentage and
range definittiofor t he e r g o n pfon mantabhaeindlingtasksnTialgeu e

25 givesthis informationfor positional tasks.
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Table24: Frequency of activitiebre r g o n o mi s (o@rsd range)torh o d

manual handling tasks

Manual handling Freq Frequency of workday/shift
tasks uency Not Rare Occasiona Frequen Constan
requi I t t

red

Lifting

Low-level 8.21 @)

Knee level 18.21 O

Waist level 7.50 O

Shoulder level 8.39 O

Aboveshoulder 7.23 O

Carry

Front 35.89 F

Side 0.00 N

Side right hand 0.00 N

Side left hand 0.00 N

On shoulder 0.00 N

Pushing/pulling

Stationary pushinc 0.00

Stationary pulling 0.00

Dynamic pushing  0.00

ZZ2Z2|Z2

Dynamic pulling 0.00

Table25: Frequency of activitiebore r g o n o mi s (Po@rsd ramge)torh o d

positional tasks

Positional tasks  Freq Frequency of workdaykhift
uency Not Rare Occasiona Frequen Constan

requi I t t
red

Mobility

Sitting/driving 10.72 O

Standing 19.37 O

Walking 35.89 F

Climbingi stairs 0.00 N

Climbing1 ladders 0.00 N

Climbingi stools, 0.00 N

etc.

Crouching 0.00 N

Squatting 22.23 O

Kneeling 0.00 N

Crawling 0.00 N

Back
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Forward bending 30.18 O
Trunk rotation 5.36 O
Backward bending 0.00 N

Shoulder

Below shoulder 15.00 O
level reaching

Forward shoulder 27.32 @)
level reaching

Above-shoulder 7.23 O
level reaching

Sideway shoulder 0.00 N

reaching

Behind shoulder  0.00 N

reaching

Neck

Forward bending 11.25 O
Backward bending 0.00 N

Twist/tilt 16.34 O
Elbow

Flexion/extension 23.03 O
Wrist

Flexion/extension 26.43 O
Bending (ulnar/ 23.12 O
radial deviation)

Rotation 0.00 N

(supination/

pronation)

Ankle

Flexion/extension 8.21 @)
(dorsiflexion/

plantarflexion)

Internal/external ~ 30.09 O

rotation

4.3.3 Resultsof the Proposed-ramework

The following results are related to the propo$eaneworkin this research.
Table26 shows the frequency of activities in percentagerande definitiorfor
the proposed framework, for manual handling taskable 27 gives this

information for positional tasks.
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Table26: Frequency of activities for the proposedmework(% and range)or

manual handling tasks

Manual Frequen Frequency of workday/shift
handling tasks cy Not Rar Occasion Freque Consta
required e al nt nt
Lifting
Low-level 2.18 R
Knee level 7.50 O
Waist level 8.90 O
Shoulder level 8.08 O
Above-shoulder  4.90 R
Carry
Front 34.58 F
Side 1.71 N
Side right hand 1.01 N
Side left hand 1.48 N
On shoulder 1.86 N
Pushing/pulling
Stationary 1.63 N
pushing
Stationary 12.63 0]
pulling
Dynamic 0.43 N
pushing
Dynamic 3.54 R
pulling

Table27: Frequency of activities for the proposed framework (% and range), for

positional tasks

Positional tasks Frequ Frequency of workday/shift
ency Not Ra Occasi Freq Const
requi re  onal uent  ant

red
Mobility
Sitting/driving 9.91 O
Standing 25.87 O
Walking 47.51 F
Climbing1 stairs 0.00 N
Climbingi ladders 1.17 N
Climbing1 Stools, etc. 1.17 N
Crouching 0.00 N
Squatting 44.76 F
Kneeling 0.00 N
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Crawling 0.00 N

Back

Forward bending 34.34 F

Trunk rotation 7.15 O

Backward bending 9.29 O

Shoulder

Below shoulder level reachint 1 0 . @)

Forward shoulder level 24 . O

reaching

Aboveshoulder level reachink 2 1 . ¢ O

Sideway shoulder reaching 1.17 N

Behind shoulder reaching 0.00 N

Neck

Forwardbending 43.78 F
Backward bending 0.19 N

Twist/tilt 32.79 O

Elbow

Flexion/extension 86.13 C
Wrist

Flexion/extension 82.40 C
Bending (ulnar/radial 90.52 C
deviation)

Rotation (supination/ 8.08 O

pronation)

Ankle

Flexion/extension 12.86 @)
(dorsiflexion/plantarflexion)

Internal/external rotation 23.43 O

4.3.4 Results Analysis of Laboratory Experiment

The following results are related tomparingthree methodsisedfor filling the
PDA form. Table28 shows the frequency of different activities in percentage and
range definitiorfor three methodgor manual handling task¥able 29 gives this

information for positional tasks.
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Table28: Frequency ofctivitiesfor three method&s and range)for manual

handling tasks

Manual Frequency per shift Frequency per shift N-R-O-
handling tasks (percentage) F-C)
Al Ergono  Time Al Ergonom  Time
model mist 1 study model ist 1 study
Lifting
Low-level 2.18 8.21 100.00 R O C
Knee level 7.50 18.21 80.00 O O C
Waist level 8.90 7.50 57.14 O O F
Shoulder level 8.08 8.39 22.86 O O O
Above-shoulder  4.90 7.23 22.86 R O O
Carry
Front 3458 35.89 100.00 F F C
Side 1.71 0.00 0.00 N N N
Sidgrighthand  1.01 0.00 0.00 N N N
Side left hand 1.48 0.00 0.00 N N N
On shoulder 1.86 0.00 0.00 N N N
Pushing/pulling
Stationary 1.63 0.00 0.00 N N N
pushing
Stationary 12.63 0.00 0.00 O N N
pulling
Dynamic 0.43 0.00 0.00 N N N
pushing
Dynamic pulling 3.54 0.00 0.00 R N N

Table29: Frequency ofctivitiesfor three method&o and range), fgpositional

tasks
Positional tasks Frequency of workdaykhift ~ Frequency pershift (N -R-
O-F-C)
Al Ergono Five Al Ergono Five
model mist observ.  mod mist observers
ers el

Mobility
Sitting/driving 9.91 10.72 14.29 O O O
Standing 25.87 19.37 42.86 O O F
Walking 4751 35.89 82.86 F F C
Climbingi stairs 0.00 0.00 0.00 N N N
Climbing 1.17 0.00 0.00 N N N
ladders
Climbing 1.17 0.00 0.00 N N N
stools, etc.
Crouching 0.00 0.00 0.00 N N N
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Squatting 4476  22.23 20.00 F @) O
Kneeling 0.00 0.00 0.00 N N N
Crawling 0.00 0.00 0.00 N N N
Back

Forward bending 34.34  30.18 97.14 F @) C
Trunk rotation 7.15 5.36 57.14 O @) F
Backward 9.29 0.00 2.86 @) N R
bending

Shoulder

Below shoulder 1 0. 15.00 85.71 @) @)

level reaching

Forward 2 4 . 27.32 17.14 @) @) O
shoulder level

reaching

Aboveshoulder 2 1. 7.23 22.86 @) @) O
level reaching

Sideway 1.17 0.00 0.00 N N N
shoulder

reaching

Behind shoulder 0.00 0.00 0.00 N N N
reaching

Neck

Forward bending 43.78 11.25 80.00 F O C
Backward 0.19 0.00 5.71 N N O
bending

Twist/tilt 32.79 16.34 54.29 O O F
Elbow

Flexion/extensio 86.13  23.03 100.00 C @) C
n

Wrist

Flexion/extensio 82.40 26.43 51.43 C @) F
n

Bending 90.52 23.12 54.29 C @) F
(ulnar/radial

deviation)

Rotation 8.08 0.00 85.71 @) N C
(supination/

pronation)

Ankle

Flexion/extensio 12.86 8.21 51.43 @) @) F
n (dorsiflexion/

plantarflexion)

Internal/external 23.43  30.09 80.00 O O C
rotation
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Bar charts of distribution discrepanci@s frequencieshelp quickly

compare the different sets of frequencies among different methods in each

activity. Figures25i 34 showbar charts for comparing the frequency of different

activities (as percents) between tAé model ergonomist, and time study

methods used.

Frequency

Frequency

Comparing the frequency of lifting for three methods

100
90
80
70
60
50
40
30
20

10
| -I o= ]| m

Low level lifting Knee Level Lifting  Waist Level Shoulder Level Above Shoulder
Lifting Lifting Lifting

H Al model ® Ergonomist Time study

Figure 25. Comparison of frequency of lifting activities

Comparing the frequency of carrying for three methods

100
90
80
70
60
50
40
30
20
10

0 — JR— — —

Front Carry Side Carry Side Carry-Right Side Carry-Left On Shoulder
Hand Hand Carry

B Al model M Ergonomist Time study

Figure26. Comparisorof frequency of carrying activitidsetween three methods

used.
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Comparing the frequency of pushing/pulling for three methods

100
90
80
70
60
50
40
30
20

: =
0 —_— ]

Pushing Pulling Dynamic Pushing Dynamic Pulling

Frequency

B Al model M Ergonomist M Time study

Figure27. Comparisorof frequency of pushing/pulling activitiégetween three
methods used.

Comparing the frequency of mobility activities for three methods
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B Al model ®Ergonomist M Time study

Figure28: Comparison of frequency of mobility activities in percentage between

three methods used.
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Comparing the frequency of reaching for three methods

100
90
80
70
60
50
40
30

1 II I
1
o mb I I- _

Below Shoulder Forward Above Shoulder Sideway Behind Shoulder
Level Reaching Shoulder Level Level Reaching Shoulder Reaching
Reaching Reaching

Frequency

o

B Al model ™ Ergonomist M Time study

Figure29: of frequency of reghing activities between three methods used.

100
80

Comparing the frequency of trunk for three methods
60
40

0 [ [ | —

Forward Bending Trunk Rotation Backward Bending

Frequency

H Al model ®Ergonomist ™ Time study

Figure30: Comparisorof frequency of trunk activities between three methods
used.

Comparing the frequency of neck for three methods

100

80

60

40 I
. ] - ]

Forward Bending Backward Bending Twist/Tilt

Frequency

H Al model MErgonomist M Time study

Figure31: Comparisorof frequency of neck activities between three mesthod
used.
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Comparing the frequency of elbow for three methods

100
80

60

40

. /T

0

Frequency

Flexion/Extension

m Al model ™ Ergonomist mTime study

Figure32: Comparisorof frequency of elbow activities between three methods
used.

Comparing the frequency of wrist for three methods

100
80
>~
2
S 60
3
g 40
(S8
. | m

Flexion/Extension Bending (Ulnar/Radial Rotation
Deviation) (Supination/Pronation)

B Al model ™ Ergonomist ®Time study
Figure33: Comparisorof frequency of wrist activities between three methods
used.

Comparing the frequency of ankle for three methods

Flexion/Extension Internal/External Rotation
(Dorsiflexion/Plantarflexion)

100

80

Frequency
I =)\
[ o

]
w]

o

B Al model mErgonomist MTime study

Figure34: Comparisorof frequency of ankle activities between three methods

used.
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The following findings compare the results of the suggested technique to
those of fve different ergonomistdn this experimentfour ergonomists used
their specific techniques to determine thage definitiorof each frequengyand
only one ergonomist determined both percentage andathge definitionof
acti vi ti e Jdble3 shewsule rireqyency of activities the range
definition measuredby five ergonomistsand automatedframework Table 31

gives this information for positional tasks.

Table30: ComparingtheAl mordes wist s with five differen
results for manual handling tasks

Manual Frequency per shift N-R-O-F-C)

handling tasks Al Ergono Ergono Ergono Ergono Ergono
model mist 1 mist 2 mist 3 mist 4 mist 5

Lifting
Low-level R O O O O C
Knee level O O O O O F
Waist level O O O O O F
Shoulder level O O N O O N
Above R O O O O N
shoulder
Carry
Front F F C C F C
Side N N N N N N
Side right N N N N N N
hand
Side left hard N N N N N N
On shoulder N N N N N N
Pushing/pulling
Stationary N N N N N N
pushing
Stationary @] N N N N N
pulling
Dynamic N N N N N N
pushing
Dynamic R N N N N N
pulling
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Table31:

Comparing

the Al
results, forpositionaltasks

model 6s

resul ts

Positional tasks

Frequency peshift (N-R-O-F-C)

Al
model

Ergon
omist
1

Ergon
omist
2

Ergon
omist
3

Ergon
omist
4

Ergon
omist
5

Mobility

Sitting/driving

Standing

Walking

Climbingi stairs

Climbingi ladders

Climbingi stools,
etc.

Z|Z2Z2mo0o o

Z|Z2Z2mo0o o

222000

Z|Z2Z20|0/0

Z|Z2Z2mmT o

222000

Crouching

Squatting

Kneeling

Crawling

ZZ2mnZz

ZzZ20|2

ZZ2mnZz

ZZ 00

ZZ20|2

ZZ0m

Back

Forward bending

Trunk rotation

Backward bending

Z 00

O

Z|0m

ZzZ20

Shoulder

Below shoulder level

reaching

T

Forward shoulder
level reaching

Above-shoulder level

reaching

O O] O oom

o O O

O O O

o O

O O] O] 000

Sidewayshoulder
reaching

pd

pd

pd

Behind shoulder
reaching

pd

pd

pd

pd

pd

Neck

Forward bending

Backward bending

Twist/tilt

ozZz0

X 00

Elbow

Flexion/extension

0O |O0m

pd

Wrist

Flexion/extension

Bending(ulnar/radial

deviation)

oo 0 0Zz0

Z M

o m

mlf@)

Rotation (supination/

pronation)

o 00O 0O 0Zm

o OO 0O 000
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Ankle

Flexion/extension O O C N O C
(dorsiflexion/

plantarflexion)

Internal/external O O F N O O
rotation

Figure 3544 show the bar charts to compatee frequency range
definition of different types of activities between the automated framework and

five ergonomists.

M Automatically
Constant Ergonomist 1

Ergonomist 2
Ergonomist 3

Comparing the results of lifting frequency

Ergonomist 4
Ergonomist 5

Frequent

Frequency

Occasional

Rare I

Not required I

Low level lifting Knee Level Lifting Waist Level Lifting Shoulder Level Lifting  Above Shoulder
Lifting

Figure35: Comparison ofhefrequencyof lifting activities between the

automatedrameworkand five ergonomists.

B Automatically

Comparing the results of carrying frequency
Ergonomist 1

Constant
Ergonomist 2
Ergonomist 3
Ergonomist 4
Ergonomist 5
Frequent
- q
=]
c
(]
=
o
Q
-
w
QOccasional
Rare

Front Carry Side Carry Side Carry-Right  Side Carry-Left Hand On Shoulder Carry
Hand

Figure36. Comparison othefrequencyof carryingactivities between the
automatedrameworkand five ergonomists.

Not required
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Comparing the results of pushing/pulling frequency ™ Automatically
Ergonomist 1

Constant Ergonomist 2
Ergonomist 3

Ergonomist 4

Ergonomist 5

Frequent

Frequency

Occasional

Rare

Pushing Pulling Dynamic Pushing Dynamic Pulling

Figure37. Comparison ofhefrequencyof pushing/pullingactivities between the
automatedrameworkand five ergonomists.

Not required ™

Comparing the results of mobility activities frequency = Automatically
Ergonomist 1

Constant Ergonomist 2
Ergonomist 3
Ergonomist 4
Ergonomist 5

Frequent
=
O
c
Q
3
o
[<B]
—
u- -
Occasional
Rare
Not required " - - " - "
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Figure38: Comparison othefrequencyof mobility activities between the

automatedrameworkand five ergonomists.
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Comparing the results of reaching frequency

Constant

Frequent

Frequency

Occasional

Rare

Not required
Below Shoulder Level Forward Shoulder Above Shoulder Sideway Shoulder
Reaching Level Reaching Level Reaching Reaching

W Automatically
W Ergonomist 1
[ Ergonomist 2
1 Ergonomist 3

Ergonomist 4
[ Ergonomist 5

Behind Shoulder

Reaching

Figure39: Comparison ofhefrequencyof reachingactivities between the

automatedrameworkand five ergonomists.

Comparing the results of trunk activities frequency

Constant

Frequent

Frequency

Occasional

Rare

Not required

B Automatically
B Ergonomist 1
[ Ergonomist 2
" Ergonomist 3

Ergonomist 4

= Ergonomist 5

Forward Bending Trunk Rotation Backward Bending

Figure40: Comparisorof thefrequencyof trunk activities between the

automatedrameworkand five ergonomists.
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B Automatically
m Ergonomist 1
Constant = Ergonomist 2
" Ergonomist 3

Ergonomist 4
[ Ergonomist 5

Comparing the results of neck activities frequency

Frequent

Frequency

Occasional

Rare

Not required
Forward Bending Backward Bending Twist/Tilt

Figure41l: Comparison othefrequencyof neckactivities between thautomated

frameworkand five ergonomists.

B Automatically
M Ergonomist 1
Constant  Ergonomist 2
1 Ergonomist 3

Ergonomist 4
" Ergonomist 5

Comparing the results of elbow activity frequency

Frequent

Freguency

QOccasional

Rare

Not required
Flexion/Extension

Figure42: Comparison othefrequencyof elbowactivities between the
automatedrameworkand five ergonomists.
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Comparing the results of wrist activities frequency = Automatically
m Ergonomist 1

Constant Ergonomist 2
Ergonomist 3

Ergonomist 4

Ergonomist 5

Frequent

Frequency

Occasional

Rare

Not required
Flexion/Extension Bending (Ulnar/Radial Deviation)  Rotation (Supination/Pronation)

Figure43: Comparison ofhefrequencyof wrist activities between thautomated

frameworkand five ergonomists.

Comparing the results of ankle activities frequency ~ ®Automatically
M Ergonomist 1
Constant Ergonomist 2
Ergonomist 3

Ergonomist 4

Ergonomist 5

Frequent

Frequency

Qccasional

Rare

Not required
Flexion/Extension (Dorsiflexion/Plantarflexion) Internal/External Rotation

Figure44: Comparison othefrequencyof ankleactivities between the
automatedrameworkand five ergonomists.

4.4. Results of the Case Study

This section shows the results of two different methods of imgxing the PDA
form for the on-site experiment at the construction sifeable 32 shows the
frequency of activities in percentage aaahge definitionfor the case studyor

manual handling task3able 33 gives this information for positioriakks.
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Table32 Comparngthefrequency of activitiegor the case stud{® and range)

for manual handling tasks

Manual handling Frequency per shift Frequency per shift (N-R-

tasks (percentage) O-F-C)

Al model Ergonomist1 Al model Ergonomist1

Lifting
Low-level 12.56 4.00 O R
Knee level 18.76 0.00 @) N
Waist level 3.22 2.30 R R
Shoulder level 11.29 0.00 O N
Above-shoulder 0.26 0.00 N N
Carry
Front 13.16 0.00 O N
Side 2.52 4.00 R R
Side right hand 1.06 1.00 R R
Side left hand 1.96 3.00 R R
On shoulder 0.10 0.00 N N
Pushing/pulling
Stationary pushing 0.06 0.00 N N
Stationary pulling 40.07 0.00 F N
Dynamic pushing 0.00 0.00 N N
Dynamic pulling 4.00 0.00 R N

Table33: Comparing the frequency of activities for the case study (% and range),

for positionaltasks

Positional tasks Frequency of Frequency per
workdayhhift shift (N-R-O-F-C)
Al model Ergonomi Al Ergono
stl model  mist 1
Mobility
Sitting/driving 1.02 0.00 N N
Standing 21.61 14.30 O o]
Walking 17.82 4.10 O R
Climbing1 stairs 1.56 1.70 R R
Climbingi ladders 0.14 0.00 N N
Climbing1 stools, etc. 1.68 0.00 N N
Crouching 0.00 0.00 N N
Squatting 46.66 1.20 F N
Kneeling 0.00 0.00 N N
Crawling 0.00 0.00 N N
Back
Forward bending 61.75 58.20 F F
Trunk rotation 2.74 7.00 R O
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Backward bending 0.08 9.30 N o]
Shoulder

Below shoulder level reaching 35 30.80 F o]
Forward shoulder level reaching 4 8 30.80 F 0]
Aboveshoulder level reaching 40 . 53.10 F F
Sideway shoulder reaching 16.18 0.00 O N
Behind shoulder reaching 0.20 0.00 N N
Neck

Forward bending 20.62 81.50 @) C
Backward bending 4.19 0.00 R N
Twist/tilt 56.71 2.30 F R
Elbow

Flexion/extension 95.71 84.00 C C
Wrist

Flexion/extension 80.54 64.00 C F
Bending (ulnar/radial deviation)  84.94 18.90 C 0]
Rotation (supinatiorgronation) 23.49 18.90 O O
Ankle

Flexion/extension 1.56 57.10 N F
(dorsiflexion/plantarflexion)

Internal/external rotation 40.03 0.00 F N
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Chapter 51 Discussion

5.1 Discussionof Laboratory Experiment
Thefollowing paragraphs compare the frequency of activities in percentage terms
using the three methodologies utilized

In most activities, the results related to the time study method are
significantly higher than the two other methods. These differencekl dme
related to the low precision of the methad measuring the frequencygf
activities. In this way, observers monitored the video related to the worker for
whole minutes and checked marks every minute into the printed time study
spreadsheet to recortie worker's motion The total number of checkmarks
equal s minut es ,althoughithe acaon may e dong ess thanilme
minute per checkmark (e.g. doing ldewel lifting only for 20 seconds instead of
a whole 1 minute).In addition, the hig amount of standard deviation for
different activities shows highariabilityi n o b s er vSortisedollecteds ul t s .
results by this method atereliable for comparing wittwo other used methods

in this research.

The first ergonomist who participataed this research calculated the
percentage of each frequency that allowmemmparing with the proposed
framework results.In low and kneelevel lifting activities, there are some
differences between thgercentageesults of theautomatedrameworkand the
er gonomi st 0 sdiffetentel aralbecausdtadngme bias, human errors
in level detection, and different definitions of the activitidswever, the results
of kneelevel activity are in the sanfeequencyrange definition Moreover the
percentageresults in waist, shoulder andabove shoulder levelifting are
approximately the sam@lthough,the above shoulder level activity results are in

differentfrequencyrange definitions

The results from the two methods are approximately similafront

carrying activity However, the results in other kinds of carrying activities show

105



less thar2 percent error in the proposed algorithm that needs to be considered as

not required activity.

The results irstationary and dynamic pushirgtivities agin showless
than2 percent error in the proposed algorithm that needs to be considered as not
required activity. Instationary and dynamipulling activities, the results show
hi gher errors in the algorithm.dtdhe reasol
not using force sensors &ucurately determine muscle loads and the direction of

forces to identify these activities

There are different situations in the results rbbility act i vi ti es o
frequency In sitting, the results of the two methods are lyeadentical
Conversely the percentageresults in standing and walking have some
distinctiors because ohuman bias and different definitions of the activities.
Although, they are in the sanfirequencyrange definitionsln squatting activity,
knee flexion isdeterminantbecause differentlefinitions for knee joint angle
cause different results. The propodeimeworkconsiders knee flexion greater
than 30 degrees as squattibgsed onREBA. The activity frequency for thi
definition equalled 44.7 percent, although if the algorithm changes the knee
flexion to 40 degrees, the result wildl be
So, it means that the ergonomist considered 40 degrees as squdsmdhe
result in clmbing stairs and stools activity shows less than 2 percent error in the
proposed algorithm that needs to be considered as not required activity.
Moreover,the resultsfrom the two methodsn other mobility activitiesequal

zZero.

Thefrequencypercentageesults inthe kelow shoulderlevelreachingand
the above shoulder level reachirttgave a little difference between the two
methods usedAlthough, they are in the sanfieequencyrange definitionsThe
reasons are the same as the lifting activitesnan bias, human errors in level
detection, and different definitions of the activiti€3onversely the forward
shoulder level reachingresults are approximately the samend in the same
frequencyrange definitions In addition,the result in sideway shoulder reaching
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activity shovs less thar percent error in the proposed algorithm that needs to be
considered as not required activity. Alsbehindshoulder reaching activity

resultsfrom the two methodsqualzero.

Generally, the algorithm results are more accurate than the ergonomist
method in the activities related to each segment movement, suatlasneck
elbow, writ, andankle. Because in the manual method, measuring the join
angles is challengingand there are human erroidowever, in theautomated

framework the sensors detect the angles accurately.

In activities related to the trunk, the frequency for forwarding bending and
rotation arenealy identical in the two methosl Although, the forwarding
bendingresults are in differerftequencyrange definitionsConverselyrealizing
the trunk extension in backward bending when the participant was sitting on a
chair was difficult because of human ertd8®, in this activity, the result of the

proposedrameworkis more reliable.

In activities related to the neck, the frequemgythe forward bending,
twisting, and tiling differ in the two methodsAlthough, twisting results are in
the samefrequencyrange definitions In these activities, T8 Head flexion,
T8 Head aial bending, and T8 Head lateral bending determinarg because
differentdefinitionsfor these angles cause different resiB@sed on REBA, the
proposed framework considers T8 Head iflaxgreater than 20 degrees as neck
forward bending The activity frequency for this definition equalled 43.78
percent, although if the algorithm changes the joint angle to 40 degrees, the result
wi || be 13.13, near t he eytheopraposedst 0 s
framework considers T8 Headxml bending and T8 Head lateral bending
greater than 20 degrees as neck twisting and tittaswed orREBA. The activity
frequency for this definition equalled 32.79 percent, although if the algorithm
changes té joint angle to 30 degrees, the result will be 14.88, near the
er gonomi sThedresults shavuhattthergonomist considered 40 degrees

as neck forward bendingnd30 degrees as netkisting and tilting In addition,
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the result in neck backward bending activity shdess thar? percent error in

the proposed algorithm that needs to be considered as not required activity.

In the elbow activity, the frequencies felbow flexion differ in the two
metlods. The proposedframework considers elbow flexign which is
determinant,greater than 20 degrees as elbow flexmased onREBA. The
activity frequency for this definition equalled 86.13 percent, although if the
algorithm changes the joint angle to 45 degrees, the resulieA®7.27, near the
er gonomi slt neans the ergohomisionsidered 8 degrees a®lbow

flexion.

In activities related to the wrist, the frequency of flexion/extension and
bendingdiffer in the two methoddn these activities, wrist flexion/exision and
wrist ulnar/radial deviation areeterminarg because differentlefinitions for
these angles cause different results. The propésedework considers wrist
flexion greater than 15 degrees and wrist extension less1bategrees as wrist
flexion/extensionbased onREBA. The activity frequency for this definition
equalled 82.40 percent, although if the algorithm changes the joint angles to 30
and-30 degrees, the result wildl be 31.55, n
that, the proposeframework considers wrist radial deviation greater than 10
degrees and wrist ulnar deviation less thEm degrees as wrisending(Lind et
al., 2020).The activity frequency for this definition equalled 90.52 percent,
although if the algorithm changes the wrist radial deviation to 30 degrees, the
resul t wi || be 25. 95, Itmeans thetelgenomesr gon o mi s
considered30 degrees asvrist radial deviation.Moreover,realizing the wrist
rotation during the work was difficult because of human ernorpint angle
detection. So, in this activity, the result of the proposed framework is more
reliable. It should be emphasized that video recagdmay not be appropriate
when employees at@ghly mobile since the viewing angle of a video camera is
restricted Additionally, certain stations may have insufficient working space,
resulting in a difficult camera setu$o, in this activity, the resulf ¢he proposed

frameworkis more reliable.
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In activities related to the ankle, the frequency for flexion/extension and
rotationis nealty identicalin the two methodswith a few differences because of
humanerrors injoint angle detectiorand different denitions of the activities
Also, they are in the sanfeequencyrange definitions.

In addition, five ergonomists' findings indicate that easas a unique
approach to determining the frequency of activities. The first ergonomist who
participated in this research calculatedich frequency's percentage and range
definition, but the next four ergonomists measured only the range definition of
eachfrequency. The results show that they have distinct meanings for each action
that cause different outcomes. So, there is no consistency in the ergonomists'
resultsin some activities such as standing, walking, trunk forward and backward
bending, neck forwa bending, elbow and wrist and ankle flexibacause of
subjectivedatacollection techniquesventually, the results showpaogression
in detectingfrequency results from observers to ergonomestd the proposed

framework.

5.2  Discussionof Case Study
Thefollowing paragraphs compare the frequency of activities in percentage terms
andthe range definition between the results of the proposed framework and the

first ergonomist

The first ergonomist who participated in this research calculated the
percentageof each frequency that allowedomparing with the proposed
framework results. In low and knéevel lifting activities, there are some
differences between the percentage results ohthhematedramework and the
ergonomi st 6s met h ollecausé thensmrbiad, humbneerrcesn c es ar e
in level detection, and different definitions of the activiti€onversely the
percentageesults in waistevel lifting are approximately the sanaad in the
samefrequency range definitiongn addition, detecting the shoulder level lifting
activity during the work was difficult for the ergonomist because that part was
doneat 4.2 m above the earth on a scaffaadthe station had insufficient
working space, redting in a difficult camera setupt. shows that video recording
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may not be appropriate when a video camera's viewing angles and levels are
restricted.So, the proposed framework's result is more reliable in this activity
Moreover,the above shoulder tihg activity resultsshow less than 2 percent
error in the proposed algorithm that needs to be considered as not required

activity.

The results from the two methods are approximately similar in side
carrying activity Conversely the front carrying activy resultsshow that the
ergonomist did not considdaringing mortar from the pallet as front carrying;
however, it was measuredtime proposed algorithm

The stationary and dynamic pushing activities results show zero percent
in both the proposed algdrin and ergonomist. In stationary and dynamic pulling
activities, the results shosomeerrors in the algorithmesults The reason is the
researchoés | imitati on r e hcauratlg determinen ot

muscle loads and the direction of forces to identify these activities

There ar e di fferent situations [
frequency. Instanding and climbing stairs, the results of the two methods are
neaty identical and in the samdrequency range definition<onversely the
percentageesults in walking have some distinctions becaudeuaian bias and
different definitions of the actiites. In squatting activity, knee flexion is
determinant because different definitions for knee joint angle cause different
results. The proposed framework considers knee flexion greater than 30 degrees
as squatting based on REBA. The activity frequemcythis definition equalled

46.66 percent, although if the algorithm changes the knee flexion to 70 degrees,

n

us

t

n

he

the result wi || be 1. 42, near the ergono

ergonomist considered 70 degrees as squatting. However, the ergonomist
considered 40 degrees as squatting in the laboratory experiment. It shows no
consistency irthe ergonomist results because of subjective techniques for data
collection.Also, the results in sitting and other climbings activity show less than

2 percent eor in the proposed algorithm that needs to be considered as not
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required activity.Moreover,the results from the two methods in other mobility

activitiesequalzero.

The frequencypercentageesults in the below shoulder level reaching
have a little diffeence between the two methods udmtause of the same
reasons for the lifting activities: human bias, human errors in level detection, and
different definitions of the activitieS heir resultsare in thedifferent frequency
range definitiondbecause the percentages are around 33%, which is the boundary
of the two range definitiondn addition detectingthe forward shoulder level
above shoulder level, ansideway shoulder reachinduring the work was
difficult for the ergonomist because vkorg 4.2 m above the earth on a scaffold
resuled in a complexcamera setuplt shows that video recording may not be
appropriate when a video camera's viewing angles and levels are restfibted.
resultsshow that the ergonomist considered soméhefforward shoulder level
reaching as the above shoulder level reaching. So, the proposed framework's
result is more reliable in this activity. Moreoydsehindshoulder reaching
activity shows less than 2 percent error in the propésedework, which must

beconsidered as not required activity.

In activities related to the trunk, the frequiersdor forwarding bending
arenealy identicalin the two methodsConversely, theesults ofthe backward
bending show some differences because lmiman bias and differerdctivity
definitions Also, the proposed framework conside&S1 Axial Bendinggreater
than 10 degrees as trunk rotation. The activity frequency for this definition
equalled 2.74 percent, although ifetlalgorithm changes the joint angle to 8
degrees, the result wi | | be 7.39, near th
that the ergonomist considered 8 degrees as trunk rot&moim these activities

the result of the proposed framework is moreatdé.

In activities related to the neck, the frequency of the forward bending,
twisting, and tilting differ in the two methodsin these activities, T8_Head
flexion, T8_Head mal bending, and T8 Head lateral bending are determinants

because different deitions for these angles cause different results. Based on
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REBA, the proposed framework considers T8 Head flexion greater than 20
degrees as neck forward bending. The activity frequency for this definition
equalled2 ® 2percent, although if the algorithechanges the joint angle to O
degrees, the result will H#.16. The results show that the ergonomist considered
the frequency of neck forward bending higher thiamactual conditiorbecause

of consideringall trunk forward bending situations as neck fard/ bending
however, It did not occur continuously in that situation. Moreosaslizing the

neck twisting, tilting,and backward bending during the work was difficult
because of human errors in joint angle detection. So, in this activiteghk of

the proposed framework is more reliableshould be emphasized that video
recording may not be appropriate when employees are highly mobile since the
viewing angle of a video camera is restricted. Additionally, certain stations may
have insufftient working space, resulting in a difficult camera se8.in these

activities, the result of the proposed framework is more reliable.

In the elbow activity, the frequencies for elbow flexiame neaty

identicaland in the sam&equency range defitionsin the two methods.

In activities related to the wrist, the frequency of flexion/extension and
bendingdiffer in the two methoddn these activities, wrist flexion/extension and
wrist ulnar/radial deviation are determinants because different til@fiifor
these angles cause different results. The proposed framework considers wrist
flexion greater than 15 degrees and wrist extension less1bategrees as wrist
flexion/extension based on REBA. The activity frequency for this definition
equalled80.54 percent, although if the algorithm changes the joint angl@®to
and-20 degrees, the result will .86, near the erAbmptheomi st 6s r
proposed framework considers wrist radial deviation greater than 10 degrees and
wrist ulnar deviatiorless than15 degrees as wristending(Lind et al., 2020).
The activity frequency for this definition equall&d.94 percent, although if the
algorithm changeghe wrist radial deviation to 40 degrees and ulnar wrist
deviation to-40 degreesthe result Wl be 14.98, near the ergonomistao

means the ergonomist considerdd and -40 degrees aswrist radialulnar
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deviation.However, the ergonomist considered 30 degrees as wrist radial/ulnar
deviation in the laboratory experiment. It shows no @iescy inthe ergonomist
results because of subjective techngjdier data collection.Conversely, the
frequencesfor wrist rotationareneaty identicaland in the samiequency range

definitionsin the two methods.

In activities related to the ankle, the frequency of flexion/extension has
somedifferences between the two methodskle dorsiflexion/plantarflexion are
determinants in this activitpecause different definitions for these angles cause
different results.Based on REBA, the proposed framework considers ankle
dorsiflexion greater than 15 degrees and ankle plantarflexion less-1iban
degrees as ankle flexion/extensiofhe activity frequency for this definition
equalled 1.56 percent, although if the aldoritchanges the joint angles to 8 and
-8 degreest he resul t wi I | be 58. 71, near the
ergonomist considered 8 an8l degrees as ankle flexion/extension. Moreover,
realizing the ankle internal/external rotation during the kwaras difficult
because of humajoint-angle detection error$So, in this activity, the result of
the proposed framework is more reliable.
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Chapter 617 Conclusions

6.1 Thesis Summary

Construction zone workers are often exposed to awkward body postures and
repeated motions that contribute\WlMSDsthat cause projects or manufacturing
lines to be delayed proportionately. Thus, a critical component of construction
projects is worker produivity and the factors that influence it, such as
ergonomics. Implementing ergonomics and connecting employees to their
assigned jobs willdrop worker injuries, increase productivity, and decrease
project costs.So, authentic ergonomic assessment teclesiqgenable the
evaluation of worker safety in modular construction to identify and eliminate

ergonomic risks associated with WMSD

This study focuses ofDA as a systematic methddr analyang the
working conditions associated with physical demand. Ipséhe health and
safety departmeninderstandhe construction activities and plant operation for
each job and production line to identify possible ergonomic hazards for
employees. Typically, ergonomists collect data manually to complete the forms
connectd with the PDA approach, which entails observing various jobs and
talking with workersabout the physical demands of a particular profession on
specific body parts. This study aims to establish a direct observation approach for
determining the physical dends of a job. This techniqgue may address concerns
about the accuracy of PDASs, the time necessary to develop a PDA form, and the
related high expenses. Thus, a framewsrlproposedor PDA and filling the
related forms on construction sites by utilizitng Xsens MVN Awinda, which
includes 17 wireless motion trackers adM&®CAP to gather joint angles and
body segment positions during manual handling and operational tasks. In the next
stage, a rukdbased expert system as an artificial intelligence teclenigas used
to convert the collected data to various manual handling and positional tasks,

identify their frequency and automatically fill postirased PDA forms.

Eventually,the results demonstrate the development of a pebased PDA

form that enables users to obtain precise information about the physical demands
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of a particular job fowvarious purposes, including ergonomic risk assessment,
recruiting and trainingjob matcling, and modified tasks for injured workers.
Also, by incorporatingeanconstruction 4.0 into this procesbe automate&DA
filling systemis established to eliminate wast®nnected with cos@ndperson

hoursin subjective data collecting and solfe tissues related to inaccur&ieA.

6.2 Overall Conclusion
This research proposed a new framework thas useovative ideas to make
automation in thendustry'sPDA field. In conclusionby using thisframework

some positive results will happen:

1) Reduce the ergonomist's subjective judgements and biases in evaluating
PDA based on their different definitions of activities.

2) Establish a consistent strategy for collecting data on physical demands
compared to ergonomists, who employ varidaga collectiortechniques
with different results and inconsistencies.

3) Eliminate human errors related to detecting joint angles and botheség
positions.

4) Provide the®?DA for each job more accurdyehanothermethods.

5) Assist ergonomists in spending more time on workstation design rather
than data collecting to improve worker health and safety by reducing
ergonomic risks and potential injas.

6) Increase project productivity through ergonomic techniques and

mitigating delays caused WYMSDs.
6.3 Contributions
Contributions from this research consist of:
6.3.1 Academic Contributions
1 Using MOCAPand Albased algorithm to obtain postures, joint angles,
and body segment positiotesdefinedifferent activities

1 Using the definitions andh rule-based expert system to develop an

automated PDA filling system
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6.3.2

6.4

Developing a newposturebasedPDA form.

Industry Contributions

Reduing wastes associated withcosts and persotfhours for data
collection and PDA form completion.

Using the proposedramework will aid in the ergonomic design of a
workstation or a manufacturing plant's production line. Alsstead of
collecting data, ergonomists will concentrate their time physical
ergonomic interventionssuch asmproving the workplace's equipment
and suroundings,reducing employees' exposure to ergonomic risks and
enhancingvorker health and safety.

Helping workplace organizations and health care specialists to identify
and modify occupations or activities as a customized, effective, and
efficient retun-to-work program to accommodate disabled or injured
workers and assist them in returning to their prior positions.

Identifying the most demanding activities to avoid assigning them to
inexperienced or weak employees and matgiobs to specific persons
within the worker's working capacity increa® practicality, efficiency,
agility, operational effectiveness, and productivity.

Analyzing the physical demands of alternate work methods and
developng modified tasks or tactics to prioritize safety riskstigate
ergonomic risks and prevent workplace accidents.

Utilizing the framework may proactively reduocsorkers' insurance
claims and injury repastand lower the industry's workers' compensation
costs.

Prepaing a specific job demanddocumentation for training, recruiting,
therapists to develop suitable treatment objectives, health care

practitioners, and workers' compensatimards.

Recommendations for Further Research

The proposedrameworkalsocontains somémitations that should be addressed

in future work.First, it should be noted that thissearcHocusesonly on body
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movements such as joint angles and body segment positions. In the future, it is
preferable to include force sensors into the framewmidetermine muscle loads
and the direction of forces to identify specific activities such as pushing and

pulling accurately.

The second limitation is related to monitoring finger joint angles during
work. This research did not use Xsens gloves to ddtecihiotion. Thus, other
investigators may include this section into the framework to increase the accuracy
of identifying activities that require holding an object by hand, such as lifting,
reaching, and carrying.

The other constraint is linked to the teay capacity of the IMU sensors
employed in this investigationAccording to the device's instructions, the
batteries have roughly six hours of charge capacity. This condition means that if
data collection requires a longer time, there will be a delagbbaining data
while the batteries charge, or it will need to acquire more sensors as a backup.
Another restriction is linked to noise data generated by unexpected actions, such

as stretching, which cannot be eliminated.

The otherlimitation is the numberof collaborated ergonomists. Other
researchers can work with a higher number of expert ergonomists to have a better

comparison with their results.

A recommendation for further researtdn implement this process is to
gather a large amount of dataoughexperiments andse machinelearningto
label each movement separately. This data can be used to train large classifiers,
like neural networkslndeed, there is no need to set rules when utilizing neural
networks since they extract rules automatically base the person's stance as
determined by sensonSor example, reaching and gripping an object can be done
in various ways that cannot be distinguished using simple rules. Hovitewan,
become feasible bysing the power of neural networksfaature extractors and

classifiers
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Additionally, by incorporating visiobased systems such as depth
cameras into this framework, it will be able to recognize items, which will
improve the algorithm in recognizing activities that involve gripping or hgldi
particular objects.

118



References

Abdelhamid, T. S., & Everett, J. G. (1999). Physiological demands of concrete
sl ab placing and ynishing worKk. Jour nnal
Management,  125(1!), 47152. https://doi.org/10.1061/(ASCE)0733
9364(1999)125:1(47)

Abdel megid, M. A., Gonzg8g8lez, V. A., Poshda
& Ying, F. (2020). Barriers to adopting simulatiorodelling in construction
industry. Automation in Construction, 111(December 2019), 103046.
https://doi.org/10.1016/j.autcon.2019.103046

Ahmed, S. (2019). A Review on Using Opportunities of AugreérReality and
Virtual Reality in Construction Project Management. Organization,

Technology and Management in Construction: An International Journal, 11(1),
1839 1852.https://doi.org/10.2478/0tm&018-0012

Ahsberg, E., Kecklund, G., Akerstedt, T., & Gamberale, F. (2000). Shiftwork and
different dimensions of fatigue. International Journal of Industrial
Ergonomics, 26(4), 45465. https:/H0i.0rg/10.1016/S0168141(00)00007
X.

Albers, J., & Estill, C. F. (2007). Simple solutions: Ergonomics for construction
workers, Department of Health and Human Services (DHHS), Centers for
Disease Control and Preventiddational Institute for Occupatiah Safety
and Health (NIOSH). NIOSHPublications Dissemination, Cincinnati.
https://bit.ly/3sDBBFb

Albers, J., Estill C. F., and MacDonald, L. (2006). Proc., Meeting to Explore the
Use of Ergonomics Interventions for the Mechanical and Electrical Trades,

Dept. of Health & Human Services (DHHS), Centers for Disease Control and
Prevention, National Institute for Occupatad Safety and Health (NIOSH),
NIOSH-Publications Dissemination, Cincinnati.
https://www.cdc.gov/niosh/docs/2044 9/default.html

Albers, J., Estill, C., & MacDonald, L. (2005). Identditon of ergonomics

interventions used to reduce musculoskeletal loading for building installation

119


https://doi.org/10.1061/(ASCE)0733-9364(1999)125:1(47)
https://doi.org/10.1061/(ASCE)0733-9364(1999)125:1(47)
https://doi.org/10.1016/j.autcon.2019.103046
https://doi.org/10.2478/otmcj-2018-0012
https://doi.org/10.1016/S0169-8141(00)00007-X
https://doi.org/10.1016/S0169-8141(00)00007-X
https://bit.ly/3sDBBFb
https://www.cdc.gov/niosh/docs/2006-119/default.html

tasks.  Applied Ergonomics, 36(4 SPEC. ISS.), 143D.
https://doi.org/10.1016/j.apergo.2004.0050
Alwasel, A., AbdelRahman, E. M., Haas, C. T., & Lee, S. (2017). Experience,

Productivity, and Musculoskeletal Injury among Masonry Workers. Journal

of Construction Engineering and Management, 143(6), 05017003.
https://doi.org/10.1061/(asce)c0.194862.0001308

Astrand |. (1967). Degree of Strain during Building Work as related to
Individual Aerobic Work Capacity. Ergonomics, 10(3), P3SG3.
https://doi.org/10.1080/00140136708930871

Astrand, |., Guharay, A., & \dhren, J. (1968). Circulatory responses to arm

exercise with different arm positions. Journal of Applied Physiology, 25(5),
528 532.https://doi.org/10.1152/jappl.1968.25.5.528

Astrand, P. O., & Rdahl, K. (1986). Textbook of work physiology Physiological
bases of exercise. McGraiill, New York. https://bit.ly/35GfOU7

AWCBC (Association of Workers' Compensation Board of Caha2al2. 2012

Injury Statisticshttp://awcbc.org/?page_id=14
Berger, K., Ruhl, K., Schroeder, Y., Bruemmer, C., Scholz, A., & Magnor, M.

(2011). Markerless motion capture using multiple calepth sensors. VMV
2011 - Vision, Modeling and Visualization, 31324.
https://doi.org/10.2312/PE/VMV/VMV11/31324

Bureau of Labor Statistics. (2013)lonfatal occupational injuries and illness

requiring days away from work, 2012.

http://www.bls.gov/news.release/pdf/osh2.pdf

Boschman, J. S., Van Der Molen, H. F., Sluiter, J. K., & FriDgssen, M. H.
(2012). Musculoskeletal disordeamong construction workers: A epear
follow-up study. BMC Musculoskeletal Disorders, 13.
https://doi.org/10.1186/147247413-196

Brouha, L. (1967). Physiology in Industry Pergram on P@s#ord, 25(3), 382
389.

Buer, S. V., Strandhagen, J. O., & Chan, F. T. S. (2018). The link between

industry 4.0 and lean manufacturing: Mapping current research and

120


https://doi.org/10.1016/j.apergo.2004.07.005
https://doi.org/10.1061/(asce)co.1943-7862.0001308
https://doi.org/10.1080/00140136708930871
https://doi.org/10.1152/jappl.1968.25.5.528
https://bit.ly/35GfOU7
http://awcbc.org/?page_id=14
https://doi.org/10.2312/PE/VMV/VMV11/317-324
http://www.bls.gov/news.release/pdf/osh2.pdf
https://doi.org/10.1186/1471-2474-13-196

establishing a research agenda. International Journal of Production Research,
56(8), 29242940.https://d0oi.org/10.1080/00207543.2018.1442945

CCMPA (Canadian Concrete Masonry Producer Associat{@013.

CCOHS (Canadian Centre for Occupational Health and Safety). (2013). Nonfatal

occupational injuries and illnesses requiring days away from work.
www.ccohs.ca/oshanswers/diseases/rmirsi.(ithalr. 18, 2014).

CCOHS (Canadian Centre for Occupational Health and Saf@§)6. Hazards.
https://www.ccohs.ca/topics/hazards/ergonomic/#ctdt dccessed October,
2016.

Chang, Y. J., Chen, S.,/R& Huang, J. Da. (2011). A Kinebtiased system for
physical rehabilitation: A pilot study for young adults with motor disabilities.
Research in Developmental Disabilities,  32(6), 45650.
https//doi.org/10.1016/].ridd.2011.07.002

Christensen, E. H(1983. Physiology of work. Encyclopedia of occupational

health and safety, L. Parmeggiani, ed., International Labor Organization,
Switzerland.

CPWR (Center for Construction Research and Trainir&§)13). Rate of back
injuries resulting in days away from work, selected industries, 2010 (private
wageandsalary workers). http://www.cpwr.com/publications/construction
chartbook(Mar. 22, 2014

CPWR (Center for Construction Research and Training). (8018ork-related

musculoskeletal disorders resulting in days away from work in construction,
by body part, 20032010. http://www.cpwr.com/publications/construction
chartbook(Mar. 20, 2014).

David, G. C. (2005). Ergonomic methods for assessing exposure to risk factors

for work-related musculoskeletalisorders. Occupational Medicine, 55(3),
190 199.https://doi.org/10.1093/occmed/kqi082

Deros, B. M., Khamis, N. K., Ismail, A. R., Jamaluddin, H., Adam, A. M., &
Rosli, S. (2011). An Ergonomics Studyn AAssembly Line Workstation

Design. American Journal of Applied Sciences, 8(11), 11961.
https://doi.org/10.3844/ajassp.2011.1195.1201

121


https://doi.org/10.1080/00207543.2018.1442945
file:///C:/Users/brunnerj/Desktop/9.%20RAMIN's%20thesis/www.ccohs.ca/oshanswers/diseases/rmirsi.html
https://www.ccohs.ca/topics/hazards/ergonomic/#ctgt_1-1
https://doi.org/10.1016/j.ridd.2011.07.002
http://www.cpwr.com/publications/construction-chart-book
http://www.cpwr.com/publications/construction-chart-book
http://www.cpwr.com/publications/construction-chart-book
http://www.cpwr.com/publications/construction-chart-book
https://doi.org/10.1093/occmed/kqi082
https://doi.org/10.3844/ajassp.2011.1195.1201

Descatha, A., Roquelaure, Y., Caroly, S., Evanoff, Bix, ©., Mariel, J., &
Leclerc, A. (2009). Seladministered questionnaire and direct observation by
checklist: Comparing two methods for physical exposure surveillance in a
highly repetitive tasks plant. Applied Ergonomics, 40(2), 1198.
https://doi.org/10.1016/j.apergo.2008.04.001

Dorrian, J., Baulk, S. D., & Dawson, D. (2011). Work hours, workload, sleep and
fatigue in Australian Rail Industry employees. Applied Ergonomics, 42(2),
202 209. https://doi.org/10.1016/j.apergo.2010.06.009

Durkin, J. (1994)Expert systems: Design and development. Englewood Cliffs,
NJ: PrenticeHall.

Durnin, J. V. G. A., & Passmore, R. (1967). Energy, Warld Leisure.
Heinemann Educational Books, Ltd., London.
https://www.cabdirect.org/cabdirect/abstract/19681402006

FerrendezBaena, A., Susin, A., & LligadaX. (2012). Biomechanical validation

of upperbody and loweibody joint movements of kinect motion capture data
for rehabilitation treatments. Proceedings of the 2012 4th International
Conference on Intelligent Networking and Collaborative Systems, INCoS
2012, 656661.https://doi.org/10.1109/iINC0S.2012.66

Gagne, R. (2010). Developing a Legally Compliant Job Demands Analysis.
https://fit2wrk.com/wpcontent/uploads/2015/08/ARTICLE_Fit2wrk_Clinical
Ed_vol104.pdf

Gagovsg, M., Gago, M., & Gtefsgnik, A.

Ergonomics Based on Industry 4.0 Concept. Procedia Engineering, 192, 219
224. https://doi.org/10.1016/j.proeng.2017.06.038

Getty, R.L. (1994). Physical demands of work are the common reference for an

integrated ergonomics program. In: In Proceedings of the Human $-acibr
Ergonomics Society 38th Annual Meeting, pp. 8837 (Fort Worth, TX,
USA). https://doi.org/10.1177%2F154193129403801031

Golabchi, A., Han, S., & Abourizk, S. (2045 Integration of Ergonoi
Analysis into Simulation Modelling of Manual Operations. Simulation in

122

(20:


https://doi.org/10.1016/j.apergo.2008.04.001
https://doi.org/10.1016/j.apergo.2010.06.009
https://www.cabdirect.org/cabdirect/abstract/19681402006
https://doi.org/10.1109/iNCoS.2012.66
https://fit2wrk.com/wpcontent/uploads/2015/08/ARTICLE_Fit2wrk_ClinicalEd_vol1-04.pdf
https://fit2wrk.com/wpcontent/uploads/2015/08/ARTICLE_Fit2wrk_ClinicalEd_vol1-04.pdf
https://doi.org/10.1016/j.proeng.2017.06.038
https://doi.org/10.1177%2F154193129403801031

Production and Logistics, 10. http://www.asimfachtagung
spl.de/asim2015/papers/Proof 205_&haihi.pdf

Golabchi, A., Han, S., & AbouRizKs. (2017). PosBimulation Visualization of
Construction Manual Operations Using Motion Capture Data, International
Workshop on Computing in Civil Engineering (IWCCE), Seattle, WA, USA,
June 2527, ASCE https://doi.org/10.1061/9780784480847.001

Golabchi, A., Han, S., & AbouRizk, S. (2018). A simulation and visualization
based framework of labor efficiency and safety analysis for prevention

through design and planning. Automation in Construc@@iFebruary 2017),
310 323. https://doi.org/10.1016/j.autcon.2018.10.001
Golabchi, A., Han, S., & Fayek, A. R. (286 A fuzzy logic approach to

posturebased ergonomic analysis for field observation and assessment of

construction manual operations. Canadian Journal of Civil Engineering, 43(4),
294 303. https://doiorg/10.1139/cjc€20150143
Golabchi, A., Han, S., & Robinson Fayek, A. (20L5An Application of Fuzzy

Ergonomic Assessment for Human Motion Analysis in Modular Construction.
Modular and Offsite Construction (MOC) Summit Proceedings,i 264.
https://doi.org/10.29173/mocs147

Golabchi, A., Han, S., AbouRizk, S., & Kanerva, J. (291&imulationBased
Analysis of Operational Efficiency and Safety in a Virtual Environment
Proceedings of the 2016 Winter Simidat Conference, IEEE Press, pp.
33253336 (ISBN: 9781-509044849).
https://doi.org/10.1109/WSC.2016.7822363

Golabchi, A., Han, S., Seo, J., Han, S., Lee, S., &Asésein, M. (201§. An

AutomatedBiomechanical Simulation Approach to Ergonomic Job Analysis

for Workplace Design. Journal of Construction Engineering and Management,
141(8), 0401502https://doi.org/10.1061/(asce)co.194862.0000998

Guastello, S. J., Boeh, H., Shumaker, C., & Schimmels, M. (2012). Catastrophe
models for cognitive workload and fatigue. Theoretical Issues in Ergonomics
Science, 13(5), 58®02.https://doi.org/10.1080/1463922X.2011.552131

123


http://www.asim-fachtagung-spl.de/asim2015/papers/Proof_205_Golabchi.pdf
http://www.asim-fachtagung-spl.de/asim2015/papers/Proof_205_Golabchi.pdf
https://doi.org/10.1061/9780784480847.001
https://doi.org/10.1016/j.autcon.2018.10.001
https://doi.org/10.1139/cjce-2015-0143
https://doi.org/10.29173/mocs147
https://doi.org/10.1109/WSC.2016.7822363
https://doi.org/10.1061/(asce)co.1943-7862.0000998
https://doi.org/10.1080/1463922X.2011.552131

Guo, X., Golabchi, A., Han, S., & Kanerva, J. (2016). 3D Modeling of
Workplaces for Time and Motion Study of Construction Labor. Proceedings
of the 16th International Conference on Computing in Civil and Building
Engineering (ICCCBE), 1514523. http://www.see.eng.osaka
u.ac.jp/seeit/icccbe2016/Proceedings/Full_Papersd891pdf

Guo, Z. X., & Wong, W. K. (2013). bthdamentals of artificial intelligence

techniques for apparel management applications. Optimdgaigion Making

in the Apparel Supply Chain Using Artificial Intelligence (Al): From
Production to Retail, 1310. https://doi.org/10.1533/9780857097842.13
Hales, C. (1995). Five fatal designs.HAroeedings of the 10th International

Conference on Engineering Design Prague, ICE(§5224).

Hamzeh, F., Abodbrahim, H., Daou, A., Faloughi, M., & Kawwa, N. (2019).
3D visualization techniques in the AEC industry: The possible uses of
holography. Jourdaof Information Technology in Construction, 24(June),
239 255. https://doi.org/10.36680/).itcon.2019.013

Hamzeh, F., Gonzélez, V. A., Alarcon, L. F., & Khalife, S. (2021). Lean
Construction 4.0: Bxoring the Challenges of Development in the AEC

Industry. Proc. 29th Annual Conference of the International Group for Lean
Construction (IGLC), 20i7216. https://doi.org/10.24928/2021/0181
Han, S. U., Achar, M., Lee, S. H.,, & PeRtra, F. (2013). Empirical

assessment of a RG@B sensor on motion capture and action recognition for

construction worker monitoring. Visualization in Engineering, 1(1)131
https://doi.org/10.1186/22184591-6

Han, S., &Lee, S. (201B). A visiontbased motion capture and recognition

framework for behaviebased safety management. Automation in
Construction, 35, 131141. https://doi.org/10.1016/].autcon.2013.05100
Hembry, D. M. (1990). Knowledgkased systems in the AD/Cycle
environmentIBM systems journal29(2), 274286.
Hevner, A. R., March, S. T., Park, J., & Ram, S. (2004). Design science in

information systems research. MIS Quarterly: Management Information
Systems, 28(1), 79.05.https://doi.org/10.2307/25148625

124


http://www.see.eng.osaka-u.ac.jp/seeit/icccbe2016/Proceedings/Full_Papers/191-080.pdf
http://www.see.eng.osaka-u.ac.jp/seeit/icccbe2016/Proceedings/Full_Papers/191-080.pdf
https://doi.org/10.1533/9780857097842.13
https://doi.org/10.36680/j.itcon.2019.013
https://doi.org/10.1186/2213-7459-1-6
https://doi.org/10.1016/j.autcon.2013.05.001
https://doi.org/10.2307/25148625

Hess, J., Weinstein, M., & Welch, L. (2010). Ergonomic best practices in
masonry: Regional differences, benefits, barriers, and recommendations for
dissemination. Journal of Occupational and Environmental Hygiene, 7(8),
446 455.https://doi.org/10.1080/15459624.2010.484795

Hignett, S., & McAtamney, L. (2000). Rapid Entire Bodgsessment (REBA).
Applied Ergonomics, 31(2), 20205.
http://doi.org/10.1016/S00036870(99)00639

Humadi, A., Nazarahari, M., Ahmad, R., & Rouhani, H. (2021)fidl

instrumented ergonomic riskssessment: Inertial measurement units versus

Kinect V2. International Journal of Industrial Ergonomics, 84(November
2020), 10314 7https://doi.org/10.1016/].ergon.2021.103147
Industrial Accident Prevention Association, 2009. Performing a Physical

Demands Analysis Instructions on How to Use the Physical Demands
Analysis (PDA) Form.
www.iapa.ca/Main/documents/pdf/FreeDowrdeaPDA _intro.pdf accessed

Janurary, 2017.

Inyang, N., AlHussein, M., ERich, M., & Al-Jibouri, S. (2012). Ergonomic
Analysis and the Need for Its Integration for Planning and Assessing
Construction Tasks. Journal of Construction Engineering and Managemen
138(12), 13701376.https://doi.org/10.1061/(asce)c0.194362.0000556

Itasca, IL. (2000). National Safety Council. Injury facts, 2000 edition.: Author,
2000.

Jaffar, N., AbduTharim, A H., MohdKamar, I. F., & Lop, N. S. (2011). A
literature review of ergonomics risk factors in construction industry. Procedia
Engineering, 20, 8®7. https://doi.org/10.1016/].proeng.2011.11214

Janaro, R. E. (1982Jhe Development And Implementation Of Optimal Multi
rest Break Scheduling Modgl®rder No. 8228125). PhD dissertation, Florida
State, University of Tallahassee, Fla. Available from ProQuest Dissertations
& Theses Global. (3032204phttps://bit.ly/3vxtPhP

JuukKristensen, B., Hansson, A. A., Fallentin, N., Andersen, J. H., & Ekdahl, C.

(2001). Assessment of work postures and movements using abaded

125


https://doi.org/10.1080/15459624.2010.484795
http://doi.org/10.1016/S00036870(99)00039-3
https://doi.org/10.1016/j.ergon.2021.103147
www.iapa.ca/Main/documents/pdf/FreeDownloads_PDA_intro.pdf
https://doi.org/10.1061/(asce)co.1943-7862.0000556
https://doi.org/10.1016/j.proeng.2011.11.142
https://bit.ly/3vxtPhP

observation method and directechnical measurements. In Applied
Ergonomics (Vol. 32)https://doi.org/10.1016/S008870(01)00015
Karatsidis, A., Jung, M., Schepers, H. M., Bellusci, G., de Zee, M., VeRinK.,

& Andersen, M. S. (2019). Musculoskeletal metaked inverse dynamic
analysis under ambulatory conditions using inertial motion capture. Medical
Engineering and Physics, 65, 169 .
https://doi.org/10.1016/|.medengphy.2018.12.021

Kider Jr, J., Stocker, C., & Badler, N. (2008). Untethered motion capture
evaluation for flightline maintenance support. AFRL Technical Report,
AFRL-RH-WP-TR-20080090.https://apps.dtic.mil/sti/citations/ADA487504

Kim, S., & Nussbaum, M. A. (2013). Performance evaluation of a wearable

inertial motion capture system for capturing physical exposures during
manual material handling tasks. Ergonomics,6(2p 314 326.
https://doi.org/10.1080/00140139.2012.742932

Komeili, A., Li, X., Gul, M., Lewick, J., & ERich, M. (2015). An Evaluation
Method of Assessing the Low Back Muscle Fatigue in MarMaterial

Handling. Modular and Offsite Construction (MOC) Summit Proceedings,
467 475.https://doi.org/10.29173/mocs174

Lasi, H., Fettke, P., Kemper, H. G., Feld, T., & Hoffmann, M. (2014). Industry
4.0. Bwiness and Information Systems Engineering, 6(4), 12832
https://doi.org/10.1007/s125991 403344

Lehmann, G., & Kuhlmann, A. (1961). Introduction to Safety Science. Springer,

Verlag, NewYork.

Leung, A. W. S., Chan, C. C. H., & He, J. (2004). Structural stability and
reliability of the Swedish occupational fatigue inventory among Chinese VDT
workers. Applied Ergonomics, 35(3), A3311.
https://doi.org/10.1016/j.apergo.2004.02.004

Li, G., & Buckle, P. (1999). Current techniques for assessing physical exposure

to workrelated musculoskeletal risks, with emphasis on po$tased
methods. Ergonomics, 42(5), 6695.
https://doi.org/10.1080/001401399185388

126


https://doi.org/10.1016/S0003-6870(01)00017-5
https://doi.org/10.1016/j.medengphy.2018.12.021
https://apps.dtic.mil/sti/citations/ADA487504
https://doi.org/10.1080/00140139.2012.742932
https://doi.org/10.29173/mocs174
https://doi.org/10.1007/s12599-014-0334-4
https://doi.org/10.1016/j.apergo.2004.02.004
https://doi.org/10.1080/001401399185388

Li, X. (20174). Ergonomic risk assessment in construction manufacturing
facilities. https://bit.ly/3MjJlya

Li, X., Fan, G., Abudan, A., Skarieh, M., Inyang, N., Gul, M., Hich, M., &
Al-hussein, M. (2015). Ergonomics and physical demand analysis in a

construction manufacturing facility. 5th International/11th Construction
Specialty Conference, December 2020, -2810).
https://doi.org/10.14288/1.0076405

Li, X., Gul, M., & Al-Hussein, M. (2019). An improved physical demand

analysis framework based on ergonomic risk assessment tools for the

manufacturing industry. International Journal bfdustrial Ergonomics,
70(December 2020), 589. https://doi.org/10.1016/j.ergon.2019.01.004

Li, X., Han, S., Gul, M., & AlHussein, M. (2016). 3D Motichased Ergonomic
and Body Posture Analysisn Construction. Modular and Offsite
Construction (MOC) Summit Proceedings, 4(2001), 12P3.
https://doi.org/10.29173/mocs27

Li, X., Komeili, A., Gul, M., & EFRich, M. (201D). A framework for evaluating

muscle activity during repetitive manual material handling in construction

manufacturing. Automation in Construction, 79, 138
https://doi.org/10.1016/j.autcon.2017.01.005
Lind, C. M., Forsman, M & Rose, L. M. (2020). Development and evaluation of

RAMP I - a practitiones tool for assessing musculoskeletal disorder risk
factors in industrial manual handling. Ergonomics, 63(4), 1804.
https://doi.org/10.1080/00140139.2019.1710576

Luinge, H. J., & Veltink, P. H. (2005). Measuring orientation of human body

segments using miniature gyroscopes and accelerometers. Medical and
Biological Engineering and Computing, 43(2), 2282.
https://doi.org/10.1007/BF02345966

Macdonald, W. (2003). The impact of job demands and workload on stress and
fatigue. Australian Psychologist, 38(2), 1027.
https://doi.org/10.1080/00050060310001707107

127


https://bit.ly/3MjJIya
https://doi.org/10.14288/1.0076405
https://doi.org/10.1016/j.ergon.2019.01.004
https://doi.org/10.29173/mocs27
https://doi.org/10.1016/j.autcon.2017.01.005
https://doi.org/10.1080/00140139.2019.1710576
https://doi.org/10.1007/BF02345966
https://doi.org/10.1080/00050060310001707107

Mallory, B. (1998). Job demand analysis for greater Victoria school district #61.
Ergonomics and Human Factors Group BC. Research Inc, 9(4).
https://bit.ly/3pvsZhC

Mansouri, S., Castronovo, F., & Akhavian, R. (2020). Analysis of the Synergistic
Effect of Data Analytics and Technology Trends in the AEC/FM Industry.
Journal of Construction Engineering and Managamé&46(3), 04019113.
https://doi.org/10.1061/(asce)c0.194862.0001759

Marras, W. S., Fathallah, F. A., Miller, R. J., Davis, S. W., & Mirka, G. A.

(1992). Accuracy of a thredimensionalumbar motion monitor for recording

dynamic trunk motion characteristics. International Journal of Industrial
Ergonomics, 9(1), #8B7. https://doi.org/10.1016/0168141(92)90074
Marras, Willian S., & Granata, K. P. (1997). Spine loading during trunk lateral

bending motions. Journal of Biomechanics, 30(7), 1G93.
https://doi.org/10.1016/S0029290(97)0001®

McAtamney, L., & Nigel @rlett, E. (1993). RULA: a survey method for the
investigation of workrelated upper limb disorders. Applied Ergonomics, 24(2),
917 99. http://doi.org/10.1016/0068870(93)900865

McCallig, M., Paddan, G., van Lente, E., Moore, K., & Coggins, M. (2010).
Evaluating worker vibration exposures using -sefforted and direct

observation estimates of exposure duration. Applied Ergonomics, 42(1), 37
45, https://doi.org/10.1016/j.apergo.2010.04.002
Moeslund, T. B., Hilton, A., & Kriger, V. (2006). A survey of advances in

vision-based human motion capture and analysis. Computer Vision and Image

Understanding, 104¢3 SPEC. ISS.), 90.26.
https://doi.org/10.1016/j.cviu.2006.08.002
Mr a z , S. (2015) . What 6s the Difference

Transverse Planes? https://www.machinedesign.com/medical/wisat

differencebetweenrsagittatlcoronatandtransverselanes

Nixon, A. E., Mazzolab, J. J., Bauera, J., Kruegerc, J. R., & Spectora, P. E.
(2011). Can work mke you sick? A metanalysis of the relationships

128


https://bit.ly/3pvsZhC
https://doi.org/10.1061/(asce)co.1943-7862.0001759
https://doi.org/10.1016/0169-8141(92)90078-E
https://doi.org/10.1016/S0021-9290(97)00010-9
http://doi.org/10.1016/0003-6870(93)90080-S
https://doi.org/10.1016/j.apergo.2010.04.002
https://doi.org/10.1016/j.cviu.2006.08.002
https://www.machinedesign.com/medical/what-s-difference-between-sagittal-coronal-and-transverse-planes
https://www.machinedesign.com/medical/what-s-difference-between-sagittal-coronal-and-transverse-planes

between job stressors and physical symptoms. Work and Stress, 22@.), 1
https://doi.org/10.1080/02678373.2011.569175

OHCOW (OccupationalHeath Clinics for Ontario Workers inc.). (1998).
Guidelines to implementing and performing physical demand analysis

handbookhttp://www.mtpinnacle.com/pdfs/pdamanualbook.pdf
OSACH (ntario Safety Association for Community and Healthraf2010.

Musculoskeletal Disorders Prevention Series Part 1: MSD Prevention

Guideline for Ontariohttp://www.osach.ca/misc.p@&ccessed March, 2015).
OSHA (Occupational Safety and Health Administration). (2012). White paper on

injury  and illness  prevention programs. www.osha.gov/dsg/
topics/safetyhealth/ OSHAwhHeaperjanuary2012sm.pdiMar. 22, 2014).
Oztemel, E., & Gursev, S. (2020). Literature review of Industry 4.0 and related

technologies. Journal of Intelligent Manufacturing, 31(1), T1132.
https://doi.org/10.1007/s10845.8 14338

Palmer, K. T., Haward, B., Griffin, M. J., Bendall, H., & Coggon, D. (2000).
Validity of self reported occupational exposures to hand transmitted and

whole body vibration.Occupational and Environmental Medicine, 57(4),
237 241.https://doi.org/10.1136/0em.57.4.237

Pastura, F. C. H., Guimarées, C. P., Zamberlan, M. C. P., Cid, G. L., Santos, V.
S., Streit, P., Paranhos, &., Cobbe, R. T., Cobbe, K. T., & Batista, D. S.
(2012). 1D and 3D anthropometric data application on public transport

vehicle layout and on oil and gas laboratories work environment design.
Work, 41(SUPPL.1), 4618625. https://doi.org/10.3233/WOR0120078
4618
Pham, D. T., & Pham, P. T. N. (1999). Atrtificial intelligence in engineering. Int J
Mach Tools Manuf, 39(6), 9349. https:/Hoi.org/10.1016/S0830
6955(98)00076&
PSHSA(Public Services Health & Safety Associatiof§010. Repetitive work:
could vyou pl ease repeat t hhapt/wwa gai n and
healthandsafetyontario.ca/lHSO/media/P SHiWS/MSDs/RepetitiveWorkin
jury.pdf (accessed in January, 2017).

129


https://doi.org/10.1080/02678373.2011.569175
http://www.mtpinnacle.com/pdfs/pdamanualbook.pdf
http://www.osach.ca/misc.pdf
www.osha.gov/dsg/%20topics/safetyhealth/OSHAwhite-paper-january2012sm.pdf
www.osha.gov/dsg/%20topics/safetyhealth/OSHAwhite-paper-january2012sm.pdf
https://doi.org/10.1007/s10845-018-1433-8
https://doi.org/10.1136/oem.57.4.237
https://doi.org/10.3233/WOR-2012-0078-4618
https://doi.org/10.3233/WOR-2012-0078-4618
https://doi.org/10.1016/S0890-6955(98)00076-5
https://doi.org/10.1016/S0890-6955(98)00076-5
http://www/
http://www/
http://www/

Rajput, V., Kalra, P., & Singh, J. (2013). Digital Human Modeling Approach in

Ergonomic Evaluations. International Journal of Scientific & Engineering

Research, 2(6), 15658.
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.673.9348&rep=rep
1&type=pdf

Ren, L., Jones, R. K., & Howard, D. (2008). Whole body inverse dynamers ov
a complete gait cycle based only on measured kinematics. Journal of
Biomechanics, 41(12), 276P759.
https://doi.org/10.1016/j.jbiomech.2008.06.001

Richards, J. G. (1999). The measuremenhwihan motion: A comparison of

commercially available systems. Human Movement Science, 18(5)6639
https://doi.org/10.1016/S016¥457(99)000238
Roetenberg, D., Luinge, H. J., Baten, C. T., M. Veltink, P. H. (2005).

Compensation of magnetic disturbances improves inertial and magnetic

sensing of human body segment orientation. IEEE Transactions on Neural
Systems and Rehabilitation Engineering, 13(3), 1395.
https://doi.org/10.1109/TNSRE.2005.847353

Roetenberg, D., Luinge, H., & Slycke, P. (2009). Xsens MVN: full 6DOF human

motion tracking using miniature inertial sensors. Xsens Motion Technologies

BV, 1i 7. http://www.xsens.com/images/stories/PDF/MVN_white_paper.pdf
Rosin, F., Forget, P., Lamouri, S., & Pellerin, R. (2020). Impacts of Industry 4.0

technologies on Lean principles. International Journal of PtmiuResearch,
58(6), 16441661.https://doi.org/10.1080/00207543.2019.1672902
Russell, S., & Norvig, P. (1994). Artificial intelligence: a modern approach.

https://cs.calvin.edu/courses/cs/344/kvlinden/resources/ABvtPedition.pdf
RdBmann, M. Lorenz, M., Gerbert, P., Waldner, M., Justus, J., Engel, P., &
Harnisch, M. (2015). Industry 4.0:Future of Poductivity and Growth in
Manufacturing. Boston Consulting Group, 9(1), 54-89.
https://doi.org/10.1007/s125991 403344
Ryu, J. H., Zhang, L., Haas, C. T., & Abdehhman, E. (2018). Motion data

based construction worker training support tool: Case study of masonry work.

130


http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.673.9348&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.673.9348&rep=rep1&type=pdf
https://doi.org/10.1016/j.jbiomech.2008.06.001
https://doi.org/10.1016/S0167-9457(99)00023-8
https://doi.org/10.1109/TNSRE.2005.847353
http://www.xsens.com/images/stories/PDF/MVN_white_paper.pdf
https://doi.org/10.1080/00207543.2019.1672902
https://cs.calvin.edu/courses/cs/344/kvlinden/resources/AIMA-3rd-edition.pdf
https://doi.org/10.1007/s12599-014-0334-4

ISARC 2018- 35th International Symposium on Automation and Robotics in
Construction and InternationalEC/FM Hackathon: The Future of Building
Things, Isarchttps://doi.org/10.22260/isarc2018/0150

Safety and Health Authority, 2006. Ergonomics in the Workplace.

http://www.hsa.ie/eng/Publications_and _Forms/Publications/Manual_Handlig

and Musculoskeletal Disorders/Ergonomics in the Workplace.html
(accessetlarch, 2015).
Sanders, A., Elangeswaran, C., & Wulfsberg, J. (2016). Industry 4.0 implies lean

manufacturing: Research activities in industry 4.0 function as enablers for
lean manufacturing. Journal of Industrial Engineering and Management, 9(3),
811 833.https://doi.org/10.3926/jiem.1940

Santos V, Zamberlan MCP, Streit P, Oliveira JL, Guimardes CP, Ribeiro FC,

Pastura FCH(2013. 3D DHM and collaborative virtual environments: a case

study in oil and gasaboratories. SHO2013. Proceedings of the International
Symposium on Occupational Safety and Hygiene. Guimd&raesigal. 2013.
https://bit.ly/3vvbm5p

Satoglu, S., Ustundag, A., Cevikcan, E., & Durmusoglu, M(2®18). Lean

production systems for Industry 4.0. Industry 4.0: Managing the digital
transformatior(pp. 4359). Springer, Cham.
https://link.springer.com/chapter/10.1007/93-819-578705_3

Sawhney, A., Khanzode, A. R., & Tiwari, S. (2017). Building information
modelling for project manage®ICS Insight Paper, Noida.
https://bit.ly/3HALKAK

Sawhney, A., Riley, M., & Irizarry, J. (2020Construction 4.0: An Innovation

Platform for the Built Environment.
http://dx.d0i.org/10.1201/9780429398100
Sluchak T. J. (1992). Ergonomiesrigins, focus, and implementation

considerationsAAOHN journal: official journal of the American Association
of Occupational Health Nurse$)(3), 105112.
do0i:10.1177/216507999204000302

131


https://doi.org/10.22260/isarc2018/0150
http://www.hsa.ie/eng/Publications_and_Forms/Publications/Manual_Handlig_and_Musculoskeletal_Disorders/Ergonomics_in_the_Workplace.html
http://www.hsa.ie/eng/Publications_and_Forms/Publications/Manual_Handlig_and_Musculoskeletal_Disorders/Ergonomics_in_the_Workplace.html
https://doi.org/10.3926/jiem.1940
https://bit.ly/3vvbm5p
https://link.springer.com/chapter/10.1007/978-3-319-57870-5_3
https://bit.ly/3HALkAk
http://dx.doi.org/10.1201/9780429398100
https://doi.org/10.1177/216507999204000302

Sluiter, J. K. (2006). Higldemand jobs: Ageelated diversity inwork ability?
Applied Ergonomics, 37(4 SPEC. ISS.), 7290.
https://doi.org/10.1016/j.apergo.2006.04.007

Srinivasan, D., Mathiassen, S. E., Hallman, D. M., Samani, A., Madeleine, P., &

Lyskov, E (2016). Effects of concurrent physical and cognitive demands on
muscle activity and heart rate variability in a repetitive upperemity
precision task. European Journal of Applied Physiology, 116(1)i 2287
https://doi.org/10.1007/s004A11 532688

Streit, Priscilla; Monat, A.S.; Zamberlan, M.C.P.L.; Guimaraes, C.P.; Ribeiro,

F.C.; Oliveira, J. L. (2013). Comparison and evaluation of biomechanical
paraméers of motion capture systems. 2nd International Digital Human
Modeling Symposium.
http://ipisoft.com/pr/papers/Priscilla_Streit dhm2013.pdf

Wang, D., Dai, F., & Ning, X. (2015). Risk Assessment of \WRse{ated

Musculoskeletal Disorders in Construction: Statehe-Art Review. Journal

of Construction Engineering and Management, 141(6), 04015008.
https://doi.org/10.1061/(asce)c0.194862.0000979
Workers Compensation Boardlberta, 2014. Employ&Physical Demands

Analysis.www.wcb.ab.ca/pdfs/employers/C545.daccessed Mah, 2016).
Workers Compensation Boardlberta, 2015 Millard Health Rehabilitation
Centre > Workshopsittp://www.wcb.ab.ca/millard/workshops.axcessed
December, 2015
Workers CompensationBoardAlberta, 2015. Employers Home: Modified

Work. http://www.wcb.ab.ca/employers/mod_work.gggcessed December,
2015.
Workplace Safety & Insurance Board, 2018. Completinghthgsical Demands

Information Form.
http://www.wsib.on.ca/cs/idcplg?ldcService=GET_FILE&dDocName=WSIB
021025&RevisionSelectionMetdeglL atestReleased (accessed September,
2018.

132


https://doi.org/10.1016/j.apergo.2006.04.007
https://doi.org/10.1007/s00421-015-3268-8
http://ipisoft.com/pr/papers/Priscilla_Streit_dhm2013.pdf
https://doi.org/10.1061/(asce)co.1943-7862.0000979
www.wcb.ab.ca/pdfs/employers/C545.doc
http://www.wcb.ab.ca/millard/workshops.asp
http://www.wcb.ab.ca/employers/mod_work.asp
http://www.wsib.on.ca/cs/idcplg?IdcService=GET_FILE&dDocName=WSIB021025&RevisionSelectionMethod=LatestReleased
http://www.wsib.on.ca/cs/idcplg?IdcService=GET_FILE&dDocName=WSIB021025&RevisionSelectionMethod=LatestReleased

Workplace  safety  North, 2016. Physical Demands  Analysis.

https://www.workplacesafetynorth.ca/subsitedispriority-hazards/physical

demandsanalysis(accessed December, 2016
Xin, X., Vogel, C., & Ma, H. (2007). Motion Capture as a User Research Tool in

Dynamic Ergonomics. International Association of Societies of Design
Research.18. https://bit.ly/3lyFLN8

Xsens Technologies B.V. (2020). MVN User Manual. MVN Manual, April, 162.
https://www.cleancss.com/useranuals/QIL/MTW23A7G6

Yan, X., Li, H., Li, A. R., & Zhang, H. (2017). Wearable IMhhsed reatime

motion warning system for construction worKersusculoskeletal disorders

prevention. Automation in Construction, 74, 112.
https://doi.org/10.1016/j.autcon.2016.11.007

Zhang, J. T., Novak, A. C., Brouwer, B., & Li, Q. (2013). Concurrent validation
of Xsens MVN measurement of lower limb joint angular kinematics.
Physiobgical Measurement, 34(8). https://doi.org/10.1088/0967
3334/34/8/N63

133


https://www.workplacesafetynorth.ca/subsite/msds-priority-hazards/physical-demands-analysis
https://www.workplacesafetynorth.ca/subsite/msds-priority-hazards/physical-demands-analysis
https://bit.ly/3IyFLn8
https://www.cleancss.com/user-manuals/QIL/MTW2-3A7G6
https://doi.org/10.1016/j.autcon.2016.11.007
https://doi.org/10.1088/0967-3334/34/8/N63
https://doi.org/10.1088/0967-3334/34/8/N63

Appendix A

Schematic drawing ofbody segmens, joints, and ergonomic joint
angles
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TableA-1: Schematic drawing dfody segmeist

Body segment  Schematic drawing Body Schematic drawing

segment

Pelvis

g

T8 i Neck I
Head Right
Shoulde
I r I
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Right Upper Right
Arm Forearm
Right Hand Left
Shoulde
r
Left Upper Arm Left
Forearm
Left Hand Right
Upper
Leg
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Right Lower Leg Right
Foot
Right Toe Left
Upper
Leg
Left Lower Leg Left
Foot
Left Toe
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