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REMOTE SENSING ENABLING TECHNOLOGIES FOR ASSESSMENT OF
CONSTRUCTION WORKER’S MUSCULOSKELETAL DISORDER RISK S: A
REVIEW AND FUTURE EXTENSION

ABSTRACT

Musculoskeletal disorders (MSDs) are a group ohfphidisorders that affect muscles,
tendons, nerves, joints, cartilage, and ligamefitsey are a serious problem among the
workforce in the United States. In the constructiodustry, high physically demanding tasks
expose construction workers to a number of welbgaized MSDs risk factors such as repetitive
motion, high force exertion, and awkward body pstéinding ways to effectively identify and
evaluate risks of MSDs can significantly allevigités problem. To this end, this paper reviews
state of practice and research in the assessmesksfof MSDs among construction workers, in
which a number of biomechanical models have beeamldged to evaluate joint and tissue
loading with the aid of state-of-the-art remote sieg technologies. Findings from the review
reveal that despite the advances in tracking humation and muscle activities, current remote
sensing approaches still involve sophisticatedrunséntation and expensive experiment setup.
These factors greatly limited the applicability safch approaches in real construction settings.
How can we detect and evaluate the constructiokever MSDs risk in real work environments?
In this paper, strategies by utilizing video sullegice systems are presented, to set the stage for
addressing the above question and discussing fuégearch in real-time, marker-less, and cost-
effective MSDs risk assessment.
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INTRODUCTION

Musculoskeletal disorders (MSDs) are a serious Ipmbamong the workforce in the
United States. In the construction industry, higlygically demanding tasks expose construction
workers to a number of well recognized MSDs risétdas such as repetitive motion, high force
exertion, and awkward body posture. Thus far, & mgidence rate (i.e., 16 cases per 1000) of
MSDs has been discovered among the population rdtaaction workers. This problem can be
even more severe because the above statisticandbesver the unreported cases and ones that
do not cause loss of workdays. Considering thetoartson industry employs a population of 5.5
million which accounts for 4% of the entire U.S.nkforce, tremendous losses can occur to both
injured workers and contractors. The cost to thklipus also significant: the U.S. workers’
compensation for occupational injuries and illnessevers less than 25% of their total cost and
the rest is shared by the society. Finding waysffiectively identify and evaluate risks of MSDs
can significantly alleviate this problem. To thisde this paper reviews state of practice and
research in the assessment of risks of MSDs amongtreiction workers, in which a number of
biomechanical models have been developed to eeajoedt and tissue loading with the aid of
state-of-the-art remote sensing technologies. Rgslifrom the review reveal that despite the
advances in tracking human motion and muscle #éeisyicurrent remote sensing approaches still
involve sophisticated instrumentation and expengixperiment setup. These greatly limit the
applicability of these approaches in real constoucsettings. How can we detect and evaluate
the construction worker's MSDs risk in real workveanments? In this paper, strategies by
utilizing video surveillance systems are presentedset the stage for addressing the above



guestion and discussing future research in read;timarker-less, and cost-effective MSDs risk
assessment.

The remainder of the paper is organized as folldvirst, the characteristics and causes
of MSDs are introduced, and the severity of sudeake is analyzed. Then, a detailed review is
provided in summarizing ergonomic measures takehearconstruction industry and state-of-the-
art in identifying and assessing the risks assediatith occurrence of MSDs. These are followed
by the elaboration of a novel framework proposedhgyauthors, attempting to utilize the video
surveillance system for assessing risks of MSDsrmgnaonstruction workers on site. Last, future
work is discussed.

IMPORTANCE OF RESEARCH

MSDs, also known as cumulative trauma disordersetitive strain injuries, repetitive
motion disorders, overuse syndrome, are a groygaioful disorders of soft tissues (i.e., muscles,
tendons, nerves, joints, cartilage, and ligamegmptoms of such disease include pain, aching,
discomfort, numbness, tingling, and swelling thatmally incur on the back, shoulders, neck,
legs, wrists, fingers, elbows, and arms of a hubwdy. Based on the cause of injury, MSDs can
be categorized into sprains and strains, and cuiveltiauma disorders (Inyang, Al-Hussein, El-
Rich, & Al-Jibouri, 2012). Sprains and strains am@ries in joints or muscular tears, caused by
high levels of forces that take place at a singlene of lifting, lowering, pushing, pulling, or
carrying. In such event, the physical forces exelg a worker are beyond his/her physiological
capability. The other type of MSDs is cumulativauima disorders resulting from performing a
task repetitively, even if the load is relativelpal (i.e., repetitive motions such as bricklaying)
or where a worker's body in a position is less tbamfortable (i.e., awkward body postures such
as tying rebar) (HSE, 2012). Most common MSDs anmmorgstruction workers are carpal tunnel
syndrome, tendonitis, tennis elbow, trigger finggeiatica, herniated discs and low back pain
(Connecticut DPH, 2012; NIOSH, 2007). Tasks assediavith MSDs include, but are not
limited to, lifting and carrying heavy objects, ilag blocks, handling pipework, laying kerbs,
paving slabs, installing plasterboards, and inastainechanical and electrical (M&E) equipment
at height. Construction workers who suffer from MSbay have a reduced ability on work, with
pain or discomfort, or in most serious cases, llaggermanent disability (NIOSH, 2007).

Work-related MSDs account for 33% of all occupatiomjuries and illnesses that
require days away from work in U.S. (data as of2@LS, 2012a). In the construction industry,
the high physically demanding tasks expose consbrugvorkers to tremendous recognized risk
factors such as constantly repeated motions, ta@gald of forces, and awkward body postures
(Kisner & Fosbroke, 1994; NIOSH, 2012), which lesams high incidence rate (i.e., 16 cases per
1000) of MSDs among workers in this industry (BI2B12a). This incident rate is even higher
for the state of West Virginia where the studyesnly carried out, grounded on a statistic that 22
MSDs cases occurred per 1000 workforces (data 2614, BLS 2012b) which was 34% higher
than the national rate. Note that the above MSBtgstits are publically recorded and therefore
conservative. They do not include those unrepateticases that do not cause loss of workdays.
A recent study (Boschman et al., 2012), in whiclBQ8onstruction professionals and workers
were randomly selected and surveyed, revealed syraptoms of MSDs in the construction
industry can reach an incidence rate as high geefent (i.e., 67% for bricklayers, and 57% for
supervisors), further reflecting the severity ok tiMSDs disease that takes place in the
construction industry.



The premium cost of work compensation insurancedbatractors normally purchase is
higher than most industries (WCRC, 2012). One imsteported that 29% of insured contractors’
workers’ compensation claims were due to MSDs (NQ3006). In addition to these direct
costs, contractors may incur a variety of indireasts including but are not limited to, wages
paid to injured workers for absence, cost relabetihte lost due to work stoppage, and employee
training and replacement cost (OSHA, 2012). Comsidehat the construction industry employs
a population of 5.5 million accounting for 4% ofetlJ.S. workforce (BLS, 2012c), MSDs to
construction workers can engender problems thaadétniine regional or national economy. Based
on the findings by (Leigh, 2011), the U.S. workezempensation for occupational injuries and
illnesses covers less than 25% of their total dbsierefore caused the rest being shared by the
society. This problem may cascade further, sinée éxpected that there is going to be short of
skilled workers needed to construct our nationtglitees in the market in the following three to
five years (McGraw-Hill Construction, 2012). Anyfafts towards ameliorating the construction
workforce safety and health condition will redube tpercentage of work compensation being
spent and, considering that construction is an $8lfian industry (Census Bureau, 2012), each
1% of improvement can lead up to $872 million inisgs.

STATE OF PRACTICE IN CONSTRUCTION ERGONOMICS

Thus far, efforts on construction MSDs risk managetthave been primarily focused on
two aspects: 1) promoting workplace ergonomic jxadie.g., Ohio BWC, 2012; North Carolina
DL, 2012), and 2) providing safety trainings (eNIQSH, 2007; OSHA, 2012; Hoe et al., 2012).
These efforts are useful but received limited éffealthough investments in ergonomic practice
and safety trainings have been increasing annulyincidence rate due to MSDs has not seen
decrease accordingly (BLS, 2011; 2012a). The ma&jason, the authors believe, is that current
construction projects entail a sheer volume of mrtedious and repetitive processes, leading to
existing management efforts still unable to effedir control and eliminate the potential MSDs
risks. Moreover, industry and authorities havechital more importance to fatal accidents such
as falls, cut, and burning. To the best knowledfthe authors, very few measures have been
taken for the daily construction activities to emsugorous assessment of ergonomic risks and
therefore prevent possible occurrence of MSDs.

STATE OF RESEARCH IN CONSTRUCTION MUSCULOSKELETAL D ISORDER
RISK ASSESSMENT

Construction scholars lack ergonomic knowledge thiedefore it is difficult for them to
address the MSDs problem solely. In the fieldsdustrial and medical engineering, researchers
have been working on MSDs prevention and mitigafmndecades, mainly focusing on risk
identification and assessment in relation to awkinawsture, repetitive motion, and high force
exertion as main factors directly impacting occoncee of MSDs, and intervention development
for providing new instrumentation or enabling rédasto change the way a high risk task is
carried. Generally, methods involved in MSDs riskessment can be categorized into 1) survey,
2) expert observation, 3) direct measurement, gratldanced sensing techniques, all of which
will be discussed in detail in the following.

Survey

Self-reported survey was initially developed toesssthe work-related MSD problems. It
is carried out primarily in the form of questionaadministration and face-to-face interviews. A



number of questionnaires and surveys have beerapedkto assess musculoskeletal symptoms
in occupational settings. Nordic Musculoskeletak&ionnaire was first developed in the 1980’s
(Kuorinka et al., 1987) and widely used in Ergoncsrstudies (Aaras et al., 1998; Kucera et al.,
2009; Reme et al., 2012). The Borg Scale is agattale that designed to evaluate the perceived
levels of physical exertion (Borg, 1970; 1982)wés used in a large number Ergonomics studies
to assess work exposure (Vieira et al., 2006; J&nKsmar, 2010; Li & Yu, 2011). One study
that investigated ergonomics issues in the offingirenment was the development of Job
Requirements and Physical Demands Survey (JRPD8jeby.S. Air Force (Dane et al., 2002).
In the construction industry, Task Analysis metHody (Silverstein, 1985) was used to develop
a survey to quantify the perceived injury risk @frious site tasks such as painting, hammering
nails (Killough and Crumpton, 1996).

The advantage of the survey methods is that sufect report issues and problems that
are difficult to observe (e.g., pain and perceivamtkload). The downside of these methods is
that the results are based on subjective assessamenthus can vary significantly among
individuals. Also, the survey responses can beclliakie to personal implications, undermining
the reliability of these methods in comparison tieeo methods such as direct measurement and
advanced sensing techniques (Spielholz et al.,;2li¥tes & Kumar, 2010).

Expert Observation

To assess the risk of MSDs on site, a number aérebtional tools have been developed,
allowing experts to record and evaluate on a sedtrofctured variables (e.g., a checklist with
questions for different body regions) in relatiom ¢valuation of risk factors. One early
observation tool was the Ovako Working Posture yaia System (OWAS), first introduced by
a steel company from Finland in 1973 (Karhu et¥77). The OWAS evaluated the MSD risk
level of different body segments (back, arms amgd)ldy assessing postures of workers during
their task performance. Based on OWAS, Buchholale{1996) developed an enhanced tool
named PATH (Posture, Activity, Tools, and Handliagd used it in the work risk assessment of
highway construction workers. In comparison to OWRATH not only evaluated the working
postures, but also included descriptions of wokkectivity, tool usage, load handling, and types
of grasp in evaluation. The Rapid Upper Limb Asses® (RULA) is another observational tool
developed to assess the risk of work-related ulipérdisorders (McAtamney & Corlett, 1993).
RULA was also used in investigating correspondirgpromics designs. More recently, a whole
body postural analysis tool called Rapid Entire Badsessment (REBA) was developed mainly
focusing on analyzing unpredictable working postureworker employs in the health care and
service industries (Hignett & McAtamney, 2000).

These observational tools are widely used in figiddies and advantageous in: 1)
minimal disturbance to worker task performanceyveilhg for tasks in real settings to be assessed,
and 2) experts’ visit with minimal instrumentatideading to cost effectiveness for field
investigations. However, expert observational towdswe to rely on experts’ visit and their
subjective evaluation. The limitation is that tlss@essment cannot be performed continuously and
only limited number of jobs can be assessed dueixpuerts’ visit. In addition, the inter-rater
differences may result in disagreement in the tesiltheir evaluations.

Direct Measurement (Lab Assessment)
In achieving objective assessment, a class of tdineasurement methods was developed,

among which sensors such as goniometers, inclirmmedptical scanners, electromagnetic, and
sonic sensors were used as the key instrumentatianalyzing human body biomechanics. For



these sensors, markers are attached directly tifispgnatomic points on the human subject for
measuring their exposure variables at work. Thigedsional (3D) coordinates of all body
markers can be recorded in real time by using @éelic computing algorithms to track the
position and angular movement of different bodynsewgts (Li & Buckle, 1999). The posture and
motion variables will then be worked on with th@riechanical models to evaluate joint and
tissue loadings. One example was the Lumbar Md#lonitor (LMM) developed by Marras et al.
(1992), in order to assess worker’s risk of lowlbagury in the work place. This system was
primarily equipped with triaxial electronic goniotee and was capable of recording a worker’s
3D thoracolumbar spine motion during the perforneant different manual material handling
tasks. Following this, the same research groupstiya&ted the characteristics of trunk motion
during the performance of repetitive manual matdréndling with the aid of LMM (Marras &
Granata, 1997). Another example was the PhysieaiiSMonitor proposed by Gatti et al. (2010)
to monitor physiological parameters of constructiarkers such as heart rate. The idea was that
combined with environmental conditions such as tnafure and humidity, the physiological
parameters can be used to estimate physical sifdime site crew. Also, to address shoulder-
related MSDs among the construction workforce, seffial Musculoskeletal Joint Angle sensor
system was developed by Alwasel et al. (2011). Syis¢em tracks the worker upper arm motion
using magneto-resistive angle sensors. As thewelangle between a moving arm frame and a
reference torso frame is measured, the predefimd@dard shoulder postures can be detected. In
addition, Cheng et al. (2013) put forth an effont fasing technologies of Physiological Status
Monitoring (for collecting heart rate and thorabending angle) and location sensing (i.e., UWB)
for localizing ergonomically unsafe behaviors ofineload lifting tasks.

In general, the accuracy of applying direct measerd is high, and post-processing data
collected by the instrument is relatively simpleow&ver, most of direct measurement systems
require sophisticated instrumentation and laboyafiodoor) environment to collect body motion
and muscle activity data (McGill & Norman 1986; §ma et al., 1996; Marras & Granata 1997).
The body-attached markers may also interfere with workers’ behavior and undermine the
performance of regular activities on site. In aiddit direct measurement requires considerable
initial investment on equipment, and the resouraeded to maintain and employ highly trained
and skilled technical staff to ensure their effeztoperation are expensive (David, 2005). In
summary, direct measurement is suitable for laks®ssent, in observation of characteristics of
risky postures, motions, investigating injury cajsend understanding how injury develops. For
continuous monitoring and estimation of in-situ iems MSD risks, direct measurement is bound
to its constraints of functioning properly in re@abrkplace.

Advanced Sensing Techniques

Advanced sensing techniques concern marker-lesoiséased biomechanics, in which
range imaging sensors or video cameras are utii@estquire human movement footage and
estimate join loadings based on the whole bodyrkates. These techniques do not need human
subjects to be directly attached with markers gnali receivers (Chang et al., 2003; Coenen et al.,
2011). Therefore, they are viable for assessmemeah workplaces. To analyze complex and
dynamic human motions, 3D sensing technologies weweloped using range imaging sensors
such as Microsoft Kinect (Warade et al., 2012; Wanhgl., 2012). In these methods, the range
imaging sensors are used to collect depth of eatdge pixel inside the device to its
corresponding location in the scene. Based on épthdvalues, human body segments and joints
are subsequently detected and tracked. Specifiealthe construction industry, the Kinect range
camera was used to detect and classify worker pessfa worker is standing, bending, sitting, or
crawling) in categorizing activities as ergonomiaon-ergonomic for the training purpose (Ray



& Teizer, 2012); and Han et al. (2013) applied Kin collect depth map in order to generate
motion data of site workers and inspect their umdsghavior in climbing ladders. Range sensor
data is relatively easy to be processed in the-pastessing phase. Nevertheless, range sensor
has the downside of being applicable only withia tange of 5 m and unreliable in outdoor
environments. Thus, it is not appropriate to apgplg technology to large scale workspaces such
construction site. In terms of utilization of videarveillance, the research work is still at infant
stage. At current stage, two dimensional (2D) insagrere collected to record human motions
and obtain kinematic data (e.qg., joint angle, bedgment acceleration) by manually identifying
the location of human joint centers from each frg8@lomonow et al., 2003; Chang et al., 2003;
Coenen et al., 2011). While the optical sensingriggie is suitable for both indoor and outdoor
settings, the procedure involved thus far has bmdp suitable for simple and symmetrical
motions that can be fully described in a singlenplaCurrently, video-based methods are not
considered fully automatic because they still @ymanual input in determining the posture and
joint angles for estimation of joint loadings. leatl of computing joint loadings, researchers also
attempted to apply training models of motions delachmark to compare with human skeleton
models extracted from videos (Han et al. 2012). pingpose was to analyze safety behaviors of
site workers in a statistical way. The accuracamdlysis results not only relies on the geometric
skeleton model extracted, but the training modedl @mparison scheme also impact the analysis
performance as well.

To sum up, for outdoor construction worker heattldg, remote sensing techniques are
promising. Yet, there is much to be desired in {adt-processing the data contained in the
videos from the unstructured format to informative@wledge is still challenging.

PROBLEM STATEMENT AND OBJECTIVE

While self-reported survey and expert observatidoals are easy and inexpensive to
implement, data collected by these tools are stilsgeanter-rater unreliable, and the results can
be error-prone. Direct measurement can provide robjective results; however, this technique
requires sensors or markers to be directly attachdiliman subjects and therefore is not suitable
to be used in real construction settings. Thougtaacked remote sensing technologies hold great
potential to remove the above mentioned hurdles; #re still involved with manual procedures,
and therefore inconvenient for use in constructafety management applications. There is a
need for more automated remote sensing technologieish are able to collect construction
workers’ ergonomic data and monitor their MSDs riiskhe daily work activities.

Considering surveillance camera being commonly usednstruction site, the objective
of this research is to create a video based riskszsnent method that can assess the risk of
MSDs objectively, automatically, and continuouslithithe use of surveillance system on site.
An automatic process will be highly favorable tdireate the joint angle and body segment
motion pattern and provide timely feedback.

PROPOSED FRAMEWORK

Figure 1 presents the main workflow of the proposexthod. The premise is that the
video surveillance is able to “see” the site woskdihe technical details of the proposed method
are presented in the following steps.

First, detection of body motions of the site woekes performed using machine vision
techniques, comprising: initialization, trackingdamose estimation. Initialization of vision-based
human motion capture usually requires definitio ¢tfumanoid model to characterize the shape,
appearance, kinematic structure and initial pogbebbject to be tracked (Moeslund et al. 2006).
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Figure 1: Methodology workflow

In contrast to other personnel, site workers caddymted as persons who wear safety gears (e.qg.,
safety vest, hard hat) (Park & Brilakis 2012). Ate svorkers changes poses in performing their
jobs, blob extraction, histograms of oriented geath and color histograms can be applied to
detect the site workers’ foreground map in videonfes. This is followed by the tracking of the
workers. During the tracking process, the detewaterkers in the current frame will be associated
with those in the previous frames, resulting inemporal trajectory through the image space.
Pose estimation is the process of detecting body pmsitions or body segments of a human in
the resulting regions of the video frames. This lsarachieved typically by applying two classes
of methods, namely, exemplar based and model bras#ibds. The detected joint locations are
in 2D scope. Given that the surveillance cameiation (3D position and orientation) is known,
the 3D joint locations are then estimated usinglsirview reconstruction. From single view
reconstruction, 3D locations of at least ten (ndekybosacral joint, shoulder (bilateral), wrists
(bilateral), knee (bilateral) and ankle (bilaterajpints are obtained. Based on these joint
locations, the trunk flexion angle is calculatedl ahe body segment (head, trunk, arm, leg)
centers of mass (COM) are estimated in each frédeet, the linear and angular velocity and
acceleration of each body segment COM with resfmetite lumbosacral joint are calculated. In
order to estimate spinal (lumbosacral joint) logdithe instantaneous lumbar joint moment is
calculated with the 3D ergonomic data. The equatior(Ning & Guo 2012) provides the
procedure of calculating lumbar joint moment, inietha total number oh body segments
including trunk, left arm, right arm, left hand thaand right hand load are considered. Variables



of the linear acceleration, angular acceleratiotaltmass of theéth segment, the horizontal
distance between the COM of segmett the lumbar joint are used to solve the equafidre
next is to estimate lumbar joint loading in whicimbosacral joint compression and shear forces
are estimated. The magnitude of spinal compressihshear forces are highly associated with
the risk of low back injury. They are determined the weight of the trunk as well as forces
exerted from all trunk tissues (e.g., muscles, nligats). However, without empirical
measurements of lumbar tissue forces, it is ndilid&ato calculate spinal compression forces due
to the redundancy in equations (i.e., there areemmknown tissue forces than equilibrium
equations). To obtain spinal compression and slesres with the use of only trunk
anthropometric and kinematics data, optimizatiordel® were developed. A well-established
double-objective function optimization model (Beah al. 1988) can be used in estimating
lumbar tissue forces and thereby the lumbosaciat mompression and shear forces. In this
study, both acute and cumulative (long term) LBEksi are considered. Waters et al., (1993)
identified the maximum acceptable spinal compres$ivce of 3400N. This value is used as a
criterion in finding highly risky tasks that coutduse acute back injury. To address cumulative
risk of injury, an existing risk assessment tobllIOSH lifting equation (Waters et al. 1993) can
be adopted. As an output of the proposed methedlifting index calculated using the NIOSH
lifting equation will be used to categorize thedkesf cumulative LBD risks.

FUTURE WORK

While assessing risk of MSDs injury among constauctsite workers using video
surveillance presents great potentials for its -effsictiveness and ease of implementation on
construction site, substantial work is still neededexpand the framework into a practical
solution. Particularly, efforts needed on this relgaill include validation and expansion of the
machine vision and development of biomechanical eteodThe former aims at automatic
estimation of worker motions whereas the lattegdts accurate evaluation of spinal forces and
thereby enabling reliable risk assessment of M3Dsddition, procedures will be designed to
evaluate whether human joint angle and body segtoeations generated by the surveillance
system will demonstrate reasonable accuracy ansistency when compared to benchmark. In
this study, the benchmark will be an eight cam&iX3) 3D optical motion capture system
(Vicon) that is capable of capturing whole bodyetimatics. The implemented assessment models
will be tested through comparison with ground rieectmoment (recorded by force plate) to
estimate joint moment through a well-establisheise dynamic model.

CONCLUSIONS

MSDs are a serious problem among the constructiorkfarce in the U.S. They can
cause temporary or even permanent disability, whiely affect the worker's earnings and the
contractor’'s profits, and thereby lead to sevess lof the society. This paper reviewed and
summarized recent research efforts in assessmehtestimation of this disease. This was
followed by a presentation of a different methodgmsed by the authors. The method concerns
utilization of the video surveillance, together lwé biomechanical model, to estimate the risk of
MSDs that take place on construction sites. Needts, there are a number of tasks remaining,
which primarily focuses on the validation and exgpan of the machine vision technique for
pose estimation and development of biomechanicalefsofor risk evaluation. Accuracy and
consistency of the human joint angle and body segteeations generated by the method also
need to be evaluated. These will be the future wbthkis study.
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