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ABSTRACT

For labor-intensive environments, feasibility of the production schedule is de¢ermi
in part by the physical human capacity to complete jobs assigned in the seqiémiesthe
physical effect of the production schedule might be perceptible, it is hictls decision
factor when allocating jobs to the sequence. In the most basic sense, thieefi@ant use
of finite human capacity but more severely, the physical factoogiassd with job
processing requirements may be contributing to the development of a waekirela
musculoskeletal disorder. Identification of musculoskeletal risks isdeeionstrated by
ergonomic assessment but the challenge of intervention and absent in exigtingsnset
cohesion between the demands of production and preservation of humans in the relative
short-term. This thesis will therefore define novel job dispatching rulesdayate of
cumulative effects and musculoskeletal risk for job processing requirebssdd on the
Rapid Entire Body Assessment (REBA). In this way, the sequence of jobsintdiph as
an ergonomic administrative control that exposes the human processor to the minimal

necessary physical burden or risk associated with the production schedule.
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CHAPTER 1. INTRODUCTION

1.1 Overview

Scheduling has long served manufacturing and production activities by sequebsing |
in an arrangement necessary to meet a preferred objective. For labsivetnvironments,
feasibility of the production schedule is determined in part by the physicahhzapacity to
complete jobs assigned in the sequence. In this arrangement, the scheduledisrdepe
upon the human laborer to reliably complete processing requirements for each goleat a
workstation in order to achieve the schedule. While the physical effect of the ppaducti
schedule might be perceptible, it is likely not a decision factor when atiggabs to the
sequence.

It necessarily follows that the sequence of jobs in the production schedule may be
depleting the productive capacity of the human laborer in unanticipated ways. loshe m
basic sense, this is an inefficient use of finite human capacity but morelgetrex physical
factors associated with job processing requirements may be contributiegeilopment of a
work-related musculoskeletal disorder. The pathogenesis of such a disandslited to
repetitive movements or postures, static activities, repeated loading tésaés or limited
allowance for recovery (Hagberg et al., 1995). More generally, the risk otitosiseletal
disorder is determined by varying physical factors but most notable quefrey, duration,

and intensity of work activities (NIOSH, 1997).
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Although injuries resulting from physical demands of work have a long history in
industry, it wasn’t until the use of epidemiologic methods in the 1970s that the exteat of t
problem was fully understood. These studies provided industry with a systematic neethod f
identifying working conditions with high potential for contributing to the developrokat
disorder. As human labor provides an organization with productive capacity, it injuitivel
follows that any interference with this carries associated costs. Wiilglace injuries
may be minor or severe, acute or cumulative in nature, they are all consideragieve
and may therefore necessarily have been avoided. In response, researgklbpsdi@ith
methods to measure or assess the physical factors of work in the intedesitibfing
potentially harmful conditions.

For the work-related musculoskeletal disorder of cumulative nature, it is ttiempos$
exposure-effect literature that a predictive relationship may be iskdbbetween the
guantification of physical work level (exposure) and the associated ihteasauloskeletal
effect. By quantitatively representing physical conditions of human laboiranttaneously
evaluating elements of the musculoskeletal system, this researchecsdeknd acceptable
versus hazardous working activities in the interest of reducing human phygoauexand
therefore musculoskeletal risk. The expected progression of this relgticdiepicted in a
model defined by Armstrong et al. (1993) and is provided on the following page in

Figure1.1.
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Figure 1.1: A conceptual model of the relationship between external physical exposure level
and internal effect due to successive activities from: Armstrong et al. (1993).

The challenge associated with research in physical exposure — musctébsffdet is
foundin the developing measurement methods of physical activity but also in tteedfm
guantifiable understanding of internal musculoskeletal response due to the shade
long-term exposure pattern. As this understanding relates to the production sahedellis
a need for further understanding with respect to the job sequence and/or thaantefact
tasks on a smaller scale. While this is not yet afforded by researsch,necessary condition
for scheduling models to subsequently determine the musculoskeletal risktessagth a
production schedule as would be provided by a human characteristic based performance
measure.

More traditionally, the response to labor-intensive work has been through ergonomic

assessment by identification of physical risk followed by interventiooragdevel. The
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methods available for ergonomic assessment of physical work activitiegageand within

the category of active (direct or observational measure) surveillaciogdqaes. While these
methods may vary in the detail level captured, they all seek to provide accepii@niceto
differentiate acceptable work conditions from those of potential risk requirindioadidin.

For the engineer or ergonomist in industry, the choice of ergonomic interventidikedy

require more than determining the best available option, consideration must gigerbt

the means and perception of affected humans to the intervention. In responsgh fesea
developed with options to eliminate the identified musculoskeletal risk througheengin
controls, as the best response, or otherwise to manage elements of human exposure to the
identified risk through administrative controls.

For humans engaged in physical labor, ergonomics is arguably the strongeateadvoc
production environments and is generally interested in the elimination of muscetakkel
risk by offering interventions as engineering controls. PrescribingertgBon(s) for the
identified musculoskeletal risk varies widely but may be as basic gsitblease of a new
tool for improved posture or more involved and require new equipment or workstation
redesign. The extent of intervention responses to working condition enhanceaent is
significant contribution that is well demonstrated in literature and peaas few cases exist
where ergonomics can offer no alternatives.

However, prospective ergonomic interventions of promising design or those exhibiting
strong performance in controlled testing is unfortunately no indication of sfigkces
implementation in practice. While the deployed engineering control maytioéféest long-
term risk resolution it carries the associated cost of time and resoueckslrie progress

through validation stages to demonstrate a benefit. Ultimately, susasteimined by the
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human laborer who chooses to accept or reject the change. This may be founch@ varyi
degrees in industry but is also identifiable in research. In a study of laborvetersk in a
furniture manufacturer and suggesting a series of proposed interventions aralyzewmve
working postures, human laborers ultimately rejected the suggested intervéoti@asons
attributed to a piece rate compensation system (Mirka et al., 2002a; Maka2©02b). It is
worth mentioning that not all engineering controls are met with such cotmatica
However, it is the duty of the engineer or ergonomist to strike the balanoeebethe needs
of the organization and the necessary level of intervention in order to suclyessigate
risk.

Whether based on perception or reality, ergonomic interventions promoting skfe wor
practices are often associated with reductions in productive output. Therefore, a
ergonomic response to established practices in production systems isooftemted with
the competing interests of human safety versus productivity. This condition continues
receive healthy discussion in literature, found not to be in conflict (Bhateagk, 1985)
and identified as the obstacle for implementation (Lutz et al., 2001). The burden of
addressing this concern may not be a condition in determining researelouélis an
appreciable hurdle for those in practice. Confronted with multiple stakeholelersist or
due to limited supporting resources, the engineer or ergonomist may insteadtohoose
intervene with administrative controls.

Contributions of administrative controls to the identified risk of musculoskeletal
disorder generally seek to redistribute labor-intensive activitiessaarl@sger number of
human processors or to assign recovery periods to the human when no other assistance is

available. The basis for these methods is often supported by the operatiomh resea
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framework to incorporate human characteristics into model construction. Affoydbdde
methods is the application of a strategy provided in the original researgbplioable to
diverse environments and conditions. In this way, administrative controls araltyfass
effective in reducing musculoskeletal risk as compared with engineenigls but appeal
to practitioners as a general and flexible intervention alternative.

Often omitted from the discussion of administrative controls is a proper conitext f
contribution of these methods and the ability to reduce risk for humans in develwponkr a
related musculoskeletal disorder. While administrative controls may tdaimanage
elements of musculoskeletal risk associated with the physical factekafthe instances
of risk continue to exist as do the opportunity for injury. Therefore, the contribution of
administrative controls to this problem should be limited to the preliminaryiz&diah of
human physical exposures to identified risks while supporting or motivating theelong-t
intervention by engineering controls. Ultimately, the requirement fecfe administrative
controls is the satisfaction of some reduced level of human physical expnfuge t
identified risk while minimally disrupting the productive demands of the orgaaiz

As the human laborer in production systems is a complex and valuable asset, the pursuit
to understand, define, quantify, and preserve this resource affords an almtegdimit
research potential. In this way, opportunities to preserve the human during pigpcessi
activities of labor-intensive work may still be identified. Specificallljlevthe production
sequence may possibly be depleting human productive capacity or harmfullipatmgrio
development of work-related musculoskeletal disorders, a proper understanding of thes
conditions is needed. Combining this understanding with the flexibility afforded by

production scheduling and job sequencing, musculoskeletal activity consideatagistr
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may provide job arrangements that limit the human physical exposure to theisgthe
present risk attributed to the production schedule.

Therefore, the premise of this thesis is that the human laborer, assigmedass jobs
in the production schedule may be provided relief from risk of musculoskeletal disorder
solely through a strategic sequence of equivalent jobs in the production schedule. Based on
the identification of any potential for musculoskeletal risk, an ergonomic coatgde
production sequence might complimentarily support and assist long-term risk@aducti
efforts. Such a sequencing method would seek to assign the minimal necessaay physic
burden to the human from the schedule sequence while still satisfyingyémecgistomer
demand for products. With the successful implementation of a long-term ergonomic
intervention as engineering control, sequencing strategies to manage tliedlesks
would still be allowed to continue but with greater expected flexibility duéronation of a

prior risk.

1.2 Objective

The long-term goal of this research is to reduce the potential for developmt-a
related musculoskeletal disorder by managing the cumulative element aigbleyposure
from successive jobs as allocated in the sequence of the production schedule.t pée firs
in achieving this overall objective is to quantitatively represent the phgsitaty of
distinctive jobs for the entire body by assessing the human processor. dine [sad is to
present decision rules for dispatching available jobs as related togberfoy and risk level

associated with repeated, similar physical activities.

www.manaraa.com



1.3 Thesis Organization

The remainder of this thesis is organized in the following manner. Chapter 2 will
provide a review and discussion of existing literature to identify a basis for sopgaps
and limitations of established methods. Chapter 3 will define a production setéing as
foundation for ergonomic assessment of work and subsequent sequencing methods to
manage the cumulative element of physical exposure from successive jobprivdinetion
period. Chapter 4 will discuss the opportunity to extend the methods of Chapter 3 to more
complex production environments and the associated benefits or limitations under these
conditions. Chapter 5 will provide a summary of the methods and discussion of future
research opportunities related to the contribution of job sequencing as an ergonomic

administrative control.
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CHAPTER 2. REVIEW OF LITERATURE

Beginning with the use of epidemiologic methods to study work conditions and the
occurrence of injury, both industry and science became interested with an old problem i
new ways. With the magnitude of workplace injuries quantified, research evolved to
investigate the relationship between human exposure to work demands (plagsara) fand
the potential for developing an acute or chronic injury also known as mechanical.traum
The manifestation of physical exposure(s) for the human laborer may be @osksletal
disorder and carries associated costs that are considered avoidable. Irefesgeasch has
contributed suggestions for reducing human exposure to physical factors of work with the
expectation that fewer musculoskeletal disorders will result. This argatished in practice
through the application of engineering controls or by risk managementdaeb of
administrative controls.

Review of existing literature well demonstrates the importance of risknaktion by
engineering control but supports fewer alternatives for ergonomic adativstcontrols.

The following discussion will therefore present the epidemiologic basis ¢éopatonal
injuries, efforts to quantify physical exposure as related to developing losiseletal
disorders, options for ergonomic assessment methods to identify risk, followed by
incorporation of human characteristics into operations research based methods. The

conclusion of this review will identify the opportunity for a novel administratorgrol that
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is appropriately aligned with the needs of industrial practitioners, curnamthet by existing

contributions in research.

2.1 Work-Related Musculoskeletal Disorders and Physical Exposure

Humans, as production resources possess skills and subject knowledge as well as
physical ability that combined, contribute to productive capacity. It intiytfeiows that
any interference with productive capacity carries an associates¢hstarganization.
Therefore, it is preferable from both productivity and human preservation motivations t
maintain working demands within the human physical capacity. Howevers thog always
achievable.

With the use of epidemiologic methods in the 1970s, insight was gained into the
relationship of occupational demand (physical factors) on humans and the associated
potential for developing musculoskeletal disorders (NIOSH, 1997). The extent of the
problem for industry is significant where the incidence of recorded wortedela
musculoskeletal disorders is observed to be increasing (Hagberg et al., 1995). While
workplace injuries may be minor or severe, acute or cumulative in nature, thadly are
considered to be preventable and therefore might necessarily have been avoided.

The term “musculoskeletal disorders (MSDs) refers to conditions that involve the
nerves, tendons, muscles, and supporting structures of the body” (NIOSH, 1997). The
conditions for a disorder to be considered work-related are qualified by thd A&alth
Organization: “they may be partially caused by adverse working conditr@smay be

aggravated, accelerated or exacerbated by workplace exposures; and theypamay i
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working capacity” (WHO, 1985). Therefore, no region of the human body is immune to
disorder but higher occurrence has been found in the low back and upper extremities such as
the neck, shoulders, elbows, forearms and hand/wrist (Buckle and Devereux, 2002).
However, the insight gained from epidemiology studies has been accompanieddngeisal

in determining the individual instances of exposure and the magnitude of internetreftec
contributed (cumulatively or acutely) to the critical event of musculetiadisorder.

The termexposure “refers to the external factors of work that produce internal doses
(e.g. metabolic demands or tissue loads)” (Li and Buckle, 1999a). Alterndfiniiales for
exposure may be found in literature just as research and science continue toosessnaus
on this condition. What remains is the need to represent entire body exposure quewtitati
and ultimately decode the relationship connecting physical exposure to internal
musculoskeletal effect. This is supported in a critical assessmetarafure considering
physical exposure and the lack of quantitative data where Winkel and Mathiassen (1994)
recommend level, repetitiveness, and duration as the necessary elementsivelgffe
guantify exposure. Reaffirming this, Westgaard and Winkel (1996) stress thtonee
consider the expanded physical exposure problem using multiple variables as ¢pposed
prior research that traditionally recommended only reduction in exposure Ievelspbnse
to the need for more quantitative measures, Wells et al. (1997) propose a metjuafor e
comparison, in Newtons of force, between ergonomic assessment methods ramgisejff
report questionnaires to electromyography.

Field and laboratory studies evaluating the quantitative elements of preygiceiure
have found mixed results compared with the expectations of earlier reseansfy. Usi

biomechanical analysis to study motor variability between more and lesseexpd
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workers in meat processing, Madeleine and Madsen (2009) found that more discomfort was
found in low variability, short-cycle activities of the more experienced werk&heir results
suggest that efficient techniques developed through experience may not ngdessdr
benefit to the musculoskeletal system of the worker. In a laboratory tess, av/all (2010)
analyzed the functional similarity of three handgrips to determine theteatevhich two
sequential tasks might function as a working rest. The conclusion of their eaperim
suggested opportunities to extend the measurement to larger tasks but thisaeaplestue
to the narrowness of scope in the experiment. Provided by the findings in thespdvsipa
a basis for further research to evaluate changes in musculoskeietgt aathin a task and
between tasks for potential recovery to elements of the musculoskest&ahsg the relative
short term.

More recently, an apparent shift has occurred for research interested caphysi
exposure as a predictive analysis to new methods interested in defining thydigbaeen
tasks and varying exposure of the tasks for the human. Early work in physical exposure
evaluation suggested reduced levels of physical work under the assumption that lower
physical demand for the human is beneficial to the musculoskeletal systerasearch
evolved, literature now identifies the need for broader consideration of theuexjposblem
by quantifying simultaneous elements of work activities to effectivedgsssphysical
exposure. This new branch of physical exposure research is interested iarnvandt
diversity of exposure (Mathiassen, 2006) as well as effects of duration for oslsatal
exposure (Wells et al., 2007). Though this research direction is somewhat unique from
previous exposure studies, it would appear that it is interestingly closer alighed to t

epidemiology findings related to the effects of physical exposure. Thests effe
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specifically, where increased musculoskeletal risk identified IBSH (1997) found in the
factors of frequency, duration, and intensity, present individually or in combinatiorgduri

work.

2.2 Ergonomic Assessment of Physical Work

The evaluation of physical work activities for associated risk of MSDs i®ppately
supported by the ergonomic assessment of humans in industry to quantify thalpéysic
of current conditions. This practice is a preliminary measure to furthéragon of work,
including efforts to reduce physical exposure. The methods available fesmgse of
working conditions may be grouped into passive (review of injury records, discomfort
survey) or active (direct or observational measure) surveillance technigagardless of
the chosen method, all techniques are generally interested in identifyingiviteeaavith
the highest potential of contributing to a work-related musculoskeletal disorder.

For the engineer in industry, various assessment methods afford many options but
selection will likely be influenced by the physical working conditionstdrest and
resources available to conduct a survey. As there is no known assessment method to date
that can satisfy all requirements of any user, Winkel and Mathiassen (199dliie 2.1 on
the following page, identify the unavoidable compromises associated with availabl

techniques.
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Observation Direct
Self-report methods measurements
Cost | ———mst
Capacity EEEss——
Versatility >
Generality | —
Exactness ————————————E

Figure 2.1: Methods and associated compromise for ergonomic assessment of
physical work from: Winkel and Mathiassen (1994).

Therefore, while a direct measurement method such as the NIOSH Eéugion
(Waters et al., 1993) is not relatively costly and provides a specific nreendation, it
requires detailed measurements and is useful in limited conditions. Other direct
measurement methods may deploy bioinstrumentation device accompanied tectusues
as electromyography, accelerometry, photogrammetry or magneéid-bretion systems.
However, these are costly options for obtaining reliable data found more often indebera
than in field studies.

A convenient alternative to direct measurement methods for both the practitidner a
researcher is the use of observational ergonomic assessment. Speatfietlbds
analyzing working postures are regarded as reliable tools through valigdatesearch and
practice. In one of the first formalized methods, Corlett and Bishop (1976) recoeidvpdr
discomfort at locations of the body to indicate a precursor of disease or pretdaosage

in a technique evaluating worker comfort scores before and after work ra@dific Closely
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following this method, Karhu et al. (1977) presented the Ovako Working Posture Analysing
System (OWAS) for sampling discomfort of work postures measured by freqaedcy
duration to conclude with recommended corrective actions. These more recagitiaied
methods for assessing postural discomfort formed the basis for the next phageraf pos
assessment methods focusing on posture and work-related musculoskeletal ris

When the combined elements of force and posture that deviate from normal are found in
increasing instances, so too is the risk for musculoskeletal disorder to develbmtiBga
conditions such as these may take many forms but the end result must provide daontext
identifying any physical conditions of potential harm. The Rapid Upper Linskbgssnent
(RULA) evaluates the potential for work-related upper limb disordersdyrding working
postures for upper extremities to obtain a score of associated action lexktabe the
potential for MSD (McAtamney and Corlett, 1993). Continuing the focus on
musculoskeletal exposure to repetitive movements of the upper extremitiespwlom
(1998) provides the basis for a new assessment method described by Occhipinti (1998) as the
concise exposure index (OCRA index) that mimics the structure of the 1993 NI®iaH L
Equation but uses task frequency, duration, and multipliers such as force, posture, and
recovery to recommend an appropriate number of activities as compared to cualsntile
an expansion of the strengths of RULA, Hignett and McAtamney (2000) presentaide Ra
Entire Body Assessment (REBA) to record working postures for the primgmyeses of the
entire body assigning a score of recommended action level according to théaskesletal
risk potential of the activity assessed.

As noted earlier, compromises are necessary when choosing an assesshushante

the previously reviewed methods offer useful advantages but carryadseddgnitations that
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are identified by Li and Buckle (1999b) accompanied by analysis ohaliee posture-based
assessment methods for identifying musculoskeletal risk. It is alsbdi@rte acknowledge
the points of opposition to observational ergonomic assessment that generally pitiat out
lack of specificity needed to appropriately identify and resolve musal&iakrisk.

However, this criticism is misguided in premise and is confronted by MuoA¢y and

Corlett (1993): “if a comprehensive assessment of the workplace is to be made, RULA
should be used as part of a larger ergonomics study covering epidemiolplgysatal,
mental, environmental and organizational factors.” Finally, studies evaltlagnge of
observational assessment have encountered variation among observer ratoeygifiadi
through the results that observers were still able to discriminate lmeksvests of risk,
supporting the usefulness of these assessment methods in practice (Winnerall20@4;

Jones and Kumar, 2007).

2.3 Sequencing and Scheduling

Difficult to find in literature is the evaluation or discussion of the adminig&activity
of production scheduling and the potential for having a larger impact on human physical
capacity to complete work than previously recognized. Therefore, it is apcéssonsider
the function of sequencing and scheduling as applied in literature to identify techtiigue
would support efforts to preserve this valuable human processing capacity.

Due to the prevalence in practice and contribution to research, the study of segjuenci
and scheduling problems remains a relevant topic in literature. Schedulirdg@sian-

making function, has traditionally been interested in resource allocatioor ot/

www.manaraa.com



17

sequencing (Baker, 1974). Whether explicitly known or implicitly understood, the
production scheduler allocates the sequence of jobs and necessary resources based on a
preferred or predefined performance measure. In scheduling modelstbispace

measure is represented by the objective and may be complex or simple bu#rgbakshe
criteria determining the success of the schedule (French, 1982). As a orearaating or
demonstrating a sequencing technique, the single-machine sequencing praogitegteor
processor model is often used. In this model, all jobs are routed through a singleaes
machine independently and is considered the most simplified scheduling case.

Scheduling research motivated by production conditions in practice has expanded upon
the single machine model by investigating levels of complexity. As a contrbiatimany
production systems, single machine models may be used to address a bottleoacrstati
combined effort, assist decomposition methods of more complicated systent® (RD@5).
When addressing stochastic characteristics of single-machine sequanodilems,

Van Oyen et al. (1999) discuss the opportunity to formulate the problem as detecrtonisti
achieve an equivalent solution, suggesting this approach as a significant camtributi
stochastic problems. Using of the single processor model in complex envirompmuamntes
that the contribution of a simplified model is not necessarily limited to gietpl
environments.

Production systems are also often confronted with the challenge of managingt produ
variations and batching requirements related to set-up times and cost. leNdedsBaker
(1995), techniques for addressing such conditions found in practice are evaluatecheithin t
context of a single machine model. Therefore, whether functioning to direathseep

conditions in a production system or partially assisting the solution fgpleam
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environments, the single processor model is an agile tool with applicabilityitteaange of
scheduling problems.

The contribution of research to the core of the single machine model is noteworthy, but
this is only a sample of available opportunities this model might address inregesech
(Maxwell, 1964). At the root of all efforts is scheduling theory and the need to quagitytat
represent conditions of interest through model construction. As an indication of
effectiveness, schedule performance measures provide a quantitsgs@rass for a given
schedule. While the resource in a production system or schedule model, whsther it
machine or human, directly determines the system performance, theze ansthinces in
literature where resource characteristics influence job altotdtiring schedule creation or
receive representation in model construction. While such a practice is not uncammon
research, it highlights an opportunity to advance scheduling models with the indorpofat
physical human characteristics. As a result, there is a unique opportunity toeathenc
interdisciplinary research of ergonomics and production scheduling to adatinedr

preserve the productive capacity of human labor (Lodree et al., 2009).

2.4 Job Rotation Schedules and Work/Rest Scheduling

The most established instances of operations research techniques intevaéctin
ergonomic methods are found in the literature of job rotation and work/rest schedules.
Unique from other resource allocation models, these methods include human akacacter
in model performance measures. For the instances in literature wherenétbeds address

human labor, consideration is generally directed at human preservation akteefadtential
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of developing a musculoskeletal disorder or physical or mental fatigueraByng from
ergonomic research evaluating human response to working demands, these methods apply
administrative controls through operations research formulation with the atipeaf
reducing the effect of potentially harmful working conditions. While these techrageies
extended to conditions other than occupational risk, review will be limited to literatur
considering humans involved in labor-intensive working environments.

As a means for distributing humans across processing requirements in kb&oer
and aligning physical capacity with processing demands, job rotation setiéehaiture and
applications in practice have demonstrated the extent of this method to manage ewposure
musculoskeletal risk. Carnahan et al. (2000) develop job rotation schedules to distribute
workloads using integer programming and genetic algorithm approaches olnegemder
capacity workers are allocated by a measure of Job Severity Indexo(d&Ir operations
involving lifting. Building upon the work of Carnahan et al. (2000), Tharmmaphornphilas
and Norman (2004) use inter programming to find acceptable rotation intervals using
measures of Job Severity Index for lifting tasks and Time-Weighted ge€iaVA) for
noise exposure to evaluate the quality of job rotation. As an evaluation of industrial
manufacturers by survey, Jorgensen et al. (2005) found that the prevalence otii asta
a strategy to manage work-related MSDs was reportedly higher than céguksious
inquires, however, the structure (based on ergonomic assessment) of interveategres
was not collected. Finally, as criteria for job rotation, the extent tahwbixs differ is
expected to affect the magnitude of relief available to the worker expeggab rotation
and was studied by Wells et al. (2010) testing isometric contractions of timegripa in

alternate combinations.
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With similar human preservation motivations, review of literature in work astd re
provides for an expansive topic of research interested not only in rest pauses faigomoduc
environments but also for the broader sense of work and off-work periods. Relewat to t
review are those methods addressing human capacity during production periodsrygassig
periods of rest for physical recovery in the short-term. The study of work strigipeeally
considers variations in fatigue (general body, muscular, mental) and the subsecoxsty
value of rest and is thoroughly reviewed in Konz (1998a,b).

As the human in a production system is influenced in varying degrees to conditions of
scheduled work, so vary the suggestions of methods prescribing and evaluatiegioelst
in literature. Responding to the otherwise general statements of exstikgegarding the
value of rest schedules, Elion (1964) proposes an analytical model based on a production rate
function to quantitatively determine the proper instances and duration of rest. In dnahdus
experiment measuring productivity and worker preference, Bhatia and Ma&e9)(find
that the more frequent 10-minute rest break increased production from the basklivesa
“unanimously preferred” to conclude: “rest pauses should operate to make werkagalsi
not merely to make it possible”. However, determining sufficient resg&tallowance is
a larger problem than frequency and duration decisions where physiological, pgiaiplo
or environmental causes are the main factors but not yet fully understood asiftuémee
during production periods (Mital et al., 1991). The benefit of rest periods during @hysic
work suggests viable relief for affected workers however; the inaloliggantitatively

support the contribution of relief continues to be a barrier for implementation.
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In practice, the significance of job rotation or work/rest scheduling is wliffic
ascertain due to limited supporting empirical evidence in literaturen lBethods offer
administrative controls for identified work-related musculoskeletas sk stop short by
contributing little motivation to pursue solutions addressing the root of risks through
engineering controls.

The associated limitations for job rotation schedules receive minimal dmcussi
literature and are often omitted conversations in others. The conclusion of ajaimrot
study for refuse truck crews indicated, “job rotation might be less eféeittan expected,”
where rotation between driver and collector reduced physical workload favlkbet@r but
increased physical workload for the driver as compared with driving or cotjemtly
(Kuijer et al., 2004). A critical review of job rotation schedules suggestsifiporing
activity of cross-training necessarily occur prior to implementiogtrjob rotation schedules,
a requirement that cannot be avoided in practice. Observing that workers in production
systems are inherently different, Wirojanagud et al. (2007) use mixed integeamnoigg
and General Cognitive Ability (GCA) to represent worker differenceswasleorce
management tool to minimize the often high associated cost of cross-trainingt aGe
(2007) stress the care that should be taken when implementing cross-training imwork-I
Process (WIP) constrained systems as hierarchical skill sets kdraanake them more or
less available to assist other stations.

The associated limitation of work/rest schedules is evident in the lack ohsosse
among literature related to recovery potential of rest and worker satisfactpreference in
studies. Literature in this area often prescribes the rest scheduleobgaaied with

supervised mandates to achieve compliance, a formula more often assoclafadusgt
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than success. For some laboratory and semi-field studies in industryesdst Wwere not

shown to convincingly reduce physiologic fatigue (Mathiassen, 2006). As the focus of
modeling rest is devoted to construction of rest periods, work content between periods has
not been considered in literature for harmful effects or opportunities to reordeqtiense

of jobs (Lodree et al., 2009).

2.5 Summary

There is a tendency among literature and equally identifiable in thepperceof
practice that a response to identified work-related musculoskelétahaig appropriately be
satisfied by engineering control or administrative control but not affigithrough both or
by a combination of complimentary elements from the strengths of individuablsontrhis
may be partially attributed to the often cumbersome elements found in both eingiaeel
administrative controls. An intuitive review of this condition does not find a basis for
support and appeals for a risk management technique that is appropriately deftnedtoela
the ability to preserve or protect humans from the identified risks.

The findings in epidemiology have benefited from retrospection and narrow scope,
considering only specific body segments. This has served industry andiaevatl by
defining the basis for motivating resolution of occupational risk. Based on this
understanding is the need to further investigate and define the relationship of
exposure-disorder during workplace activities. Related to this is the need toygtentif

benefit or risk associated with processing successive jobs in production.
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As the literature considering physical exposure of humans to workplacesfaator
developed, so too has the scope of this problem. With initial contributions to literature
suggesting that instances of indentified risk and measured activity wouldk themef
reduced levels, methods following this work have yet to define acceptable limisrking
conditions related to individual body segments or the entire body.

Similar to the challenge of measuring physical exposure are the varidusds&r
ergonomic assessment of humans as identifiers of risk and predictors okelabeklr
musculoskeletal disorder. Numerous alternatives may be found in literedcterecognized
for strengths or useful qualities and associated limitations.

Though the challenges confronted by these research methods are easiigddent
opportunities for advancement may be found in the instances where operatiorthresear
discipline has intersected with the ergonomic study of humans in the workplace. The
potential for this research is found in the flexible arrangements affordechieguling
strategies and acceptance of human characteristics in model constructiorotévnarthy
instances of intersection receiving attention thus far are job rotation andesbddhedules.
However, the limits of these methods are partially related to the extematification for
humans in production systems by ergonomic and biomechanical research. Thasefwee,
guantitative understanding of the human advances, it is expected that the atiosidér
causal relationships in developing work-related musculoskeletal disordieiclotv. Such
advances would directly contribute to scheduling research developments §nidéildo
more rigorous models.

In this way, by strategically combining an ergonomic assessment of humaty &t

identify musculoskeletal risk with the administrative activity of productahreduling, an

www.manaraa.com



24

opportunity for a novel administrative control may be identified. The contribution of
administrative controls should be directed at the stabilization of identdiezlwhile
promoting and assisting the long-term resolution by engineering controlschdlenge for
effective administrative controls, but absent in existing methods, is theetefénd cohesion
between the needs of production and the preservation of humans in the short-term. Such a
method would be both aligned with the demands of production and the interests of the
ergonomist.

As a method that has been validated in practice and is well regarded inngeREBA
offers a starting point assessment of working postures and forces fotitbebedy.
Appealing as an “out-of-the-box” accessible and noninvasive observation mith&EBA
assessment concludes with a score associated with a level of risk anchenssmdation
severity related to necessary action. By introducing the understandnegl ¢pgi the REBA
assessment into a sequencing strategy for the production schedule, ppteataful
exposures may be managed by the sequence. In this way, such a method would seek to
arrange work activities or jobs about the human rather then allocating the human about

workstations to avoid physical exposure as advocated in alternative methods.

Based on this identified opportunity, Chapter 3 will define a production setting as a
foundation for ergonomic assessment of physical work that will then be used in subsequent
job sequencing strategies to manage the cumulative element of physicalreXpms

successively scheduled jobs in the production period.
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CHAPTER 3. ERGONOMIC DECISION RULESFOR JOB DISPATCHING

When confronted with a workstation and job processing requirements that potentially
exceed human physical capacity, the risk to the musculoskeletal systentifsetiby
NIOSH (1997) to be found in the factors of frequency, intensity, and duration of physical
activity. For conditions of identified musculoskeletal risk, the production seg@dfurds
the opportunity to allocate jobs in any fashion depending on characteristiosresirand
their associated priority. Therefore, the purpose of this chapter is fadinstruct a
production problem setting where a human processor is the predominant resowsioglat a
workstation. This will then provide the conditions to apply an ergonomic assessment of
human musculoskeletal activity during job processing. Based on the defined prohiegn set
and musculoskeletal activity level, decision rules for dispatching avajtdidewill be

presented that are considerate of repeated instances, similar phgsicges.

3.1 Problem Setting
The problem setting will consider a single workstation for the followin¢uatian
where a human is the predominant resource and is exposed to dynamic physitafacti
the processing requirements to complete jobs assigned in the production schedule. This
human processor may be a specialist or generalist and is assumed to be in giwadl phy

condition but is exposed to the same general physical work content that diffeciragtor
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product variation within and across production periods. The general activities jolis
processed at this workstation require lifting, orienting, and positioning, pasfér, pushing

and pulling through postures under load and deviating from normal. For all jobs, the human
is standing upright and engages the lower body for stability during physicabeger to

initiate movement with the product.

The processing activities for jobs at this workstation comprise multiptiupt types
varying by component quantities and overall feature geometry. The prarsteps
required to complete jobs range from the relative basic products with tieskerthan
standard products followed by even more complex processing tasks in customized products
Therefore, the human is directed by the production schedule and ultimatelgbaéx
demand in defining the set of jobs requiring processing within any given praapetiiod.

While there may be many independent products within the range of product offérings
is acceptable to group jobs of similar processing requirements into produce $aiili
representation. Therefore, it is not uncommon for all product offerings experidgreced a
workstation to be represented by a much smaller number of distinct groups. Faolifesnpr
setting, six product families will be described to provide a context for the groaduc
environment and use in subsequent dispatching methods. The first product familgntspres
the relative smallest jobs according to dimension and mass of components with basic
processing requirements. The second product family represents jobs ofliargesion and
mass components but with basic processing requirements similar to the first paodlyc
The jobs of the third product family are similar to those of the second produbst fami
component dimensions and mass but involve more advanced processing requirements. The

fourth product family contains jobs with similar component dimensionality and masssto |
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of the second and third product families but differs by requiring the most spedializ
processing for product customization. The fifth product family representsl#tiee largest
jobs according to dimension and mass of components but involves basic processing
requirements similar to jobs of the first and second product families. The final produc
family represents jobs similar to those of the fifth product family by compalension

and mass but differs by requiring highly specialized processing requirefmeptsduct
customization similar to that of the fourth product family. These producliéarare

provided inTable 3.1 on the following page with corresponding average process time and
distribution of external customer demand to provide a context for evaluation witjiven

production period.
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Table 3.1: Product family descriptions for single workstation with processing times and

external customer demand distribution

Process

Demand
Time, p;  Triangular Distribution
Product family, f;, description (no units)  T; (min, mode, max)
f, - small scale components,
4 T, (0, 12, 28)
low processing complexity
f, - medium scale components,
) i 4 T, (O, 8, 14)
low processing complexity
f3 - medium scale components,
6 T5 (0, 10, 25)
standard processing complexity
f, - medium scale components,
. . . . 8 T4 (O, 6, 18)
high processing customization/complexity
fg - large scale components,
6 Ts (0, 7, 15)
low processing complexity
fg - large scale components,
10 Te (0, 5, 12)

high processing customization/complexity

For the purposes of evaluating the behavior of the dispatching rules presented in this

chapter within the context related to the conditions of dynamic customer denradainra

samples were generated from the triangular distributidrabfe 3.1. Therefore, provided in

TableB.1 of APPENDI X A are 30 samples from each of the product family demand

distributions that represent the potential external customer demand withiivany g

production period.

The processing requirements for jobs in each of the product families aretessogth

varying levels of musculoskeletal activity. For some product processigldvigl physical

exertions are required and though this condition is not necessarily preferreonsidered

unavoidable given component characteristics and the product design. To beteetiaefin
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physical factors of activities within product families, the Rapid EntodyBAssessment
(REBA) contributes a score representing entire body activity levelanfactive surveillance
technique, this assessment method will identify any instances of potehéathful
musculoskeletal activity for the human at the workstation.

For each of the product families, a devised REBA score will represent theexss
musculoskeletal activity level required for processing respective jobs toetonpl In this
way, the activity in all product families involves degrees of trunk and neck extenasith
neck twisting for jobs of the most specialized processing requirements. Tdre low
extremities (legs) during processing are bilateral with flexionhHfemrmajority of processing
periods but when more advanced processing requirement jobs are initiatedegetanc
unstable postures may be found with higher degrees of leg flexion. Postures for the upper
arms, lower arms and wrists during processing involve varying degreesiohfteepending
on component features and dimensions. The product mass ranges from 5-10 kg for the
relative smallest component jobs increasing to greater than 10 kg compeoitiag
moments of shock or rapid buildup of force during lifting or transfers. When handling
components, coupling is good or acceptable when processing requirementscabatiasi
overall component geometry becomes increasingly complex with spedigliocessing,
coupling becomes poor or unsafe. The overall activity of the human during processing i
dynamic but instances of repeated small range actions are present ko well as
instances with an unstable base and/or movements of rapid large changes in posgire duri
pushing or pulling. The final REBA score for each product family is providé&alhe 3.2

on the following page along with the associated risk level and action recommendation for
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intervention. The detailed REBA assessment is provided in the REBA scoriig) felnee

each product family iffiguresA.1 - A.6 of APPENDIX A.

Table 3.2: REBA postural analysis scores for dynamic muscul oskeletal activity within
product families

Product Product family postural REBA ; . Action .

family, f; asessment, REBA ; ScoreJ Risk Level Level Action
fq REBA; 4 Medium 2 Necessary
fso REBA 5 Medium 2 Necessary
fg REBA; 7 Medium 2 Necessary
4 REBA , 10 High 3 Necessary soon
fs REBA; 12 Very High 4 Necessary NOW
fe REBAg 14 Very High 4 Necessary NOW

With the insight gained from the results of the REBA assessment, activitielsigh
potential of contributing to musculoskeletal disorder have been identified. Fatithtes
of high levels of risk it is critically important that ergonomic interventioagpursued. The
deployment of interventions as engineering controls offer the best longtéutions,
however, this may not be immediately available. The current state in this predtkamng is
therefore in need of alternatives for risk reduction. Affording the mostytirasponse
without significant supporting requirements and able to limit the human phggmasure to
repetitive high risk jobs to reduce the otherwise potential musculoskefetzlisfthe

production schedule using a strategic and ergonomic job sequence.
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It is here that the divergence from previous sequencing and scheduling stratagie
be presented. For the traditional scheduling problem, the single processor modehhas be
used to evaluate job allocation decisions related to productivity related pamfoem
measures. The possible consequence of job dispatching decisions has for long been
overlooked but is represented in this problem setting by musculoskeletal aetreitahd
associated musculoskeletal risk level for the human processor. The sequemcaeleia
the production schedule defines the musculoskeletal exposure pattern from jobs that the
human will process. The potential risk associated with the schedule is found in the
cumulative effect from successive jobs of similar physical demand. ©herefith
awareness of the musculoskeletal activity level associated with aggdaisito be
scheduled, the sequence is able to manage the risk factor of frequered/teetatmulative
physical exposure. The risk factors of intensity and duration are not assumed to be
influenced by the production sequence as they are inherent requirements relaidddb pr
features and defined work instruction.

For the workstation described in the problem setting, the single processor mbdel wi
applied to represent the processing activities and will use the followtagaro Each jolp
corresponds directly with a product famiilyepresenting the group of jobs with similar
processing requirements. In this problem it is assumed thatat all times. For any
production period, there areof jobsj {j1, ]2, 3, - - - ,Jn} t0 be processed through a single
workstation by a human resource designated asTe length of time that jgbrequires at
M1 is defined as the processing timg, Jobs in the schedule become available for
processing at their ready time or release aatélhe time at which jopmust complete

processing at Mis defined in the schedule as the due dhte,
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The following assumptions are applied to the problem setting and commontjagsso

with the single processor model:

1.

2.

At time zero,n, independent single-operation jobs are available for processing.
Setup time for each jghis considered inherent to the processing time and is not
affected by the job sequence.

Job attributes (process tintg, ready timer;, due dategl,) are known in advance

and do not change.

A single workstation with a single human resource is continuously available and is
never idle when jobs are available for processing.

When the human begins processingjjgtrocessing continues through completion
without interruption.

Only one job may be processed at a time.

The due datgj; is considered to be for all jobs available for processing.

With a full description of the product options, demand in a production period and the

physical factors required for job processing, the following dispagatules will present

alternative sequencing strategies to develop feasible heuristic poydschiedules. The

purpose of the following dispatching rules is to minimize the instances of camedugh-

risk jobs being successively scheduled as otherwise assumed to be contribuiarslafive

musculoskeletal disorders attributed to the sequence of the production schedule.
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3.2 Sequencing to Maximize Changein Musculoskeletal Activity Level

If work activity followed by rest where no musculoskeletal activity ocetfiards the
greatest recovery potential, then work at a high physical activity leVehed by work at a
lower activity level or vice versa is expected to provide partial musculdakedeovery.
Therefore, when two consecutively scheduled jobs differ by entire bodyeriesel,
portions of the body may be allowed partial or full recovery through changes in
musculoskeletal activity. This sequencing method is achieved by dcthisygarule that
seeks to find the maximum available difference between succ&BA scores. For the
stakeholders involved, this dispatching rule is expected to be the preferredsadnei
control of the ergonomist as compared with the production scheduler. The conditions for this
dispatching method are providedTiable 3.3 below followed by the notation and algorithm

to define a feasible heuristic sequence.

Table 3.3: Production period product options with REBA; score and associated demand.

Jobs 1 2 3 4 5 6
P; 4 4 6 8 6 10
REBA; 4 5 7 10 12 14
n; 1 1 1 1 1 1
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At the beginning of the scheduling period, a set jobs is released for scheduling with
knownREBA, scores. For the following heuristic, define for jabpriority indexl; that is a
function of contiguou&REBA, job scores, i.e.,

| = | REBAk.1 — REBA |
Select agy, the job that satisfies; = {j € : REBA; > REBA;; Y i € J}. Thus, the
set of jobs previously dispatched will be denotediasThis is followed by evaluation of all
remaining unscheduled jobs by the priority index to fiedqual to the argument that

maximized; forj e J \ J.1. For all remaining jobs yet to be dispatched;
J =1 U {j:|REBAx.y) — REBA| > |REBAK.) —REBA| Y i € J\ Jal

This heuristic may therefore be summarized as follows.

Algorithm 3.2.1 (Maximize Change in Musculoskeletal Activity Level)
Step 1.
Select asthefirst job j to be dispatched, the available job with the highest REBA; score.
Step 2.
Priority should then be given to the job of those remaining in J that maximizes the
difference between REBA; scores (according to I;) from the previously dispatched job.
Step 3.

If all remaining jobsi € J have been dispatched, then STOP;

otherwise go to Sep 2.
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This dispatching rule is displayed as a Gantt ch&fignre 3.1 below with respect to

the basic conditions provided Trable 3.3.

15 Risk level: Very High
14 job g
o |
5 13
? 12 job
< 11
@ 10 job Risk level: High
T 9
5 8
% 7 job, Risk level: Medium
3 6
0
@ 5 job,
—_ 4 job
§ 3 Risk level: Low
2
1 Risk level: Negligible
| | | | | | | | | | | L
10 20 30 40 50 time

Figure 3.1: Gantt chart for sequencing to maximize change in muscul oskel etal activity level.

This defined method of sequencing is expected to offer the highest potential for
musculoskeletal recovery during work and therefore perform as the fargmmic
sequence to reduce the risk of musculoskeletal disorder attributed to cumulaticalphys
exposures that may otherwise have been assigned in the production schedule. Bygallocat
jobs in this fashion, relief from high risk jobs, indicated by high REBA scorepisdad by
the subsequent processing of a lower REBA scoring job of lower musculosksletavel.

This dispatching rule also functions to minimize the instances of two high riskg¢atx
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processed consecutively. To better understand the behavior of this dispatchiegatulef,
the production period demand distribution random samples, providezble B.1 of
APPENDI X B, for each of the product families definedTiable 3.1 were hand-scheduled
according to Algorithm 3.2.1.

Applying this sequencing technique to the random sampl€ald€ B.1 provided
insight into the priority index allocation of available jobs. By alternating the highest
REBA score jobs with the available lowest REBA score jobs, the dispatching rule i
generally found to effectively prevent successive and therefore cumwdapwesures of high
risk musculoskeletal activity. The cost associated with this method ifiieleinty the
median REBA score jobs being generally withheld from being dispatchedhenéhd of the
sequence after the higher priority jobs have been scheduled. This method deployed in a
production environment may require supportive modifications to the supply or depletion of

products required to complete jobs as defined by the sequence.

3.3 Sequencing by Descending Change in Musculoskeletal Activity Level

If job processing at a high level of musculoskeletal activity depletes theeghys
capacity of the human processor, then there is a descending available outpstaai phy
exertion as the production period advances. Therefore, when consecutive jobs require
reduced levels of muscle activity, physical expenditure available fronmutharhprocessor is
aligned with the descending musculoskeletal levels required in the production sequence
This sequencing method is achieved by a dispatching rule that seeks tchdsadltble

jobs in descending subsets to the schedule in a similar trend. For the stakehoddezd
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this dispatching rule is expected to be the preferred administrative contnel mfoduction
scheduler but may also be favored by the ergonomist. The conditions for this dispatching
method are provided ifhiable 3.4 below followed by the notation and algorithm to define a

feasible heuristic sequence.

Table 3.4: Production period product options with REBA; score and associated demand.

Jobs 1 2 3 4 5 6
p, 4 4 6 8 6 10
REBA, 4 5 7 10 12 14
n, 1 1 1 1 1 1
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At the beginning of the scheduling period, a set jobs is released for scheduling with
knownREBA, scores. For the following heuristic, the first phase is to form a subset of jobs

with a single job from each of the available product families seleatedtfie unscheduled

jobs in setl. Thus, denoté!! as the first subset dfwhere forallk=1, ... , nf! = {j e :

REBA; YV jeJ¥}. The set of jobs to be scheduled is definedas™ U J? U ... U J.

The second phase is to select from the group of jobs in the stibte job to be dispatched
according to the priority indeld® that is a function of descendiREBA, job scores, i.e.,

M = REBA
For the jobs i, dispatch the jopto the schedule equal to the argument that maximizes
1 for j 34\ . For all remaining jobkin the setl to be allocated to subsets and
dispatched)™ =J*" U {j: REBA V i € J\J*U}. This heuristic may therefore be

summarized as follows.
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Algorithm 3.3.1 (Descending Change in Musculoskeletal Activity)

Step 1.
Sect from the set of jobs to be scheduled, a single job from each of the available
product families to form a subset as the first scheduling phase.

Step 2.
From the jobs selected for the subset in Sep 1, give priority to the job with the highest
REBA; score and dispatch this job to the schedul e sequence as the second scheduling
phase.

Step 3.
For the remaining jobs in the subset, give priority to the job with the highest REBA; score
and dispatch this job to the schedul e sequence.

Step 4.
If all remaining jobsin the subset have been scheduled, proceed to Step 5;
otherwise go to Step 3.

Step 5.
If all remaining jobsi € J have been dispatched, then STOP;

otherwise go to Step 1.

This dispatching rule is displayed as a Gantt ch&figanre 3.2 on the following page

with respect to the basic conditions provided able 3.4.
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15 Risk level: Very High
14 job g
o |
5 13
3 12 job
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@2 10 job, Risk level: High
T 9
5 8
% 7 job, Risk level: Medium
3 6
0
8 5 job,
— 4 job,
§ 3 Risk level: Low
2
1 Risk level: Negligible
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Figure 3.2: Gantt chart for sequencing by descending change in musculoskeletal activity
level.

This defined method of sequencing described is expected to provide the human
processor with a gradual change in musculoskeletal activity level besueeessively
dispatched jobs as indicated by the entire body REBA score. By allogdimthis fashion,
relief from high risk jobs, indicated by high REBA score, is provided through descending
muscle activity levels for subsequent processing of lower REBA scorisggdociated with
lower musculoskeletal risk. This dispatching rule also functions to mintmezmstances of
two high risk jobs being processed consecutively and provides greatepeeiels between
two exposures of high REBA scoring jobs. To better understand the behavior of this
dispatching rule, each of the production period demand distribution random samples,
provided inTable B.1 of APPENDI X B, for each of the product families defined in

Table 3.2 were hand-scheduled according to Algorithm 3.3.1.
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Appling this sequencing technique to the random sampl&aldé B.1 provided insight
into the priority index;™ allocating jobs within each subgrodffl. By sequencing jobs
according to descending REBA score, the dispatching rule is generally toafiddtively
distribute high REBA scoring jobs among lower REBA scoring jobs at the expésbs
with higher proportional demand not being fully dispatched until the distribution ohall ot
jobs is satisfied in the sequence. This method deployed in a production environment wil
likely be favorable to a production scheduler as the descending arrangénodstis also
aligned with the scheduling interest of level-loading for more uniform componzge asd

depletion.

3.4 Sequencing to Minimize Repetitive Musculoskeletal Activities

Recognizing that the scheduling function in practice is often a dynamidydtie
purpose of this section is to provide a dispatching rule as a compromise between the human
preservation interests of the ergonomist and the practical needs of the prodinetthriesc
while maintaining focus on musculoskeletal risk. As the schedule sequence tiféords
opportunity to limit repetitive instances of equal REBA scoring jobs, this sh#iebsole
interest of the dispatching rule in this section. Therefore, this sequenethgd is achieved
by seeking to limit the instances of consecutively scheduled jobs of eqBal &6re while
still offering scheduling flexibility. For the stakeholders involved, thipdiching rule is
expected to allocate jobs to avoid cumulative effects of high risk activitidsyllding so in
a less rigidly defined method. This should assist the scheduler in addressipiemulti

objectives or productivity related performance measures. The conditionssfdrsi@tching
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method are provided ihable 3.5 below followed by an algorithm to define a feasible

heuristic sequence.

Table 3.5: Production period product options with REBA; score and associated demand.

Jobs 1 2 3 4 5 6
p, 4 4 6 8 6 10
REBA; 4 5 7 10 12 14
n, 1 1 1 1 1 1

At the beginning of the scheduling period, a set jobs is released for scheduling with

knownREBA, scores. This heuristic may therefore be generally defined as follows.
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Algorithm 3.4.1 (Minimize Repetitive Musculoskeletal Activities)

Step 1.
Select asthefirst job j to be dispatched, the available job with the highest REBA; score;
otherwise, select any job | to be dispatched from the set J jobs.

Step 2.
Priority should then be given to the job i of those remaining in J with a REBAj score that
islessthan or greater than the previously dispatched job;
otherwise, select any of the jobs remaining to be given priority.

Step 3.

If all remaining jobsi € J have been dispatched, then STOP;

otherwise go to Step 2.

This dispatching rule is displayed as a Gantt chéfiganre 3.3 on the following page

with respect to the basic conditions provided able 3.5.
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Figure 3.3: Gantt chart for sequencing to minimize repetitive muscul oskeletal activities.

This generally defined method of sequencing may take many forms but sthesses
importance of avoiding the dispatching of two successive, identical jobs that veloerated
with high risk musculoskeletal activity will likely contribute to cumutatphysical exposure
and risks of musculoskeletal disorder. Similar to this, an alternative but rstiretinee
dispatching method may suggest the scheduler avoid dispatching two contiguafghebs
sameREBA risk level (0-5) rather than WEBA; score (1-15). Regardless of the job
arrangement resulting from this method, the scheduler should focus efforts at the
minimization of repetitive instances of equal muscle activity level jodseséquence. This
decision rule also functions to minimize the instances of two high risk jobs beicesped

consecutively while distributing median REBA score jobs earlier in the sequence
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When this sequencing technique is applied to the random demand distribution samples
of Table B.1 of APPENDI X B for each of the product families, performance is generally
found to effectively alternate high REBA score jobs with all other avaiRBBA score jobs
where the cost associated with this method is identified by the time iktieffectively
distribute all jobs in the production period to minimize cumulative musculoskeletal

exposures.

Finally, as dispatching rules and sequencing techniques afford mana@iern
methods for arranging jobs, there are likely many yet to be defined stsategilable for
evaluation. The purpose of this chapter was to identify, demonstrate and promote sgquencin
methods at a single workstation for jobs of potentially harmful physicaitgair postures
to provide the best expected preservation of the human processor exposed to thé physic
effects associated with the production schedule. Perspective for the cantrddunethods
presented in this chapter may be found in the consideration of contrasting and moredidvanc

production environments and is the subject of Chapter 4.
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CHAPTER 4. EXTENSIONSTO COMPLEX ENVIRONMENTS

The potential risk for humans to develop a work-related musculoskeletal disorder i
present in many arrangements of production environments and not limited to singleqorocess
production settings. As production environments become more complicated or require
additional human laborers, it is recognized that decision rules for dispatchitapbberjobs
may offer inconsistent relief as compared to the single processor setGhauter 3.
Therefore, conjecture as to the effect of applying the suggested dispatchsm rul
contrasting production settings will allow for discussion related to the pdtemtia
musculoskeletal relief. Though the suggested decision rules may not fully beadbdlimy
all instances in practice, portions of the defined method may still prove valsable a
contribution to larger efforts for reducing risk. Therefore, the followingas will provide
a discussion of the decision rules for dispatching available jobs, as presenteptar Ghia
light of the opportunity or restrictions associated with extending thelritgies to more

complex production environments.

4.1 Sequencing by Entire Body Ergonomic Assessment of Work
The opportunity for extension of REBA and job sequencing to complex production
environments will likely be largely influenced by product processing regeinés and the

associated change in musculoskeletal activity level across identifiddgtrfamilies and
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related to the levels of individual body segments. It must also be recodmatdhetre is an
unavoidable element of compromise associated with any method assessing husicah phy
activity during work. For direct measurement methods, only specific andditviey
segments are investigated. With an expanded scope, assessment methadsaeitiomal
body segments or the entire body but at the expense of reduced specificigsurensent.

As REBA was selected as the method to quantitatively represent human lpdgtsuttsy in

this research it is necessary to consider the compromise of this decision enplittegion
related to the stated long-term goal.

The decision rules &§3.2 -83.4 for dispatching available jobs are motivated by the
potential to afford recovery and/or limit the cumulatively degeneratieetsffor repetitive
activities. When two consecutively processed jobs provide a shift in musculoskeletal
activity, the muscle groups not in use during the subsequent activity are allatvaldopa
full recovery. Additionally, when no change in musculoskeletal activity iscdtbthe
associated risk for humans is prolonged exposure and cumulative musculoslséletal ri
Therefore, when these instances are repeated in the short-term and overqur@euiods in
the long-term requiring force and intensity for job processing, there is @btenti
degeneration of soft tissues due to cumulative effects from successive expttsumight
therefore be reasonable to expect the greatest relief availablsdmrancing techniques be
realized from the dispatching method88f2 and to a reduced extent as fewer dispatching
options are available to the scheduler. While portions of this problem have been defined in
previous research, the quantification of individual human physical exposure and
consequential internal effect has yet to be defined. Though it is not yet possjbbntify

the magnitude of relief from sequencing toward reducing musculoskeletal siskssion
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will therefore focus on dispatching rules based on the entire body and the expaisene
for individual body segments.

By considering the dynamic conditions of production environments and potential for
disorders in the workplace among other factors, it is the entire body activitg advork that
contributes to the manifestation of trauma within a specific body segrmethiis way, the
REBA assessment is appropriately aligned to assess preliminary aogsdhyi identifying
instances involving risk through body segment posture and activity intensitynaetey the
final REBA score. The accepted challenge addressed in thisatesess not only to identify
risk but also to reduce the potential for development of a disorder due to physicairexpos
high risk musculoskeletal activities. However, while REBA is a reputabtaaod for
identifying this risk, dispatching jobs by entire body score is only a papatsentation of
the successive physical exposures experienced at the individual body segsgient le

If the assumption is appropriate that considering the entire body activaggessment
and as the basis for job dispatching provides sufficient relief, the subsegpectia¢ion
would likely be that similar relief is afforded to the individual body segmentaglthie
production sequence. Therefore, an equally important consideration for job dispatching
decisions is the relief afforded to the body segments between scheduled job®ssthac
production period. To understand this interaction between entire body and body segment
activity for the dispatching rules of Chapter 3, it is necessary to compaiteatiges in
musculoskeletal level for these components as related to the respective sepsieatgies.

In the following three figures, the job sequence as presented in the basigietrat
Figure 3.1, 3.2, and3.3 of 83.2,83.3, and83.4 respectfully will be combined with added

elements to allow comparison between changes in entire body activity heMitlea
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corresponding change in activity level for each body segment. Thesesfegareonstructed
with six vertical bars to represent the REBA job score (verticap)axisere the width of
each bar represents processing time (horizontal axis) given for thewsorgiation
problem setting. The sequence of bars in each figure is determined by thévespec
dispatching rule 083.2- 83.4. Finally, each figure contains nine horizontal rows (vertical
axig) representing each of the body segments and condition values that contributientd the
REBA score for each product family. The REBA score tables with devigetese and
condition values for each job type may be referencétigares A.1 - A.6 of APPENDI X A.
The first of the three dispatching rule figureggure 4.1, is presented on the following
page and is consistent with the job sequendéaire 3.1 for the method defined i83.2 for
sequencing to maximize the change in musculoskeletal level between Jubseduence,

whenn =1 for all jobg is: js = j1—js—]J2— ja— 3.

www.manaraa.com



50

= 15
ONgy
Trunk \@//@\\@/®—@
3
Neck @\\@ @ 2 —0@ [ e
ONg PEON &
Legs \@/ \®//@\ <
: e i
w
c c
g @\ /@\ s
Upper Arms £
2 2
[3]
= Lower Arms @\ /@\ L =
()
2 - 5
= Wrist /@\
o)
= Load/Force @\\ //@\\\@ ) @
@ &/ L
N oo
. 2 2
Coupling || L
N 1 1
Activity Score
C—Haeotr®He ©! 0)
process time, p; | 10 | | 4 | 6 | | 4 | | 8 | | 6 | time
Jobs jobg job 4 jobg job, job 4 job 3
REBA; Score 14 4 12 5 10 7

Figure4.1: Dispatching rule of 83.2 with job processing times and change in body segment
and condition level s compared with the change in entire body muscul oskel etal activity
level.
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The sequence of jobs displayedrigur e 4.1 on the previous page demonstrates that
when the change in REBA score between two jobs is large, refgobgee job,, there are
comparable reductions observed for each of the body segment and condition level scores
However, this is not always true, reference the Necjofar— jobs. When the difference
between successive REBA job score narrows, refefjebge- jobs, there are fewer body
segment and condition levels that decrease. In general, for the majotitce$sive jobs in
the sequence, the body segment and condition levels follow the pattern of change for the
entire body levels.

The second figure in the group of dispatching rule figufagire 4.2, is presented on
the following page and is consistent with the job sequenEegafe 3.2 for the method
defined in83.3 for sequencing jobs by descending change in musculoskeletal activity level

between jobs. This sequence, when1 for all jobg iS: j¢ — js — j4 — j3 — |2 — |1
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Figure 4.2: Dispatching rule of 83.3 with job processing times and change in body segment
and condition level s compared with the change in entire body muscul oskel etal activity
level.
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The sequence of jobs displayedrigur e 4.2 on the previous page demonstrates that
when the successive change in REBA score between two jobs is slightly ¢esspsed
with Figure 4.1, there are fewer associated reductions observed for each of the body segment
and condition level scores. In two noteworthy instances, reference the Neck anddg oupl
for jobs — jobg, the reduction in entire body level is associated with increased level changes
for these elements. In general, for the majority of successive chamgé®dy segment and
condition levels follow the pattern of descending change for the entire bay.lev

The third dispatching rule figur&jgure 4.3, is presented on the following page and is
represents the job sequencd-gjure 3.3 for the method defined i88.4 for sequencing jobs
to minimize repetitive instances of musculoskeletal activity between jbhis sequence,

whenn = 1 for all jobg is:js — jzs — ja — j» — j5s — j1.
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Figure 4.3: Dispatching rule of 83.4 with job processing times and change in body segment
and condition level s compared with the change in entire body muscul oskel etal activity
level.
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The sequence of jobs displayedrigur e 4.3 on the previous page demonstrates again
that when the change in REBA score between two jobs is large, refgobgiee jobs, there
are comparable reductions observed for each of the body segment and condition levels
Unique toFigure 4.3 are the instances where entire body level increas¢sipr job, but
a potion of the segment or condition level scores remain unchanged within these two jobs.
This condition, while not consistent with the change for entire body activity igleoed
desirable due to consecutive equal levels of physical activity within a legdyesit during
an otherwise increased level for entire body physical activity. In gleaed consistent with
patterns ofigure 4.1 andFigure 4.2, during the majority of successive changes, the body

segment and condition levels follow the trend of change for the entire body levels.

Based on this comparison, the use of sequencing to manage cumulative elements of
musculoskeletal risk, similar to most administrative controls, is ¢éggeo afford the
greatest relief to the human when scheduling flexibility for availgtie is high. Thus, as
external customer demand changes to require processing of disproportibrgitejyantities
of jobs with REBA score greater than 10 relative to lower risk jobs, schedulirigjlftgx
will likely be reduced. Similarly, when resulting REBA scores faduoict families outside
of the problem setting in Chapter 3 identify only minor differences betweendeguyent
activities or when there are few identified product families at a given vatids, this is also
expected to reduce scheduling flexibility and potential contribution of dispatchihgase

Finally, it is worth mentioning that sequencing according to a REBA job scargyor
other measurement or assessment of human physical activity is an adtivaistmatrol at

best that may offer potential reductions for the musculoskeletal effecysicphy
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demanding work. This is indicated in the entire body and body segment comparisons of
Figures 4.1 - 4.3 displaying inconsistency in change within the sequencingjteshnilhe
contribution and associated value for ergonomic considerate job sequencingfieddient

the ability to limit the cumulative effects due to frequency of repetittigities for entire
body musculoskeletal activity but is available to a lesser extent when aangitthe
musculoskeletal activity of body segments as defined by the REBA ia&sdssA better
understanding of this relationship would likely be provided from subsequent detailed
measurements for body segments of interest. Such a desire must be consitierdaew
perspective of associated compromise with ergonomic assessments pro¥den e?.1

and the increased cost for direct measurement. It would therefore fall hedksdretion of

the engineer as to what compromises are made when applying the method af &hapte

4.2 Mixed Model Production and Batch Model Production

The function of mixed model production in the problem setting of Chapter 3 may
appropriately be described as a relaxation of many production systems ingpralkse of
this production model framework allowed for dedicated focus on the defined diggatchi
techniques in order to demonstrate the characteristics and behavior of a ribeel rather
than rigorously represent a complex production environment. While for the singlegmoce
there are instances of mixed model production found in practice where set-sijautiche
changeovers are negligible it is not believed that these are repteseat the majority of
production systems. Often necessitated due to multiple product variations produced withi

the same workstation are unavoidable set-up activities when changing betadaet pr
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options. This requirement will typically contribute to the need for producing products i
batches in order to distribute the non value added time of the changeover across multiple
products to reduce the effect of the disruption to production.

The use of batching for production systems in practice is a natural response léhat whi
receiving almost absent representative discussion in literature mayrizeih many
instances of practice. However, as related to sequencing and the neetrepkiitive
instances of high physical activity, the batch model production environment is a icdnstra
that is unavoidable in practice. For any of the random demand samples provided in
Table B.1 of Appendix B, if a set-up was required between processing changes in product
type, this condition would necessarily influence the processing of all likdogfbge
selecting the next product family batch of like jobs. Under this condition, and in geepin
with the problem setting of Chapter 3, the human exposed to job processing will iryevitabl
be exposed without relief to all jopsvithin the setl before being allowed to initiate
processing of the next product family.

The risk of developing a work-related musculoskeletal disorder is thereqoeeted to
be notably higher in a batch model production environment as compared to mixed model
settings. For the human processor, being unable to avoid known activities of higatadsoci
risk is a hazardous condition that would benefit from the assistance of ergonomic
intervention larger than an administrative control can provide, specificaltyediate
engineering control deployment. However, even with the identified severigssalolished
need, engineering controls may still be sluggish to provide sufficient ieliefextreme
conditions. The recommendation in this case, related to the contribution of sequencing i

therefore to sequence the set-up constrained groups of jobs according to tineHirdt
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dispatching rules defined B8.2 and83.4 for independent jobs. While it is not yet
understood as to the extent of relief afforded to such a condition, it is expected to be a
preferable alternative to the processing requirements from all high tkelaas would be

prescribed in the dispatching rule&#.3 or any other alternative arrangement.

4.3 Flow Lineswith Multiple Workstations

The use of humans as processors in production environments extends beyond the single
workstation setting in many cases. While many production configurationsemdgtitified
here, of interest to this thesis is the flow line with multiple workstationsriass To address
the possible variations, consideration will include connected and disconnectedhésw li
Additionally, these arrangements may be found in practice as paced or unpaced
configurations. When evaluation is directed at the physical human aatiaby of these
arrangements it is of less importance to consider the system strudturetir@ environment
as compared to the REBA score resulting from assessment of all humansifigshe
configuration requires human processors > 1) processing jobs within th&@lgelthallenge
related to sequencing jobs in these systems relative to ergonomicreesgesshuman
activity is of questionable benefit afforded as the number of humans at within thetgoduc
system of interest increases.

Therefore, the recommendation in this case is to follow through with REBAlgdori
all product families and for each human laborer within the system to evaluassdogated
changes in musculoskeletal activity experienced by each human foridsedevorkstations

during processing of product variations. From an optimistic view, there maydydiabto
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apply sequencing strategies to a production flow line and realize levelsbfoekll

humans through the production schedule. More likely, the reverse will be found ittlthat |
or no relief is provided to the humans in the system. It is important to note that as the
methods defined in Chapter 3 assesses the musculoskeletal activity éot corrditions

where there is likely no prior consideration given to human demand or capacity due to the
sequence of jobs, the risk associated with an alternative sequencing rhetlerdas a trial

for evaluation should introduce no greater detriment to the humans affectad s ed

with doing nothing.

Finally, the discussion provided in this chapter has recognized the challengdsn
practice and need for further understanding through application of the assdgptgdhing
methods defined in Chapter 3. Based on this discussion and provided for complex
environments, are opportunities to deploy partial or entire portions of the adatinest
control using an observational ergonomic assessment and or jobs sequencindadne.avai
This deployment in complex environments may still contribute to risk reductida whi
investigating alternatives as engineering controls. Even though thisiattative control
contributes assistance by managing risks, if only in part to larger prqbtenssy arguably
be credited as a more rigorous and flexible intervention strategy than manyoftheting
administrative controls available to date. Therefore, from the previous ref/extensions
to complex environments, the practicing engineer or ergonomist may resdigaimost
opportune conditions for dispatching methods to be deployed. While for more complicated

environments, applying suggested elements from the defined methods or asondtivat
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develop a conditional administrative control based on alternative assessnterdsveet

equally interesting opportunities provided by this thesis.
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CHAPTER 5. SUMMARY AND DISCUSSION

This thesis has identified a unique opportunity to introduce human characteristics into
the administrative activity of job sequencing in the production schedule for theioadafc
work-related musculoskeletal disorders. The novelty of defined dispatceithgads is
found in contribution of the production sequence to provide physical recovery and assist in
the musculoskeletal preservation of human laborers. While the long-tem goal bé#nsi$
supported by the proposed dispatching rules, validation is needed from empiricaltstudies
further demonstrate the contribution of sequencing in musculoskeletal risk redoction f
human processors.

As previously identified, the quantitative introduction of human characteristas i
scheduling problems is a challenge further complicated by attemptiuterthe risk
associated with labor-intensive job processing. As the first part in achibeémyerall
objective, REBA was selected as the ergonomic assessment method t@tneptit
represent the level of musculoskeletal activity for a human during job progéss
production setting. Subsequently, the REBA job scores were used as an influencesto def
alternative decision rules for dispatching available jobs to the production seqUdrece
expected result from applying any one of the suggested techniques from Chaptet s t
cumulative element of musculoskeletal risk associated with physicallgraeng activity

may be reduced. The method<8f2,83.3, andg83.4 established the opportunity for risk
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reduction and relief to be provided for the entire body through changes in musaikdskel
activity levels within the job sequence.

Though the production environments considered in Chapter 4 were associated with
expected challenges for implementation in practice, they also supportedithefbasonale
related to the need of dispatching methods provided in Chapter 3. The significance of the
entire body assessment using REBA was indicated through a compariserrbdtes
changes in entire body musculoskeletal activity level and the associategeshn
musculoskeletal activity level within individual body segments. The basis $or thi
comparison is motivated by the indiscriminate nature of work-related musdekaske
disorders that may develop in any body segment due to the unique individual internal
response to cumulative physical exposures. As the entire body physicalrexjoosork
influences the internal musculoskeletal response, it is recommended that tharethe
entire body during dynamic physical activity be considered for similasexjuent
evaluations. Directly related to this is importance for the inclusion in the &ealad entire
job processing durations. Without full consideration by assessment of job prgcessin
requirements for a given product family, proper insight cannot be achieediregthe
potential musculoskeletal effect within a job used for subsequent scheduling decisions

Sequencing strategies related to ergonomic assessments arguaijdstiie strongest
potential for becoming a new class of applied ergonomic administrativ@lsoniihe basis
for this statement is supported by the following conditions. The first is due toddetance
by scheduling models of any human characteristics of interest. Theiéfbeeproduction
setting of interest would benefit in understanding from an alternative ergoass@ssment,

the practitioner may choose any assessment that satisfies theifroeetisose available.
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The dispatching rules presented in Chapter 3 would subsequently perform in the same
fashion and change only by the assessment measures representitigities at interest.

The second is related to the still developing measurement of humans in productims.syste
Future methods will likely be found in “sophisticated evaluations of both the biomeahani
requirements of jobs and the mechanical work capacity of workers” (Chaéin 2006).

Were a more comprehensive ergonomic assessment method be developed, a schedule
performance measure could follow to quantify the magnitude of relief fktointributed

by the dispatching methods of this thesis.

Finally, as challenging scheduling conditions are still being encountereadtncprand
humans are expected to long be deployed as production resources, the directior of futur
research may find an interesting potential in this subject area. The cdgnpfescheduling
problems in practice would likely benefit from established algorithms and sntudativance
scheduling theory (Lee et al., 1997). In determining the health of schedulingsySteaves
(1981) promotes the “need to be able to diagnose and evaluate an operating production
scheduling system to determine whether the system is effective and wthetkgstem can
be improved.” While this statement still holds true, consideration should also be devoted in
higher proportion to the health of humans as related to their working capacity and the
associated cost of work-related musculoskeletal disorders. Some of tigeestrexamples
of research in this area are credited to Carnahan et al. (2000) for safe tjoin szhhedules,
Mathiassen (2006) investigating diversity and variation in biomechanical expbedree et
al. (2009) promoting the integration of scheduling theory and human factors, and Ludiree a
Geiger (2010) for identifying the potential for rate modifying activilrethe sequence of

jobs related to human fatigue.
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This thesis has accepted, recognized, and addressed the challerdjby fmogineers
and ergonomists in practice assigned with responsibility for improving workingticorsdi
for human laborers by contributing a method appropriately aligned with thpsEced needs.
There is still exciting potential to be investigated in the quantification ohuantivity
during work supported by accessible and easily deployed administrative ctumiatisning
to reduce the potential risk of developing work-related musculoskeletal disordigo®i-

intensive production systems.
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APPENDIX A. REBA Scoring Sheetsfor Product Families

Group A Group B Group A Group B
Trunk UpperArﬁ"rs Trunk UpperAr.'ﬁ"rs
"”"%..u,. R .'.’\"n.. :
Ngk - 2 1 « Il:owgz?fﬁs Nék - 2 1 « Il:owz},';F?hs
R T, R
1+1 + + L 1+1 + + L
Legs Wrist ™. Legs Wrist ™.
2 0) 2 1
Load/Force  Coupling Load/Force  Coupling
Score A 4 1 Score B Score A 4 2 Score B
\tlse Table V \:Jse Table y
Score C 3 Score C 4
+ +
Activi Activi
| 41 |+

4 5

REBA Score REBA Score
Figure A.1l: Detailed REBA assessment Figure A.2: Detailed REBA assessment
scoring sheet for the first product scoring sheet for the second product
family, f; family, f,
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Group A Group B Group A

Group B
3 L.”Z' R 3 12‘ R
Trunk UpperArﬁ"rs Trunk UpperAfﬁ’rs
R o, R
Ngk - 4 1 « Il:owgz?fﬁs 2Neck1 - 6 2 « Il:owe]r:?fhs
R R
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\tlse Table V \l‘Jse Table y
Score C 6 Score C 9
+ +
S | +1 “eore | +1
I 10
REBA Score REBA Score
Figure A.3: Detailed REBA assessment Figure A.4: Detailed REBA assessment
scoring sheet for the third product scoring sheet for the fourth product
family, f3 family, f4
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Group A Group B Group A Group B
3 L3 R 3+1 L3 R
Trunk Upper Arrits, Trunk Upper Arrirs,
e, R R
Ngk - 6 5 - towe%?ﬁ’rs 2N ec kl - 8 5 « towzg'-{?ﬁ?s
— R R

2+2 + + C2. 2+2 + + CR
Legs Wrist " Legs Wrist "

2+1 | 1 2+1 | 3
Load/Force  Coupling Load/Force  Coupling

Score A Score B Score A ScoreB
9 6 11 8

\:Jse Table y \l‘Jse Table V
scorec [ 10 scoreCc | 12
¥ n

seore [+1+1 s [+1+1

12 14

REBA Score REBA Score
Figure A.5: Detailed REBA assessment Figure A.6: Detailed REBA assessment
scoring sheet for the fifth product scoring sheet for the sixth product
family, fs family, fs
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APPENDIX B. Random Samplesfrom Product Family Demand Distributions

Table B.1: Random demand samples from product family distribution of Table 3.1

number of jobs, nj, per product family, f;
ni ns; ns Ny Ns Ne
1] 1 8 6 4 14 2
2| 6 10 20 9 12 11
3| 10 8 12 3 2 7
4| 16 5 12 6 4 5
5| s 5 10 5 7 7
6 | 22 6 18 4 5 5
é 7| 16 1 20 5 7 9
E 8| 7 10 11 16 1 3
P 9| 17 11 15 10 2 2
§ 10 | 12 5 8 7 11 7
§ 11| 18 5 14 8 11 5
- 12| 20 7 14 13 12 6
';— 13 | 14 12 17 4 10 4
2 14| 10 10 1 4 5 9
2 15 | 12 8 15 11 7 4
A 16 | 12 1 10 6 5
T 17| 4 5 5 7 7 12
é 18 | 13 8 4
é 19| 9 5 16 5 8
2 20| 20 13 11 10 9 10
2 21| 14 8 11 11 8 6
§ 2| 7 9 22 4 6
5 2 10 10 1 6 2
£ 24| 18 5 18 16 10 2
25 | 24 8 7 7 6
26 | 17 8 7 17 8
27 | 10 12 3 11 11 6
28 | 14 6 9 3 5 11
29 | 11 8 10 5 11 8
30 | 27 9 17 1 6 4
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