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ABSTRACT

Physical fatigue in occupational activities leads to pp&&musculoskeletal disorder (MSD) risks,
and it has received great attention to model the fatigue deroto prevent potential risks in er-
gonomics. Meanwhile, virtual human techniques have beed adot in industrial design in order
to consider human factors and ergonomics as early as peskibivever, fatigueféect is considered
suficiently neither in conventional ergonomics tools nor inwa human simulation tools. In this
thesis, we are focusing on the modeling of muscle fatiguerandvery processes in manual han-
dling operations, its potential applications, and thegragon of fatigue &ect into human operation
evaluation and human simulation tools.

At first, a simplified muscle fatigue model is proposed basedmmtor-unit pattern in muscle
physiology to predict the reduction of physical strengtimanual handling operations. Theoretical
approach and experimental approach are used to validatatitpee model. In theoretical way, com-
parisons have been made between the proposed model aridgristximum endurance models in
static cases and other muscle fatigue models in dynamis c&sem theoretical analysis, fatigue re-
sistance for a specific muscle group of a certain populatonbe determined by regression method.
Secondly, in experimental method, a total of 40 subjectsezhout the simulated drilling operation
under posture constraints. Along the working process, ithelated job static strengths were mea-
sured as an index of the physical fatigue, and the posturaectipper limb was also captured in
the operation. It has been found that the fatigue of most efsthbjects followed the exponential
function predicted by the fatigue model. At last, the fatignodel is integrated into our new virtual
human simulation framework for evaluating industrial @gigms and predicting human posture in
multi-objective optimization method.

The fatigue and recovery model proposed in this thesis iBiLg® evaluating physical fatigue
in manual handling operations, analyzing human postueatitying the human fatigue and recovery

properties, and optimizing the design of manual handlingratons.



REsUME

La fatigue physique dans les activités professionneleslait & des risques éventuels de trou-
bles musculo-squelettiques (TMS). Les recherches en engi@ont pour objectif la prévention des
risques potentiels. Ainsi, la simulation de mannequinsieis a été beaucoup utilisée dans I'industrie,
afin d’examiner les facteurs humains et I'ergonomiquesqiiespossible. Cependant,ffet de la fa-
tigue n’est pas encore fisamment considéré ni dans les analyses ergonomiquesradamnnelles, ni
dans les outils de simulation. Dans cette these, nous mmegntrons sur la modeélisation de la fatigue
et la récupération musculaire dans les opérations deuteation, et ses applications potentielles, et
l'intégration de sesféets dans les évaluations des opérations et des outilsmgagion.

Dans un premier temps, un modele simplifié de la fatiguecwlage est proposé sur la base
de parametres physiologiques pour prédire la reduct®ta force physique dans les opérations de
manutention. Une approche théorique et une approcheimgr@ale ont été utilisées pour valider ce
modele. Dans la premiere approche, des comparaisoreséfaites entre notre modele et les modeles
d’endurance pour des cas statiques et des cas dynamiquéanalgse théorique, la résistance a la
fatigue pour un groupe de muscles d’'une certaine populatqgoeut étre déterminée par la méthode
de régression. Dans la deuxieme approche, 40 ouvriersfi@utué la simulation d’opérations de
percage sous contraintes posturales. Outre le processtmdil, les forces exercées par les ouvriers
dans la simulation des percages ont été mesurées comiméice de la fatigue physique, et la posture
des membres supérieurs a egalement été mesuréeaguiicsysteme de capture de mouvements. |l
a été constaté que la fatigue de la plupart des sujetsvaladonction exponentielle prédite par le
modele de la fatigue. Enfin, le modele de fatigue est imel@té dans notre logiciel de simulation de
mannequin pour évaluer des opérations de manutentiairetde la prédiction de postures de travail
avec une méthode d’optimisation multi-objectifs.

Les modeles de fatigue et de récupération proposés @stesthese sont utiles pour évaluer la
fatigue physique lors d’'opérations de manutention, poaheer la posture de travail, pour identifier

les propriétés de fatigue musculaire, et pour optima@ianification des opérations de manutention.
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General introduction

Contents
Purpose . . . . . e 1
Projectdescription . . . . . . . . . . . e e e 2
Thesisstructure . . . . . . . . . ..o e e e 2
Purpose

Although automation techniques have been used greatly gemomanufacturing technologies,
human manual handling operations are still required thaokbe dexterity and the flexibility of
human beings, especially in assembly and maintenancetagpera During those manual handling
operation, there are lots of ergonomic issues concernim@pplerators. The sustained incorrect pos-
ture, heavy external load, and some other factors mightrgem@otential physical exposure risks
to human body. Fatigue caused by the physical load is oneeafitportant reasons responsible for

musculoskeletal disorders (MSDs).

Increasing global industrial competition and rapidly ojiay customer demands have resulted
in great changes in production methods and the configurafiomanufacturing systems. Under this
background, computer aided ergonomics has been develapedie 80s of last century to accelerate
the design process with consideration of ergonomics. Imipus studies, conventional ergonomic
tools have been integrated into digital human modelingstéolenhance the evaluatioffieiency.
However, physical fatigue is not yet considered and modetedigh in those commercialized tools.
Therefore, how to model the physical fatigue and integtateée computer aided ergonomics (CAE)

to prevent MSD risks is the main aim of our research.

1



2 General introduction

Project description

The content of this thesis is based on the Project EADS wladinancially supported by the
European Aeronautic Defence & Security Company (EADS, éeaand Région des Pays de la Loire
(France). This is a project under the collaboration betwigemle Centrale de Nantes (France) and
Tsinghua University (PR China).

The evaluation of the human work is the main concern of theresgics. The overall purpose
of the project is to analyze human tasks globally taking ant@f ergonomics, especially fatigue
(Stress, Workload, and Fatigue) aspects of the human irotttext of aircraft industry. In the context
of the development of new product, it is necessary to anagzearly as possible the human tasks in
order to be able to realize the needed modifications.

Typical manual handling operations in aircraft assembdksaare set for evaluating thefidirent
work aspects. The physical fatigue should be evaluated esdigbed in concrete cases using digital
human modeling techniques; the evaluated result shouldmsstent to the result from experiments

under simulated working conditions.

Thesis structure

This thesis is mainly focusing on the evaluation of physfaigue and its application in CAE.
Firstly, the state of the art (Chapt&y for fatigue evaluation in CAE is presented in literature re
view with the analysis of problematic. Secondly, the fraradnof the overall human evaluation is
presented and discussed in Chagtéased on the conclusion from the literature review. Thijrdly
simplified physical fatigue model is developed and validateChapter3 and Chapter. The ap-
plication case of the fatigue model is demonstrated by amalya concrete EADS drilling task in
Chapters. Furthermore, a new recovery model is proposed and appliedADS case to determine
work-rest allowance in Chaptér At last, conclusions and perspectives for the overallaedework
are presented.
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1.1  Musculoskeletal disorders

1.1.1 Definition of MSD

Although automation techniques have been employed widetdustry, there are still many man-
ual operations, especially in assembly and maintenansal@mnks to the dexterity and the flexibility
of human beingKorsman et a]2002. Among these manual handling operations, there are antasi
ally physical operations with high strength demands. Migskeletal disorder (MSD) is one of the

major health problems for the workers involved in those apens.

Definition 1 Musculoskeletal disorders
Injuries and disorders to muscles, nerves, tendons, ligengints, cartilage and spinal discs and it

does not include injuries resulting from slips, trips, $adk similar accidents\{aier and Ross-Mota
2000

From the report of Health, Safety and Executive in IHSE, 2005 and the report of Washington
State Department of Labor and IndustriésHARPE, 2009, over 50% of workers in industry have
sufered from MSDs. In European Union, It was estimated that 40oms$ workers séfered from
MSDs and the finanical loss caused by MSDs was about betw2&t6.5% GDP by some estimation
(Buckle et al, 1999. Only in France, The MSD makes up the vast proposition ofoiteipational

3
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diseases (OD) and the statistics reported that the MSD d&deabout 70% of total occupational
diseasesHuropGip 2006 from 2001 to 2005.

There are numerous “risk factors” associated with the wetated MSDs, including physical
work load factors (e.g., force, posture, movement, andawidn) Burdorf, 1992, psychosocial fac-
tors Bongers et a).1993, and individual factorsArmstrong et al.1993. The level of exposure to
physical workload can be normally assessed with respeaténsity (or magnitude), repetitiveness,
and duration.

It is believed that physical fatigue resulting from the phbgswork is one of the risk factors
for MSDs. According to the statement @ccupational Biomechanics (Chafin et al, 1999 p. 48),
“Since muscle fatigue reduces muscle power, induces dizband pain, and in the long term, is
believed to contribute to Cumulative Trauma Disorders (G)[0t is important to quantify fatigue
and to determine the limits of acceptable muscle loadsd, the similar statement iArmstrong
et al.(1993, “physical work requirements and individual factors detme muscle force and length
characteristics as a function of time, which in turn detesimuscle energy requirements. Muscle
energy requirements in turn can lead to fatigue, which tlamlead to muscle disorders.”. Buckle
and Devereu}2002), cumulative reduction of capacity was also discussed asbpathomechanisms
of work-related neck and upper limb MSDs. Overexertion osote force or frequent high muscle
load is the main reason for muscle fatigue, and furthermbresults in acute muscle fatigue, pain
in muscles and severe functional disability in muscles ahéraissues of the human body. Hence,
it is necessary for ergonomists to find affi@ent method to assess the extent of various physical

exposures on muscles and to predict muscle fatigue in thke eesign stage.

1.1.2 Conventional methods to prevent MSD

In order to assess physical risks to MSDs, several ergorsotoms have been developed and
most of them were listed, classified and comparediiand Buckle(1999. These methods can be

categorized into observation methods and direct methods.

Observational methods

Observational methods (see Tallé&) for posture analysis, such as Posturegram, Ovako Working
Posture Analyzing System (OWAS, Fit).1), Posture Targeting and Quick Exposure Check for work-
related musculoskeletal risks (QEC), were developed falyaimg whole body postures. In all these
four methods, posture is taken as one of the most importatdriato assess the physical exposure.
In the first three methods mentioned, body posture is categgbimto diferent types with dferent

risk levels according to the recorded position. Thi#edlences between these methods are the rules to
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classify the body positions. In the QEC method, postureftédint body parts is scaled intdi@dirent
exposure levels. In combination with posture, other phaldiactors such as force, repetition and

duration of movement, are also taken into consideratiorssess physical work load in OWAS and

QEC methods.
111100

1. Suraight 2. Bemt 3. Straight & Twisted 4. Bent & Twisted
s o ® An Exampie

BACK

UPPER LIMBS

+ %
L. Both limbs on or 2, Ome timb gn or 5 Both limos
below shoulder level | above shoulder level | aboveshoulder level
[ ]
Back: bent (2}
” Upper limbs: both
@ below shoulder level (1}
£ | 1. Loadingonboth | 2 Loading on one 3. Loading on both | Lower limis: loading
; limbs siraight limb siraight limbs bent bn one lim. kneshing {51
=]
x
=

puy

4. Loading on one |5. Loading on one limb 6. Body is moved by the| 7. Both limbs hanging
lirmb bent kneeling limbs free

Figure 1.1: OWAS evaluation chart, adapted framatizwa(1996

In spite of these general posture analysis tools, someaeois are designed for specific parts
of the human body. For example, Rapid Upper Limb Assessni@ditd, Fig. 1.2) is designed for
assessing the severity of postural loading for the uppeeexty. This method has the same concept
as OWAS, but particularly suited for sedentary jobls Atamney and Corleftl993. It uses a ranking
system to rate dierent postures, fflerent movements and repetitidaration of the task. The similar
systems include HAMA (Hand-Arm-Movement Analysis) and BEL (method for the identification
of musculoskeletal stress factors that may have injuridieces) Gtanton et a).2004 ch. 3). “In
general, these observational methods are mainly posagedb They are relatively inexpensive to
carry out, and the assessments can be made without distuptithe workforce” (i and Bucklg
1999.

Similar to these methods for posture analysis, there is ooleavvailable for fatigue analysis and
that is muscle fatigue analysis (MFA, Fid.3) (Rodgers2004). This technique was developed by
Rodgers and Williams to characterize the discomfort dbedrby workers on automobile assembly
lines and fabrication task®0dgers 1987). In this method, each body part is scaled into foftiow

levels according to its working position, and meanwhile theation of the &ort and frequency
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Table 1.1: Pen-paper-based observational techniques for assedspsicg strain at work (adapted froki
and Buckle(1999)

Techniques Basic features and field of applications

Posturegram Body postures are categorized and recordémidgampling on to cards as digital
numbers. Whole body posture evaluation for static tasks.

OWAS Categorized body postures in digital numbers, inclgdorce; time sampling, has

action categories. Whole body posture analysis.

Posture Targeting Postures are marked as angles and aliietbigether with work activities by time

QEC

RULA

HAMA

PLIBEL

REBA

sampling. Whole body posture recording for static tasks.

Estimate exposure levels for body postures, repetitionovement, forcdoad and
task duration for dterent body regions, with a hypothesized score table for thei
interactions. Assessing the change in exposure for bdiile stad dynamic tasks.
Categorized body posture as coded numbers,includimgefand muscle activi-
ties;time sampling, with action categories. Upper limkeasment.

Record the types of motion, grasps, hand position aatlies of load handled; the
data is linked to work activities. Upper limb assessment.

Checklist with questions answered foffdrent body regions. Identification of risk
factors

Score the body postures, estimate the load, with atdiegls. Risk assessment of

the entire body for non sedentary tasks.

RULA Employee Assessment Worksheet

Complete this worksheet following the step-by-step procedure below. Keep a copy in the employee’s personnel folder for future reference.

A. Arm & Wrist Analysis SCORES B. Neck, Trunk & LapgsAFalys\s

s Step 9: Locate Neok Position
o 1: Locate Upper Arm Position Table A i v 2 e

Step3a: Adjust...
ing 1

o Stpid Lo

/ﬁ

Table B

N s P

Subject: —
Company: — Department:

FINAL SCORE: for2= Jordi i

vestigate and change immediately
dor, Appled Evgonomic. 2402 51.99

Figure 1.2: RULA work assessment workshe@&l¢Atamney and Corlettl 993
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(frequency of alternating task and recovery) are both gaal® four efort levels. The combination
of the three factors’ levels can determine “priority to chahscore. The task with a high priority
score needs to be analyzed and redesigned to reduce the BK&OGtanton et a.2004 ch. 12).

Rodgers Muscle Fatigue Analysis by Task

Task ‘
Effort Level Scores Priority
(If the effort cannot be exerted by most people,
enter 4 for Effort and VH for Priority)
Region Light -- 1 Moderate -- 2 Heavy --3 Effort Dur Freq
Head turmed Headumedto [ Samess
partly to side, side; head fully foderate but
Neck back or slightly | back; head forward | With foree or
forward about 20° weight; head
stretched forward
“Arms slightly Right
away from sides; | )
rms away from
arms extended : ) .
Shoulders body, no support; a
with some 4 . Left
it s working overhead | from body or
suppo overhead
Bending forward; | Lifting or
Leaning to side or | no load; lifting exerting force
Back bending arching | moderately heavy | while twisting;
back loads near body: | high force or load
working overhead | while bending
o High forces Right
Arms away from L
Arms / body, no load:; Rotating arms exerted with
iohy forecs lifting | While exerting rotation; lifting
Elbow | light forees ifng | 1gere force | with s Left
Y extended
Light forces or Grips with wide or Right
. weights narrow span; T
Wrists /| handled close to | moderate risk Pinch erips:
Hands / body; straight angles, especially s
. riste: - use of angles; slippery [ Left
Fingers wrists; flexion; use of surfaces
comfortable gloves with
power grips moderate forces
o Bending forward, [ Loy Right
Standing, walking | learning on table; foree while
Legs / without bending | weight on one X
N Y ¢ pulling or lifting;
Knees or leaning; weight | side; pivoting P Left
crouching while
on both feet while exerting exerting force
force &
Bending forward, o Right
Ankles / | Standing, walking | leaning on table; E;i:'\‘:’;‘i}]‘fh
Feet / without bending weight on one ulling or lifting:
€ or leaning; weight | side; pivoting D e [Ter
Toes on both feet while exerting :X“C‘:‘“m“ P
force =
Continuous Effort <6s 6-20s 20-30s >30s
Duration 1 2 3 4 (Enter VH for Priority)
Effort Frequenc <1/min 1-5/min >5-15/min > 15/ min
d Y 1 2 3 4 (Enter VH for Priority)

Figure 1.3: Diagram of Rodgers’ muscle fatigue analysis, adapted fRartigerg2004)

After listing these available methods, physical exposaf$8D can be evaluated with respect to
intensity (or magnitude), repetitiveness, and duratiorafid Buckle 1999 Westgaard and Winkgl

19969. While these methods can be used to assess physical jebs ate still several limitations.

e Evenjustfor alifting job, the evaluation results of five l@National Institute for Occupational
Safety and Health (NIOSH) lifting index, American Confecerof Industrial Hygienists - The
Threshold Limit Values (ACGIH TLV), 3D Static Strength Pretion Program (3DSSPP), WA
L&l, Snook lifting assessment instruments) for the samé& tasre diferent, and sometimes
even contradictoryRussell et al.2007). That is because the evaluation techniques lack preci-
sion and their reliability of the system is a problem for assgg the physical exposures due to
their intermittent recording procedurdsufdorf, 1992).

e Secondly, most of the traditional methods have to be camgdn site, therefore, there is no

immediate result from the observation. It is also time comsig for later analysis. Further-
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more, subjective variability can influence the evaluatiesutts when using the same observa-
tion methods for the same tagkimkull et al, 2007).

e Thirdly, it is time consuming to carry out these observationethods in work place, especially
for the pen-paper based method#&og after data collection is required to analyze the obthine

data. Furthermore, it is not applicable during the desigihefwvorkspace.

e The last limitation is that only intermittent posture pasits and limited working conditions are
considered in these methods, which means that they ar®lguitat analyzing a static working

process and they are not less suitable to estimate theetedMBD risks.

Self-reported methods

Besides these objective posture analysis tools, thereeaezad self-report methods to assess the
physical load or body discomfort, such as “body mapbd(lett and Bishopl976), rating scalesiorg,
1998, questionnaires or interviews\ktorin et al, 1993, and checklistsGorlett, 1995. These tools
are also important because ergonomists need to concetiteatselves on the feeling of the workers.
Several authors even insist that “If the person tells yotiibas loaded andffortful, then he is loaded

and dfortful whatever the behavioral and performances measuagssirow” (i and Bucklg 1999.

For muscle fatigue, Ratings of Perceived Exertion (RPE)@wddish Occupational Fatigue In-
ventory (SOFI) based on PRE were developed to rate the watkiopractice Borg, 1998 Ahsberg
etal, 1997 Ahsberg and Gamberal£999. SOFI consists of five aspects: lack of motivation, sleepi-
ness, physical discomfort, lack of energy, and physicattexe and it is used to measure fatigue as
a perception of either mental or physical characférsperg and Gamberal2999. The concept of
perceived exertion and the associated methods for megdatigue is: “the human sensory system
can function as anficient instrument to evaluate the work load by integratingiyngeripheral and
central signals of strain'Horg, 2004).

These subjective assessments of body strain and disconafegtbeen the most frequently used
form due to the ease of use and apparent face validity. Hawsubjective ratings are vulnerable to
many influences. This kind of approach has lower validigyrdorf and Laan1991) and reliability
(Wiktorin et al, 1993.
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Definition 2 Definition of Ergonomicsi(iternational Ergonomics Associatiaz000
Ergonomic research is performed by those who study humaabdéjes in relationship to their work

demands. Information derived from these studies contta the design and evaluation of tasks,
jobs, products, environments and systems in order to made tompatible with the needs, abilities

and limitations of people.

1.2 Computer-aided ergonomics

1.2.1 Development of Computer-Aided Ergonomics

Ergonomics oriented manual operation design and analysise of the key methods to improve
manual work éiciency, safety, comfort, as well as job satisfaction. Asdésed in the previous sec-
tion, conventional ergonomics methods are time-consupang they are not precise enough due to
their intermittent principle while obtaining the originddta. Therefore, Computer Aided Ergonomics
(Karwowski et al, 1990 has been developed to make an appropriate design for mgperations and
to solve the problem which has been encountered by sevegiahiaations in a variety of industries:
the human element is not being considered early or thorgugidugh in the life cycle of products,
from design to recycling.

With the development of powerful computation capabilitycofnputer, CAE @ers new possibil-
ities to integrate conventional ergonomic knowledge anetlbp new methods into the work design
process. Oierent approaches have been adopted to enhance the speecajahomic evaluation.
As mentioned irKarwowski et al.(1990), ergonomics expert systems, ergonomic oriented informa-
tion systems, computer models of human, etc. have been mateenomputer supported ergonomic
design. Using realistic virtual human in computer simalatis one key method to take account of
the early consideration of ergonomics issues in the desidrreduce the design cycle time and cost
(Badler, 1997 Hou et al, 20079).

1.2.2 Virtual human simulation

In order to evaluate human work conditions objectively anetkjy, virtual human techniques
(digital human modeling) have been developed to facilitheeergonomic evaluation, such as Jack
(Badler et al. 1993, ErgoMan Gchaub et a].1997), 3DSSPP Chéftin, 1969, and Santos\(SR Re-
search Group2004 Vignes 2004, AnyBody([Damsgaard et gl2006), etc.

The main functions of virtual human simulation tools aretposanalysis and posture prediction.

Posture analysis techniques have been used in fields of atit@ymilitary, and aerospace. These

human modeling tools rely mainly on visualization to pravidformation about body posture, reach-
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ability and field of view Lamkull et al, 2007). These tools are capable of determining the workspace
of virtual human Yang et al, 2008, assessing the visibility and accessibility of an operatChed-
mail et al, 2003, evaluating posture$(bb et al, 2006, etc.

Conventional motion time methods (MTM) can be integrated irirtual human simulation sys-
tems to assess the workieiency (Hou et al, 2007). The dfort of combining these virtual human
tools with existing posture analysis methods has also beaa.dnJayaram et a(2006, a method
to link virtual environment (Jack) and a quantitative ergoic analysis tool (RULA) in real time
for occupational ergonomics studies was presented, arukiosvledged that ergonomic evaluation
could be carried out in real time using their prototype syste

From the physical aspect, the moment load at each joint, @RSSPP) and even the force of
each individual muscle (e.g., AnyBody, force determinatroPontonnier and Dumoi2008) can be
determined, and the posture is predictable for reach dpagafrang et al, 20061 based on inverse
kinematics and optimization methods. Overall, the humatonacan be simulated and analyzed
based on the workspace information, virtual human streingpihmation, and other aspects. However,
there are still several limitations in the existing virttralman simulation tools. The detailed analysis

of the existing available tools are given in the followingsdeption.

3DSSPP

3DSSPP (3D Static Strength Prediction Programme, seell)is a tool developed in Univer-

sity of Michigan Chéfin et al, 1999. Originally, this tool was developed to predict populatgiatic
strengths and low back forces resulting from common mamatiens in industry. The biomechan-
ical models in 3DSSPP are meant to evaluate very slow oc&a#irtions Chatin, 1997). It predicts
static strength requirements for tasks such as lifts, peggaushes, and pulls. The output report in-
cludes the percentiles of men and women who have the strémg#rform the described job, spinal
compression forces, and data comparisons to NIOSH guetelifhe posture can be predicted based
on empirical motion tracking data in combination with irsekinematics4hang and Chi@n, 2000).
However, they do not allow dynamic exertions to be simulated! in addition there is no fatigue

model integrated into this tool for fatigue evaluation amnedction.

JACK

Jack (see Fig.l.5) (Badler et al, 1993 p. 268) is a human modeling and simulation software
solution that helps organizations in various industriegrione the ergonomics of product designs and
refine workplace tasks. With Jack, users are able to assigtuahhuman in a task and analyze the

posture and other performance of the task using existinguposnalysis tools, like OWSA and so
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Figure 1.4: Main frame of 3DSSPP

on. PTMs (Predetermined Time Measurement Systems) arendégpated to estimate the standard
working time for a specified task. The motion of the virtuahdan can be driven by scripts based on
inverse kinematics and strength guided motiBadler et al. 1993. In this virtual human tool, the
fatigue term is considered in motion planning to avoid a ph#t has a high torque value that must
be maintained over a prolonged period of time. However, ¢édection of the physical capacity is not

modeled in this tool, although the work-rest schedule caddbermined using its extension package

Figure 1.5: Graphical example of Jack

Santos™

Within VSR (Virtual Soldier Research) in the Center for Cartgy Aided Design at the University
of lowa, another virtual human, Sant#s(see Fig.1.6), has been developed originally for military ap-
plications. In this research, the posture prediction ietdas MOO (multiple-objective optimization)
with three objective terms of human performance measurgsngal energy, joint displacement and
joint discomfort {Yang et al, 2004). In Santo$M, fatigue is modeled using the physiological muscle
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fatigue model in a series of publicatiorisi(g et al, 2000g 2002, 20033 (details will be discussed
in sectionl.3). Due to the physiological mechanism of this muscle fatigioglel, it requires dozens
of variables to construct the mathematical model for a simgliscle. Meanwhile, the parameters for
this muscle fatigue model are only available for quadricepiserefore, this model is too complex
to be integrated into ergonomics application since it nexpuiots of computationalfért for model
identification. In addition, in the posture prediction nmedhof this virtual human tool, the fatigue
effect is not integrated.

Figure 1.6: Graphical example of Santt$

AnyBody

AnyBody (see Figl.7) is a system capable of analyzing the musculoskeletalsystéumans or
other creatures as rigid-body systems. A modeling interfadesigned for the muscle configuration,
and optimisation method is used in the package to resolventiexle recruitment problem in the
inverse dynamics approachdmsgaard et gl2006. In this system, the recruitment strategy is stated
in terms of normalized muscle forces. "However, the scfensiearch for the muscle recruitment
criterion is still ongoing, and it may never be establish@damsgaard et gl200§. Furthermore, in
the optimization criterion, the capacities of the musckédstal system are assumed as constants, and

no limitations from the fatigue are taken into account.

The comparison of the previous virtual human tools is givehablel.2.
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Figure 1.7: Graphical example of AnyBody

Table 1.2: Comparison of available virtual human simulation tools

3DSSPP AnyBody Jack Sarith

Posture Analysis v v v v
Joint dfort analysis v v v v
Muscle force analysis v

Posture prediction v v v v
Empirical data based v

Optimization method based v v v v
Single objective optimization v v v
Multi-objective optimization v
Joint discomfort guided v v

Fatigue éect in optimization v v
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1.3 Muscle fatigue models

As discussed in sectidn 1, MSD might result from physical fatigue caused by the reéetman-

ual operations. Therefore, itis necessary to develop apiate models to reproduce the performance
of muscle skeleton system to predict physical fatigue.

Furthermore, it has been stated in sectidtthat physical fatigue evaluation has not yet been well
considered in the literature. Here, the basic conceptibostaatigue and the existing models in the
literature are given and discussed.

In the literature, the fatigue is defined as below.

Definition 3 Muscle fatigue
Any exercise-induced reduction in the capacity to gendoate or power outputygllestad 1997

The general process of physical fatigue is illustrated o Ei8. Assume in a static posture, the
load of the joint is constarlig. At the very beginning of the operation, the joint has the imaxn
strength .. Along time, the joint strengthen(t) at each time instantdecreases from the maximum
strength. The Maximum Endurance Time (MET) is the duratiomfthe start to the time instant at
which the strength decreases to the torque demand restribimgexternal load. Once the external

load is over the current force capacity, potential physitskis might occur in the tissues of human
body.

A Fmax
? 1—c‘em(t)
Q
<
% and(t)
@)
~ :\_
a .
S~ Endurance Time
@) >
g
n |
| Time
1

Safe Potential risks

Figure 1.8: Physical fatigue process under a constant external load
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1.3.1 Muscle fatigue mechanism and measurement

Muscle is made of muscle fibers. Production of force and mavens realized by contraction of
muscle fibers driven by central nervous system command. @kie bunctional unit of muscle is the
motor unit which consists of a motoneuron and the muscleditiet it innervates. Motoneurons are
the major &erent neurons that supply muscle fibers with control commsémin the central nervous
system (CNS).

A sequence of events in Fid.9results in voluntary force and each of these events is a paken
limiting factor for force {/gllestad 1997). A command signal which is initiated voluntarily is sent
by CNS to the muscle. For voluntary contraction, the stirmuduransmitted from the brain through
the descending pathways to the motoneurons and the fibeérhéyacontrol in form of an electrical
impulse. If the command exceeds a threshold, chemicalioafielease of C4 and binding of
ca*) will take place in muscle and it will trigger action poteaii of motor units. All the related

information in these events can be used to measure the fatpatand indicate the fatigue directly

or indirectly.

( CNS processes = \
O # -
E < Excitation of motoneurones 2
¢ | |8
g
S
\  Excitation of muscle fibres S
' N
S S
P
U“: Release of Ca* into cytosol and g 8
~ binding of Ca®" to troponin o
# ~ S

Crossbridge turnover ATP ) }

utilization and regeneration

v

Force or power output

Figure 1.9: Schematic illustration of muscle fatigue mechanism adhfstam Vgllestad(1997)

As stated invVgllestad(1997), muscle fatigue can be measured in direct assessment asablyo
measuring the reduction of tetanic force, low frequenagteg (LFF),the maximal voluntary contrac-
tion (MVC) or power output, which are the final output of thesule force generation. Electromyog-
raphy (EMG), endurance time, and twitch interpolation @h be used to test the fatigue indirectly.
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Based on these measurements under maximal or sub maximeddoons, diferent fatigue models

can be established.

1.3.2 Muscle fatigue model

For objectively predicting muscle fatigue, several musatgue models and fatigue indices have
been proposed in the literature. In general, one or sevaraktare created to represent the reduction

process of the muscle or joint in the existing models.

Wexler's model - Ca?* cross bridge mechanism

In a series of publications/Nexler et al, 1997 Ding et al, 2000ha, 20031, Wexler and his
colleagues have proposed a new muscle fatigue model baséd’brtross-bridge mechanism and
verified the model with stimulation experiments.

The first equation in Eql.1represents the dynamics of the rate limiting step of the &bion of
the calcium-troponin compleZy. The second one in Ed..1 stands for the nonlinear summation of
calcium when stimulated with two closely spaced pulses.tfitnd one describes the force generation
in function of these parameterSy andA. The description of these variables and their definitioms ca
be found in Tablel.3.

dC 1N t—t C
Co_1getty On
Tci=1 Tc t _7,['_c
R =1+(Ro-1)exp——)
T (1.1)
dF _, Cn F
! 2Km+CN

It was noticed that the parameteksR, andr. underwent significant changes while the muscle
was fatiguing, and they were used as fatigue terms in the Intideas assumed that there was one
time constant governing the rate of recovery from fatigugamived at the following three fierential
fatigue equations (Ed..2).

dA A-

— = _—Arest + apF

dt Tfat

dl:\)O F\)O - I:\)Orest

_— = F .
ot Tin + aR, (1 2)
dre | _TeToet, ,

dt Tfat

The values of\ 4, Ryres @andr g are obtained when the muscle is under non-fatigue condition

At present, there are only parameters available for humadrigeps muscle.
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Table 1.3: Description of parameters in Wexler's Muscle Fatigue Md@ehg et al, 20009

Name Unit Description

Cn normalized amount aa?* -troponin complex

F N mechanical force

t; ms time of i stimulation

n Total number of stimuli in train before time t

Te ms Time constant controlling the rise and decayOgf

Ry Mathematical term characterizing the magnitude of enhance
ment inCy from the following stimuli

A N/ms Scaling factor

T1 ms Time constant of force decline at the absence of strongly
bound cross-bridge

To ms Time constant of force decline due to extra friction between
actin and myosin resulting from the presents of cross-leridg

an ms 2 Codficient for force model parametérin fatigue model

R, N-tms? Codfticient for force model paramet® in fatigue model

Oy, N-2 Codficient for force model parameteg fatigue model

Ttat ms Time constant controlling the recovery of the three force

model parameters during fatigue
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Because this model is mainly based on the physiological am@sh, it seems complex for er-
gonomic application due to its large number of variablest éxample, only for quadriceps, there
are more than 20 variables to describe the muscle fatiguéanéem. Furthermore, there are only
parameters available for quadriceps, which makediitcdit to integrate it for full body application.
This model was integrated into virtual soldier researchRYSystem to simulate the movement of
legs by lifting loads using quadricepsignes 2004, and the results showed Wexler’'s Model could
predict muscle fatigue correctly, but it still needs to baeyalized for the other muscles.

Giat’s model - force-pH relationship

Another muscle fatigue model based on force-pH relatignglais developed iiat et al.(1993.
This fatigue model was obtained by curve fitting of the pH leviéh time t in the course of stimulation
and recoveryKomura et al(1999 2000 have employed this model in computer graphics to visualize
the muscle capacity and then to evaluate the feasibilith@htovement.

When a large amount of force is required to the muscle, thecladiers in the muscles are
recruited. This causes the intracellular pH level insiderttuscle to decline, and then the maximum
force generation capacity decreases during the fatigusephahen the muscle is at rest, the pH level
increases, and the capacity of force increases during tozeey phase. Based on this phenomena,
Giat et al.(1993 developed a muscle fatigue model describing the relatiprizetween the exertable
force and the pH level.

The decay of pH level during the fatigue phase can be cakxilay the following function with

the constant parameters ¢y, Cs, ¢4 (EQ. 1.3).
pHF (1) = ¢1 — co tanhs(t — Ca)) (1.3)

The pH level during recovery is calculated similar to thégfa¢ phase, and it is formulated by Eq.
1.4
pHR(t) = d; + dy tanh@s(t — da)) (1.4)

with the constantd,, d,, d3, andd,.

The force output is fitted by Eq..5with ds, dg, andd; as constants.
for(PH) = ds(1 - =) (15)

The equatiori.5is normalized by the force obtained at the beginning of thpeament:
o _ Ton(PH()
PH pr(pH (tO)

However, this model did not evaluate the muscle fatigue envthole working process. Mean-

(1.6)

while in this pH muscle fatigue model, although the forceeagation capacity can be mathematically

analyzed, all the influences on fatigue from muscle forceshat well considered.



1.3. MUSCLE FATIGUE MODELS 19

Rodriguez’s model - half-joint endurance

Rodriguez proposed a half-joint fatigue modeHndriguez et al(20033gb) andRodriguez and
Boulic (2009, more exactly a fatigue index, based on mechanical priggert muscle groups. This
fatigue model was used to calculate the fatigue at jointlieéwe half-joints, and the fatigue level is
expressed as the actual holding time normalized by maxinaldirtg time of the half-joint (Egql.7
to Eq.1.9).

For each joint, the normalized torque, is calculated as the ratio of joint torqueand joint
strengthst. From these elements we can deduce the normalized tofgu@nd exploit the general
force-time relationship expressed as a regression liti€, fea several muscle groups. The maximum
holding timemht gives the longest period of time during which the posturelmaisustained before
reaching an unbearable level of fatigue. The fatigue lewmeply expresses the ratio of the holding

time ht by the maximum holding timenht.

-
Tn = 5 (1.7)

mht = exp(27 — 0.0448Ty) (1.8)
fatigue level = (1.9)

mht
With this model, itis able to apply a posture optimizatiogaaithm to adapt human posture during
a working process dynamically when fatigue appears. Howé&veannot predict individual muscle
fatigue due to its half-joint principle because the movenhe¢ia joint is activated by several muscles.
The maximum holding time equation of this model was fromisgabsture analysis and it is mainly

suitable for evaluating static postures.

Liu’s model- motor units pattern model

In Liu et al. (2002, a dynamic muscle model is proposed based on motor uniesrpaif muscle.
In this model, three phenomenological parametBrd=, andy) are introduced to construct the mus-
cle model to describe the activation, fatigue and recoveoggss. But there were only parameters
available under maximum voluntary contraction situatiénhe right hand which is rare in manual
handling work, and furthermore, there is still no applicatof this model in ergonomics field.

The generated force is proportional to the activated matdsun the muscle. The brairffert B,

fatigue propertyF and recovery propertRR of the muscle can decide the number of activated motor
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units. The relationship is expressed by EqlQ The parameters in this equation are explained in
Tablel.4.

M,
o,
Tdt

Mie = Mo—Ma— Mg

B My — F Ma + RME
= F M- RMg (1.10)

Table 1.4: Parameters in Active Motor model

Iltem Unit Description

F st fatigue factor, fatigue rate of motor units

R st recovery factor, recovery rate of motor units
B st brain dfort, brain active rate of motor units

Mo total number of motor units in the muscle

Ma number of activated motor units in the muscle
Mg number of fatigued motor units in the muscle
Mc number of motor units still in the rest

B B/F

Y R/F

1.4 Conclusions from literature review

1.41 Problematic analysis in DHM
Shortcoming in conventional ergonomic tools

Although conventional ergonomic evaluation tools havenbaggrated into DHM and some as-
sessments in DHM tools provide indexes, because of thenittent recording procedures of the
conventional posture analysis methods, the evaluatiaritresnnot analyze the fatigudfect in de-
tails. In this case, new fatigue evaluation tools shoulddetbped and integrated into virtual human
simulation to evaluate the fatigue precisely.

Shortcoming of CAE in fatigue evaluation

Fatigue is one main reason for MSD, and fatigffe@s actions in our daily life. However, there

is no integration of physical fatigue model in most of the lamsimulation tools.
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The physical capacity is often treated as constant. For pkarthe joint strength is assigned as
joint maximum moment strength in 3DSSPP, and the strengdach muscle is set proportional to
its physiological cross section area (PSCA) in AnyBody. phgsical capacity keeps constant in the
simulation, and the fatigueftect along time is not considered enough. However, the chahtie
physical status can be experienced everyday by everyodealii@rent working procedures generate
different fatigue fects. Furthermore, it has been reported that the motiotegiralepends on the
physical status, and flierent strategies were taken under fatigue and non-fatigndittons Chen
200Q Fuller et al, 2008.

Therefore, it is necessary to create a virtual human modél avvariable physical strengths for

the simulation.

Shortcoming in fatigue models

Some fatigue models have been incorporated into some Mitmaan tools to predict the variable
physical strength. For example, Wexler's fatigue modeh( et al, 20000 has been integrated into
Santo$M (Vignes 2004, and Giat’s fatigue modelJiat et al, 1993 has been integrated based on
Hill’'s muscle model Hill, 1938 in the computer simulation byomura et al(2000. However, either
the muscle fatigue model has too many variables for ergonapplications (e.g. Wexler's model),
or there is no clear physiological principle for the fatigiecay term Xia and Frey Law 2008 in
the previous studies. It is necessary to propose a simpfdiggue model interpretable in muscle

physiological mechanism for ergonomics applications.

1.4.2 Fatigue analysis solutions in DHM

As conclusions of the previous part, findings of previougagsh indicate:

1. Manual handling operations may have potential ergonamuicy risk relevant to the load, and
posture. Static postures involving repeated and prolongediorce contraction of skeletal

muscles result in physical fatigue and furthermore MSDs urscie tissues.

2. Conventional ergonomic posture analysis methods ar¢omsuming and they are not suitable

for physical fatigue prediction.
3. Fatigue evaluation is not considered enough in curremtadle virtual human simulation tools.

4. Fatigue models in the literature either requires too neifidrt for model identification or are

not suitable for ergonomic application;
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5. The influence from the physical work is not well modeled @nsidered in the virtual human

simulation tools.

Therefore, in order to analyze the physical work in detaild predict the physical exposures, es-
pecially muscle fatigue, a new digital human model, concgrthe overall dynamic working process,
should be developed to assess and predict the potential M&®abjectively. This concern became
the main content of our research work.

In this thesis, we are going to present our framework in wingman posture can be analyzed
and predicted with consideration of the fatiguteet. The fatigue fect is modeled by a new simple
dynamic muscle fatigue model. In this fatigue model, terapparameters, physical factors, and
personal factors are considered from the macroscopic Vibis.model is validated theoretically and
experimentally. The application case under this frameweotk the fatigue model is used to show the

applicability of our method in posture analysis and posfuegliction.
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2.1 Introduction

The aim of the dissertation is to analyze the ergonomic aspgananual handling operations.
Different methods can be used to realize the objective evatuali@ditionally, ergonomic evalua-
tions are carried out in field under real working environmedRécently, virtual reality has emerged
as one technology supporting simulation based engine&ingorkspace design and work design
(Nomura and Sawada001). With virtual reality, more and more evaluation tasks hagen carried
out under virtual environment, and it takes less time angldest to evaluate the operations and verify
the workspace design under virtual conditions. Detailsdubsion can be found ifvilson (1999.

According to the schemaH{( and Zhang2008, Fig. 2.1), work evaluation methods can be
classified into four groups based on their natureR@). objective evaluation methods in real world;
2) RS: subjective evaluation methods in real world;\B): objective evaluation methods in virtual
world; 4) VS: subjective evaluation methods in virtual world.

The comparison of the evaluation methods is presented ile Pabh Subjective assessment has
been the most frequently used due to the ease oflusa(l Buckle 1999, and less time is required

for post analysis. However, subjective methods are pronetoy influences with the exception of the

23
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Objective Subjective
Evalution Evaluation
Real world RO RS
A A
G3 G2
Y Y
Virtual world VO - > VS

Figure 2.1: Schematic representation of evaluations in virtual rgalit

task or workplace, and therefore result in low validity aelibility. In conventional pen-paper based
observational objective methods, some risk factors cabeatonsidered in the assessment process,
and no agreement for the weighting oftdrent measures has been found in the literature.

As discussed in Chaptédr conventional posture analysis methods locate in RO or RSoin-
parison to simulation-based methods, it requires moreureses and more time in real working en-
vironment, especially for the high cost physical mock up.aklehile, many dterent factors can be
processed at the same time in virtual environment, and thlkysia can reach to more detailed results.
Furthermore theféciency is enhanced in comparison to objective methods inwveging environ-
ment. However, the real work environment provides 100%ifigelhich is difficult to be achieved in
virtual reality.

After the comparison, it is believed that the mosiogent way is to carry out the work analysis
using subjective evaluation methods in a virtual environtnand the most expensive methods might
be evaluations with objective methods under real conditidtfowever, the precision and the fidelity
are decreasing controversially. Meanwhile it should becedtthat the human’s performance can
be dfected by the virtual environment, either improvégtymour et a).2002 or degradedArthur,
2000, therefore, the consistency between thiéedent evaluation results might be interesting for the
application of virtual environment.

Depending on the fidelity of a virtual system, two approadiege been applied to evaluate the
work. One approach is to transfer directly the evaluatiothmas in real world to virtual world. Once
the simulated virtual environment can provide the samermétion as in real world, conventional
methods can be taken into virtual environment for work eataun, such as RULA idayaram et al.
(2006. Since there are mismatchings between real world andaivtorld and there might be extra
information available for virtual world (for instance, theman motion data, the force feedback, etc.),

another approach is to create new methods to evaluate mperat virtual world.
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Table 2.1: Comparison of dferent evaluation methods in real and virtual environment

RO RS VO VS

Digital mock up v v
Physical mockup vV
Consumed time v o/
Reliability v v
Fidelity v v
Precision v v

The aim of computer aided ergonomics is to evaluate manurallimg operations in simulation
based methods, therefore it is necessary to verify thelddiisiof the evaluation methods in virtual
environment, which means that the evaluation results fré&no¥ VO should keep consistency with
the results from RO or RS. Once the consistency is validétésl promising that the evaluation in
virtual environment can be used to guide the ergonomic tacedesign.

The specific focus of our research is on developing a new rdefinoobjective evaluation of
fatigue in virtual environment. In our case, we are tryinginol a method to evaluate the physical fa-
tigue objectively in simulation-based method, and thewatad result should be validated in objective

evaluation method in real working environment.

2.2 Structure of the framework

As stated in Section.2, the computer aided virtual human simulation tools havenigaivo
functions: posture analysis and posture prediction (mogionulation). Our framework is designed
to realize the two functions as well. Both functions are axpd as below.

Posture analysis: to evaluate human work and predict potential human MSD rigkpecially
physical fatigue;Posture prediction: to predict the human posture undeffdrent physical condi-
tions. In this thesis, we are mainly focusing on fatigue eaibn and its ffect on posture.

The function structure of the framework is shown in Fig.2. There are two branches in the
framework corresponding to posture analysis and post@digiion, respectively. The first branch is
the path in solid arrows, and the second branch is the patteadtse loop in solid arrows and dashed
arrows.

The posture analysis function of our framework aims to esahe dificulty of human mechan-
ical work including fatigue, comfort and other aspects gfigldependently. This function is mainly

realized by the objective work evaluation system (OWEShi ¢enter of the framework. OWES
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Figure 2.2: Framework of Objective Work Evaluation System

processes all the necessary input information to assesstéut of the operation. [Mierent aspects
of the human work can be assessed by usiffigi@dint ergonomic criteria defined in OWES, such as

posture, #iciency, fatigue,comfort, etc.

The necessary input information includes: virtual envin@mt, human motion, and the interaction
between human and workspace. In order to avoid field-depewa®k evaluation, virtual environ-
ment techniques are used. Immersive work simulation systesnld be constructed to provide a
virtual working environment for the work simulation and mednile all the dimensional information
of the workspace. Virtual human should be modeled as welk diriven by human motion data to
map the real working procedure into the virtual environmeéntthis case, the real operation can be
carried out under virtual environment. Human motion canitieeecaptured by motion capture sys-
tems or simulated by virtual human simulation. The intecscbetween the virtual human and the
workspace is obtained either via haptic interfaces undeéromcapture conditions or modeled in the

virtual human simulation case.

Posture prediction is to generate the posture or motiomaatioally for a given task in the simula-
tion tools by taking account of the workspace, human streragithropometrical data, etc. In general,
the trajectory of the movement can be defined by several tapbpoints in the path. The virtual
human can complete the operation along the trajectory gateeither by inverse kinematics or by

some optimization methods.

The posture prediction function in our framework ieient from the simulation tools mentioned
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in Section1.2. In the previous simulation tools, the posture or the motsosimulated based on

invariable initial physical conditions. Under our framewpthe physical conditions are variable
according to the work history, therefore the change of thadmu physical conditions are taken as
feedbacks to update the virtual human status in order toeggée the simulated human motion. The

update of the human physical conditions is realized by tisbeld arrows.

2.3 Virtual human status

Definition 4 Human Status
It is a state, or a situation in which the human posses$kseint capacities for an industrial operation.

It can be further classified into mental status and physiedlls. Human status can be described as
an aggregation of a set of human abilities, such as vigipghiysical capacity (joint strength, muscle

strength), and mental capacity.

A new conception called theuman statusis proposed for this framework to generalize the
discussion. Virtual human status can be mathematicallgchasHS = {V1,V,,...,V,}. EachV;
represents one specific aspect of human abilities, and tétis gector can be further detailed by a
vectorV; = {Vi1, Viz, . . ., Vim }. The change of the human status is definedlldS = HS(t+6t)-HS(t) =
{AV1,AV,,...,AV,}. For example, one aspect of the physical status (joint gthsh can be noted
asHS = [S1,S,, ..., Sy], whereS; represents the physical joint strength of tHigoint of the virtual
human.

In order to make the simulation as realistic as in real waitlds necessary to know how the
human generates a movement. The bidirectional commuoirchgtween human and the real world
in an operation decides the action to accomplish a physsét tvorker’s mental and physical status
can be influenced by the history of operation, while the wodkeoses his or her suitable movement
according to his or her current mental and physical statubesice the framework is designed to
evaluate the change of human status before and after antioperand furthermore to predict the
human motion according to the changed human status.

The human is often simplified for posture control as a senaswior system in which there are
enormous external sensors covering the human body andahsansors in the human body capturing
different signals, and the central nervous system (CNS) trath&faignals into decision making sys-
tem (Cerebrum and Spinal cord); the decision making systamimgtes output commands to generate
forces in muscles and then drives the motion and posturemnesépg to the external stimulus.

Normally, most of the external input information is dirgctheasurable, such as temperature,

external load, moisture, etc. However, how to achieve allitfiormation for such a great number of
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sensors all over the human body is a challenging task. Irtiaddthe internal perception of human
body, which plays also an important role in motor sensor @ioaition, is much more dicult to be
quantified. The most dicult issue is to know how the brain handles all the input aripuiLsignals
while performing a manual operation.

In previous simulation tools, the external input inforneatihas been already provided and han-
dled. Visual feedback, audio feedback, and haptic feedbezloften employed as input channel for
a virtual human simulation. One limitation of the existing@tmods is that the internal sensation is
not considered enough. Physical fatigue is going to be neoldahd integrated into the framework
to predict the perceived strength reduction and the reasd the human body to the fatigue, which
provides a closed-loop for the human simulation. As illatgd in Fig.2.2 and2.3, human status is

always updated during the simulation in our framework teeregate the motion.

Previous human simulation tools

y

Human Simulation

Human Status

Human simulation in OWES

y

Human Status

t

Figure 2.3: Human status in human simulation tools

Human Simulation —|

2.4 Input modules and their technical specifications

For any ergonomic analysis, data collection is the very firgiortant step. All the necessary
information has to be collected for further processing. @meyal, necessary information for eval-
uating manual handling jobs consists of human motion (pestustatic cases), forces, interaction
information, and personal factors.

2.4.1 Human motion input module

Human motion concerns the movements without regard to tice faroduction in the motion, and
it includes all the displacement, translation, and rotatoovements of human body. In static cases,
it can be represented by the static posture of human body.adunotion can be either achieved by

motion capture system or by digital human simulation (pesprediction).
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Motion tracking module

Tracking module is used to trace the worker’s operation &h tiene and prepare the motion data
for further processing.

Motion capture techniques have been applied frequentlitaio the dynamic and natural motion
information in current human simulation tools$R Research Groyg004). There are several kinds
of tracking techniques available, such as mechanical mdtecking, acoustic tracking, magnetic
tracking, optical motion tracking, and inertial motiondkang (Foxlin and Ing 2002 Welch and
Foxlin, 2009. Each tracking technique has its advantages and drawlbackapturing the human
motion. Hybrid motion tracking techniques can be taken tagensate the disadvantages and achieve
the best motion data.

In general, the technical requirements for the trackerstemg self-contained, complete, accurate,
fast, immune to occlusion, robust, tenacious, wirelesscamhp. These are the requirements for
the ideal tracker, but actually, every tracker availabl#agofalls short on at least seven of these 10
characteristicsHoxlin and Ing 2002). The performance requirements and purposes of the apiphca
are the decisive factors to select the suitable tracker.

In our framework, worker’s operation needs to be trackeddigialized for biomechanical anal-
ysis, so the positions and the orientations of the workamd$ should be known and as well the
detailed motions, such as finger movements. The positidmeoivbrker’s limbs determines the global
posture, and the motion of fingers represents the handlingtgins of the hands. In this case, several
basic requirements should be fulfilled for this application

Tracking speed: Tracking worker’s operation is easier than tracking adieperformance, be-
cause normally there’s no running or jumping in work. Thekex should satisfy tracking general
movements of human body, and data update rate should besaW25 Hz in order to realize real
time visualization.

Robustness:Worker’s motion is tracked during performing certain tasksiring the working,
the tracking should be stable and prevent influences frosesand other factors.

Completeness:No tracker is suitable for tracking full-body motion and famgnotion at the same
time, and therefore integration offterent trackers is necessary in order to capture all negessar
motion information.

Absolute accuracy: In general, applications demand accuracy with resolutiomlin position
and 0.1 degree in orientation. For full-body motion tragkithe demands are reduced in applications
like character animation and biometrics. In this framewdtk demand for accuracy depends on the
types of the job. For general moves, the demands for accumacyot very critical, but for some

actions, like using tools or controlling switches, withardctions with virtual objects, the accuracy



30 CHAPTER 2. FRAMEWORK FOR OBJECTIVE WORK ANALYSIS

should be as high as possible.

Data transferring: Transferring the data from tracking module to the other nheslis another
problem. Generally, there are real-time and no-real-tinogl@s. In the latter manner, tracking data
can be saved forfBline application. In real time manner, it is necessary émsfer the data to the

simulation module as quickly as possible to ensure thetnea-simulation.

Prototype of an optical tracking system

An optical motion tracking system has been developed iruglrReality and Human Interaction
Technology Laboratory (VRHIT) in Tsinghua Universityéng et al,200§. This system is used to
capture the whole body motion for posture analysis underftamework. Other possible solutions
can be used to fulfill the motion capture task.

The hardware structure of the motion capture system is shoWwiy. 2.4. In this system, optical
motion tracking system is employed to capture human motidnile 5DT™™ data glove is used to
track hand motion. Both of them are transferred via Networkitulation computer to provide real
time visualization of human motion. The visual feedback lsamprovided via head mounted display
(HMD). Haptic feedback is realized through clothes-emlaedohicro vibration motors. Projection-
based wide screen display is also used for supervisor or ttivd party to monitor the tracking

procedure.

N\

N\
. . ‘Projector
Simulation Computer N N

m CCD Camera N AN

Tracking Computer Wide Screen\

Figure 2.4: Schematic structure of the motion capture system
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This capture system is equipped by eight CCD cameras ardwnavork space. The overall
capture system works at 28z, which satisfies the minimum requirement to providgéisient update
rate of the simulation image, especially for quasi-statistpres, and it provides ficient detailed
analysis of the human body motion. In the frequency 25 Hz¢c#pture system is not suitable for fast
motion, but applicable for manual handling operation, sitieere are rare very fast motions in these
operations. The precision of the capture system dependsedmardware system and the algorithms
in the capture module. The absolute precision is relatiwe \fath a position error around &n. The
repeat precision is around 2mm which ensures the analysis of human motion. In this caset aft
calibration, the motion capture system is able to be usedptuce confidential motion data. The most
important issue in optical motion tracking is to avoid ositun of optical markers and to identify the
marker attached to human body correspondingly. Althougtaitealgorithms have been developed
in the capture module to avoid tracking mistakes, the rofasst of the motion tracking system is still
a challenging task for the system.

The comparison between two real postures and simulatednesdbased on the tracking data of
the real postures is shown in Fig.5. The figure shows that the motion capture system is able to

provide accurate motion data for further processing.

Figure 2.5: Posture comparison between real postures and posturesutatpon

Motion simulation module

Another method to achieve the human motion is digital humanigation (posture prediction)
under a given task. As discussed in Sectiof, inverse kinematics and posture prediction with
optimization have been frequently engaged in digital humadels to predict and simulate the human
motion.

When a physical task is given, the user has to locate theavinuman in the virtual working
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system in simulation tools, and then define the posture otrjectory manually. When the start
point and end point are well defined, the virtual human carased on the simulation algorithms to
generate the simulated trajectory. The aim of posture ptiediis to achieve the simulated human
motion as real as possible under a computation speed asapimbssible.

In contrast to motion capture system, this method canndhgetotion as real as that in a capture
system; and it is also time consuming to locate the virtuah&i and define the posture; furthermore,
it requires #icient computation algorithms to simulate the human motma, there might be a trade
off between the computatiorffieciency and the reality of the simulation. However, it avoille
engagement of the worker and the installation of the motmpture system, and it can be used to
assess the work design in advance of the physical construatithout worker. Therefore, both

methods are necessary to complete the motion input moduoleriramework.

2.4.2 \Visualization of human simulation

In our framework, the simulation module is to simulate thekeo's operation in the virtual work-
ing environment, to provide visualization of the simulati the worker performing the task, and
to display the interactions between worker and virtual cigjelt includes three parts: visualization
of virtual environment, visualization of virtual human dafeedbacks between virtual simulation and
worker.

Visualization aims to provide a method for understandingimbetter the human motion and
its interaction with virtual environment. A basic requirem for virtual reality simulation is that the
visual content of the simulation should be updated in reaktmanner under motion capture to supply
visual feedback to the worker.

Visualization of virtual environment: Virtual working environment should be prepared from
CAD system, so that the operator can at least have the sispikral feelings as working in a field
area. The virtual environment can be the copy of a real fielit@mment or redesigned for new work
environment validation. In the virtual environment there fixed and movable virtual objects. Fixed
objects can be work station, machine tools, working plat&kvinemain stationary no matter how
the user interacts with them; movable virtual objects cafobexample some parts, bolts and boxes
which can be moved in the simulation when the user moves thbangeable objects like buttons,
switches which changes its state while the user intera¢ksthvem.

Visualization of virtual human: Besides virtual working environment, virtual human should
be modeled to present the worker’s operation virtually. Vineial representation of the human is
mapped into the virtual environment by the motion trackiatpcand can assist the worker working in

the virtual environment and can give the observer the ogeraf the worker’s operation. The virtual
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human should at least have the similar dimension and appsaes the real human. This objective
can be achieved by modeling human from anthropometricabdate.

Digital modeling of virtual human: For fatigue evaluation, it requires that loads of each joint
and even the forces of each muscle need to determined imMmitman. It demands that the skeleton
structure of human should be modeled to determine the Imkalgtion between muscles and bones
as well. After skeleton and muscle modeling, it is possibleampute the load of each individual
muscle and joint during the operation. Therefore, biome# database should be established to
complete the virtual human modeling. Kinematic modelinghef human can represent the human
geometrically; dynamic modeling of the virtual human caovle necessary information for deter-
mining the loads of each joint; biomechanical modeling irsoles and tendons allows us to calculate
the force of each individual muscle.

2.4.3 Force and interaction information

Force information: In order to determine the forces and torques of the virtualdmy it is impor-
tant to measure the force exerted on the human body. Extieads can be classified intoftérent
groups according the filiculty of measurement. For instance of a lifting job, the gyasf a heavy
box is easy to be modeled and calculated. However, if the Weifjthe box is too large, it is not
realizable via force feedback devices. However, it coultltls# simulated by a real heavy box. In
contrast, the reaction force between the human and the 8amiculatable unless when all the dy-
namic parameters were obtained. In this case, the readror between human and the floor can
be measured by force plates. In case of complex interactithworkplace, for example, assembly
while kneeing on the ground, the external load on the humaly I very dificult to be obtained
precisely and completely.

Interaction between the user and the virtual objects:In real-time simulation, interactive feed-
backs should be provided in order to create immersive wgrkeelings. The interactive feedbacks
include visual feedback, haptic feedback, and acoustitbf@ek and so on. The simulation module
should have at least one view based on the viewpoint of th&ewoso that correct visual feedback
can be supplied to the worker.

Interaction information can be recorded by haptic intefacHaptic interface is the channel via
which the user can communicate with virtual objects throbghtic interactions, and the interac-
tion data between the worker and the virtual environmentadge significant for evaluating other
ergonomic aspects. Haptic feedback can give the user tdeelings of touching virtual objects,
grasping or moving them. It enhances the presence of beireglrworld, and improves the perfor-

mance in virtual reality system.
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To ensure the fidelity of the haptic feedback, there is ortecalirequirement for the haptic feed-
back interfaces: high update rate (300Hz -1000HPAy@ndeh et gl2007). In order to provide the
right feedback, the interaction between worker and virtigécts should be detected and analyzed in
a real time manner. The coupling between the worker and theaViobjects should be simulated, for
example, lifting a box. Besides that, feedback forces shbealcalculated with correct andlhieient

models to ensure the high update rate.

2.4.4 Personal factors

In order to evaluate the work correctly and confidentiallgrkvrelated personal factors should
also be measured. For fatigue evaluation, individual &ility is an important term to determine the

fatigue evaluation result.

2.5 Output modules

The framework performs mainly two functions: posture aslyand posture prediction (human
simulation). Each function can giveftirent outputs: in posture analysisffdrent aspects of the
human work can be evaluated; in posture prediction, theanairategy of human can be predicted

and simulated.

2.5.1 Posture analysis

This part plays the role as ergonomists to evaluate the wgiocess objectively. The evaluation
criteria should be applied or designed into this frameworagsess the work.Berent ergonomic as-
pects of human work can be analyzed in posture analysis aiftierent evaluation criteria. Although
there are several motion analysis techniques availablerfpsnomic and biomechanical analysis,
these techniques should be re-designed suitable for cempnoalysis in our framework, since in-
stead of providing an index to evaluate the work, the chamdgleechuman status is the output of our
framework.

The posture analysis focuses on assessing theudty of the manual operation in our framework.
The dfficulty of the work is assessed by the change of human statoseband after the operation
in our framework, especially the physical status. Phydai#ue is one of the physical aspects, and
this aspect is evaluated by the decrease of the strengtimis.jdathematically, the analysis result is
AHS = AHSysca = {AS1,AS,, ..., ASy).
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Kinematic analysis

With motion data, it is feasible to carry out the kinematialgsis. For the overall human, position,
speed, and acceleration of each limb can be calculated. Hergke once the configuration of the
static posture is determined, conventional ergonomicuysestnalysis methods can be carried out
automatically by the OWES.

Biomechanical analysis

In combination with kinematic information and dynamic paeters, forces and torques at each
joint can be calculated out by inverse dynamics. Based olodteanalysis of each joint, the biome-
chanical influence can be easily evaluated.

In our framework, the decrease of the physical strengthiidamus. It is observable that there is
physical fatigue resulting from repetitive manual hanglloperation in industry, and in our research
we want to find a suitable method to predict the reduction@ptiysical strengths in those operations.
Our method is to find a suitable model which can representtihesince on the physical fatigue from
the temporal parameters and the external load. This modehibematically described and simple

for integration into posture analysis.

2.5.2 Posture prediction

The function of posture prediction is to simulate the humantiom based on the current virtual
human status. Our special interest is to take the fatiffieeteto predict the posture.

Physical fatigue resulting from repetitive movements imofacturing and assembly line work
influences neuromuscular pathways, postural stabilitgl, glnbal reorganization of posturéiller
et al, 2008. The fatigue &ect was also found i€hen(2000 that the movement strategy in industrial
activities involving combined manual handling jobs, sushliling, depends significantly on the
fatigue state of muscle. The change in movement stratagtas iactivities directly fiects the posture
of the operation which results infierent loads in muscles and joints.

A more realistic posture prediction can gain clearer urtdading of human movement perfor-
mance, and it is always a tempting goal for biomechanics agohemics researchergl{ang and
Chdtin, 2000. The predictive capacity, or the reality is provided by ad@lan computerized form,
and these quantitative models should be able to prediastieally how people move and interact
with systems. Physical fatigue, which can be experienceehieyyone in the world, changes the hu-
man'’s behavior significantly for manual handling operagicaspecially for those under high physical

demands in a long duration. Therefore, it is necessary &grate the feature of fatigue into posture
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prediction to predict the possible change of posture uratégufe conditions.

In conventional methods, the human status is assumed atanongor example, the physical
strengths keep constant under this mathematical desanipiiS; = HS;, (wheret; # t;). The fatigue
effect along time is not considered while predicting the pasturder joint strength guided strategies.

In our research, the fatigue is modeled and integrated intioal human simulation tools.

2.6 Summary

In this chapter, the framework under which our researchrisazhout is presented. The framework
handles all the necessary information and performs poanabysis and posture prediction functions
as the previous commercialized tools. A new conception,adleadt human status, is proposed to
generalize discussions in human simulation.

Different from the existing tools, the special contributionha$ framework is that fatigue analysis
in posture analysis is assessed based on a simple mathamaudiecle fatigue model which includes
the temporal and physical parameters. The changed physatais is provided as output for the
posture analysis, but not an abstract index. The changeslgathgtrength from fatigue is taken as a

feedback to the virtual human simulation to update the pegitediction result.
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3.1 Introduction

Although physical fatigue can be described and modeleddbasethe complex physiological
process in CNS and musculoskeletal system, it is originaibyoked by diferent external aspects
in manual handling operations: magnitude of the load, dumadf the operation, frequency, and
personal factors. For ergonomics application, it is nesngs® take account of these external factors
macroscopically to assess the fatigue, since it is poswlbbserve or measure these external factors
directly in comparison to measuring physiological pararetvhich takes more time and moiféoet.

In ergonomics and virtual human tools, one approach to agbesfatigue quantitatively is to
integrate fatigue models to predict the fatigue process.mbdels engaged in fatigue assessment can
be constructed based orfférent principles.

As discussed in Sectidh3, some of the fatigue models (Wexler's model, Giat's pH mopei)on
the basis of muscle physiological principle have been natiegl into virtual human tools. In these
models, the physiological fatigue process or phenomena lie tmodeled to reproduce the fatigue

37
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process, and these models succeed in predicting the fatigae individual muscle under certain

conditions. They are not suitable for ergonomics applicetj since they are either too complex
resulting from their complex physiological backgroundnot relating to external physical factors of
the manual operation.

Another major &ort has been done to assess fatigue quantitatively in ivaditergonomic meth-
ods is the maximum endurance time (MET) model. MET is an assest of fatigue based on the
maximal duration of an exerted force at a present level, aimdlicates the relationship between the
relative load and the endurance duration under static pEstiuSince 1960s, lots offert has been
contributed to establish MET models undeffelient work conditions for dierent muscle groups
(Rohmert 196Q 1973 Rohmert et al.1986 Bishu et al, 1995 Kanemura et al.1999 Mathiassen
and Ahsbergl1999 Garg et al. 2002, and the MET was often formulated in function of the relativ
load in comparison to maximum voluntary contractddVC, MET = T (f gative) = T (ficaa/MVC).

The majority of these models have been summarized and cechjpakl ahrache et al2009),
and all these models which are formulated iffefient mathematical functions have some points in
common: in mathematics, they are in negative exponentmaitfons with two asymptotic tendencies;
they have similar graphical appearances in Force-Timeaamag. These models are often utilized to
assess the fatigue by comparing the actual holding timetiwéimaximum endurance time.

Although there are already several MET models availabld@literature, there are still some
limits for the application of these models.

1. These models are mainly based on empirical regressiom ésgeriment results and they are
modeled mainly by negative exponential functions. However physical relationship in these
models cannot be interpreted by muscle physiology, ancektiseno universality among these

models.

2. Each MET model was established based on experimentdigeswer a static specific job
design, therefore this approach lacks the ability to be gdized to adapt for more complex

tasks.

3. Even for the same muscle group in the same operation,dhesgill diferences in the empirical
models, no matter for the flierent body parts. The variety cannot be explained usiftgrei
ent empirical MET models. Since it is observable that the M&ddels have similar curves
indicating the same trend of fatigue, they should be ablestmterpreted by a general fatigue

rule.

As discussed before, it is necessary to develop a new fatiguiel in order to avoid the complex-

ity of the conventional methods and to evaluate the fatigomfexternal physical factors during the
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manual operation, and furthermore this model should beprgéable based on muscle physiology.
In this case, based on muscle motor unit recruitment meshmrwe propose a new simple fatigue
model in function of external physical and personal paranset

In this chapter, our fatigue model is going to be firstly preed and explained based on muscle
physiological mechanism, from both macroscopic view aodifmicroscopic view. In this model,
external physical factors and personal factors (MVC, taigesistance) are taken into consideration.
The theoretical analysis is the main content of the chaptéemonstrate the consistency of our model
to the other existing models in the validation sections.a&t,|one important personal factor: fatigue
resistance, is regressed from MET models in the literatustbw the possibility in generalizing our

fatigue model to assess the fatigue dfelient muscle groups for a certain population.

3.2 Muscle fatigue model and its explanation

3.2.1 Muscle fatigue model

In order to construct the new fatigue model and fatigue indsxn the fore mentioned ergonomics
methods for physical exposures, external load of the mugitletime and the strength capacity of
the muscle are involved in our model. These factors can septeéhe physical risk factors mentioned
before: the external load exposed to the muscle with timemednde data related to intensity (or mag-
nitude), repetitiveness, and duration of force. Also thesoheistrength capacity can be determined
individually and can be treated as personal factor. Thesytaiscle force history (external factor) and
maximum voluntary contractioMVC) (internal factor) are taken into account to construct ousm
cle fatigue modelMVC is defined as “the force generated with feedback and enceonaigt, when
the subject believes it is a maximdtfat” (Vollestad 1997). The dfect of MVC on endurance time
is often used in ergonomic applications to define the worlapabilities or to decide the work-rest
regimens Garg et al, 2002). In our model MVC describes the maximum force generation capacity
of an individual muscle without fatigue.

Our new objective fatigue index attempts to evaluate mustigue by describing the human’s
perception of muscle fatigue. In general, the fatigue eaadn result is an increasing function with
external load. In the same period, the larger the exterral,Ithe more fatigue people can feel.
The same concept is also applied to posture analysis methitds higher risk level for a heavier
external load. Meanwhile, fatigue is a growth function wtile reciprocal of muscle force capacity.
The smaller the capacity, the quicker the muscle becomiggiéat. Furthermore, fatigue is a growth
function with time. The longer a load is applied, the moregia¢ people can feel. This is represented

in conventional methods as frequency and duration of physisk. If the fatigue is expressed in a
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differential equation, the influence of time can be excluded.fatigue index is proposed in E§. L

The parameters used in the equations are listed and degaribable3. 1

dU(t)  MVC Figu(t)

& Foanl® Founl®) 31

Table 3.1: Parameters in Dynamic Fatigue model

Item Unit  Description
MVC N Maximum voluntary contraction, maximum capacity of mus€lg.
Feem(t) N Current exertable maximum force, current capacity of nmauscl

Fload(t) N External load of muscle, the force which the muscle needstergate

min~? Constant value, rate of fatigue, hére: 1

%MVC Percentage of the voluntary maximum contraction
F
fuve %MVC/100, fyyc = M'\"/""é

Meanwhile, the capacity of muscle (current muscle forceacdyp) F.m(t) is changing with time
due to the external muscle load. The larger the external ibadastei,(t) decreases. Theftier-

ential equation foF ., is proposed in Eg3.2which is the basic function of the new dynamic fatigue
model.

QFoan®) _ | Foan()
= = kB Fio() (3.2)

The integration result of E@.2is Eq. 3.3, if Feen(0) = MVC.

K l:Ioad(u) du

Feem(t) = MvceP MvC (3.3)
Assume thak(t) is: t
_ Fload(u)
F(t) = fo e du (3.4)

MVC is a constant value of a muscle or a muscle group for an ing@igerson during a certain
period, so we can change E§.3into Eq. 3.5. If the external loadr g IS constant, assigB =
Fioad/MVC, thenF(t) = Ct, and Equatior8.3 can be further simplified into E¢3.5. This constant

case can occur during static posture and static load.

Feenll) _ ke _
MVC

The subjective perception is a function below, which is elpselated taMVC andFa4(t). MVC

can represent the personal factarsiétin et al, 1999, andF,44(t) is the force exerted on the muscle

gt (3.5)
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along time and it reflects the influences of external loadsenFEQ. 3.1, and3.5, the fatigue index
can be expressed in E§.6.

e R )
u(t) = 2ke2 2ke2 (3.6)

3.2.2 Explanation of the fatigue model
Explanation from macroscopic view

Equation3.1 can be explained as follows:

e F.m describes the capacity of the muscle during the contragioness at a time instant It
falls down during the contraction process because the mbsdomes fatigued in a continuous
contraction.

o Fioad(t)/Feem(t) is the relative load at a time instainivhich describes the current muscle force
normalized the capacity of the muscle at a time instafihis term describes the relation of the

fatigue index with normalized relative load.

e MVC/Fn(t) is the reciprocal of muscle force capacity and represémsnverse percentage
capacity of the tester at a time instanelative to the initialIMVC. With the development of
time, this term gets larger while tHe.n(t) falls lower, and accordingly the increase of the
fatigue index becomes faster.

Explanation in motor-untis pattern

Equation3.2 can be explained by the motor unit activation pattern of neusMuscle is made
of muscle fibers. Force and movement of muscle are producedmtyaction of muscle fibers con-
trolled by nervous-system commaridy( et al,, 2002, Vgllestad 1997). The basic functional unit of
muscle is motor unit, which consists of a motoneuron and tbheahe fibers that it innervates. The
motoneurons supply the control signals from the centraloes-system (CNS) to the muscle fibers.
A muscle consists of many motor units, and the number of whafes depending on the size and
function of the muscle. Each motor unit hageient force generation capability, andfdrent fatigue
and recovery properties. Generally, they can be dividegthmee types: type | (S, SO) is slow-twitch
motor units with small force generation capability and slmamduction velocity, but a very high fa-
tigue resistance; type llb (FF, FG) is of fast-twitch speadh force capacity, but fast fatigability;
type lla (FR, FOG),between type | and type llb, has a moddoabe capacity and moderate fatigue

resistance. The sequence of recruitment is in the order ef:lla — Ilb (Vagllestad 1997. For a
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specified muscle, largéti,og means more type Il motor units are involved into the forceegation.
As a result, the muscle becomes fatigued more rapidly, aessed in Eq3.2. Fem represents the
non-fatigue motor units of the muscle. In the process ofd@eneration, the number of non-fatigue
type Il motor units gets smaller and smaller due to fatigukilevthe number of the type | motor
units remains almost the same due to their high fatigueteggis, and the decreaseff,, with time
becomes slower, as expressed in Eq.by termF n(t)/MVC .

In this model, personal factors and external load histoeycansidered in evaluating the muscle
fatigue. It can be easily used and integrated into simulaadtware for real time evaluation especially
for dynamic working processes. This model needs to be mattieally validated and ergonomic

experimentally validated.

3.3 \Validation in comparison to MET models

3.3.1 Mathematical principle of the validation

The proposed dynamic muscle fatigue model is based on thetlggis of the reduction of the
maximum exertable force capacity of muscle. It should be &btescribe the most singularly impor-
tant condition: static situations. In static posture asiglythere is no model to describe the reduction
of the muscle capacity related to muscle force, but thereseweral models that consider maximum
endurance timeNIET) which is a measurement related to static muscular WET represents the
maximum time during which a static load can be maintairi€dafirache et 3/12009. The MET is
most often calculated in relation to the percentage of tthentary maximum contraction (%4VC) or
to the relative forcefiyvc = %MVC/100) required by the task. These models, cited frafrafirache
et al, 20006, are listed in Tabl&.2

MET models can be used to predict the endurance time of a maeakraction under static pos-
ture. A general MET model can be extended by supposingRa(t) is constant in static situation.
MET is the duration in whichr., falls down to the currenf,..q. Thus,MET can be determined in
Eg.3.7and Eq.3.8

ft _kFIoad(u) du
Feem(t) = MVCe”  MVC = Fg(t) (3.7)
InFIoad(t)
MVC In(fmve)
t= MET = - = — 3.8
kFIoad(t) K fmve (3.8)

MVC
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In order to analyze the relationship betweitT obtained from our dynamic model and the
other models, two correlation cfigients are calculated. One is Pearson’s correlationEqg. 3.9
and the other one is intraclass correlati@C in Eg. 3.1Q0 The linear relationship between two
random variables is indicated loyand| CC represents the similarity between two random variables.
The closer is to 1, the more the two models are linearly related. TheeeltSC is to 1, the more
similar the models areM Spaneen (the mean-square estimate of between pair variance) is gaam
square between flerentMET values at dterentfyyc levels,MS,nin (the mean-square estimate of
within-pair variance) is the mean square witiWMET values in diferent models at the sanfgyc
level. p is the number of models in the comparison. In our case, we acerthe other models, one
by one, with our dynamic model, thysequals to 2. The calculation results are shown in Tabte
and Fig.3.1t0 3.8

(A - A)(B, - B)
r =
\/g(An - AP X(B: - B’

(3.9)

M Spetween — M Suithin
MSbetween + (p - 1)MSWithin

Since Huijgens’ general model was developed using datalRohmert’s general, only Rohmert’s

ICC = (3.10)

general model is drawn in Fig.1and Fig.3.2. Also since Sjogaard’s general model was constructed
using data from Hagberg’s elbow model and Rohmert’s gemeoalel, Sjogaard’s model is excluded

from Fig. 3.1and from Fig.3.2

Endurance Time in General Models and Dynamic Model

Rohmert
Monod
Sato
Manenica
Rose
Dynamic

| +4¢%

Endurance Time [min]
ol

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1
F,__/MVC

load

Figure 3.1: Endurance time in general models and dynamic model
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Table 3.2: Static validation results and ICC between Eq.3.8 and the other existingET models in the
literature El ahrache et al2006

Model Equations in the literature r ICC

General models
Rohmert MET = -15+ & - 98 + 0L 09937 0.8820

3
fuve MVC fave

Monod and Scherrer MET = 04167 (fuvc — 0.14)%%  0.8529 0.6474

Huijgens MET = 0.865 (e 7 0.9964  0.8800
Sato etal. MET = 0.3802 (fuvc — 0.04)144  0.9992 0.8512
Manenica MET = 14.88 exp¢4.48fuvc) 0.9927 0.9796
Sjogaard MET = 0.2997f, 2L 0.9935 0.9917
Rose et al. MET = 7.96 exp{4.16fuvc) 0.9897  0.7080
Upper limbs models

Shoulder

Sato et al. MET = 0.398f,}2° 0.9997 0.7188
Rohmert et al. MET = 0.2955f, 188 0.9987 0.5626
Mathiassen and Ahsberg MET = 40.6092 exp€9.7fuvc) 0.9783 0.7737
Garg MET = 0.5618f,551 0.9981  0.9029
Elbow

Hagberg MET = 0.298f 214 0.9935 0.9921
Manenica MET = 206972 expt4.5fwvc)  0.9929  0.9271
Sato et al. MET = 0.195f 252 0.9838 0.9712
Rohmert et al. MET = 0.2285f, 131 0.9997 0.7189
Rose et al.2000 MET = 206 exp(-6.04fuvc) 0.9986  0.9594
Rose et al.1992 MET = 10.23 exp(4.69fuvc) 0.9943 0.7843
Hand

Manenica MET = 16.6099 expt4.5fyyc)  0.9929  0.9840

Back/hip models

Manenica (body pull) MET = 27.6604 expt4.2fyvc) 0.9901 0.6585
Manenica (body torque) MET = 124286 expt4.3fuvc) 0.9911 0.9447
Manenica (back muscles)MET = 327859 expt4.9fuvc) 0.9957 0.7306

Rohmert (posture 3) MET = 0.3001f,28% 0.9745 0.5353
Rohmert (posture 4) MET = 1.2301f,;3%® 0.9989 0.7041
Rohmert (posture 5) MET = 3.2613f,;2°° 0.9984 -0.057
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Intraclass Correlation between Dynamic model and General models
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Figure 3.2: ICC of general models

Endurance Time in Shoulder Models and Dynamic Model

-% Sato
—6— Rohmert
—¥% Mathiassen
—4— Garg
= Dynamic

Endurance Time [min]
ol

Figure 3.3: Endurance time in shoulder endurance models and dynamielmod
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Intraclass Correlation between Dynamic model and Shoulder models
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Figure 3.4: ICC of shoulder endurance models
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Figure 3.5: Endurance time in elbow endurance models and dynamic model
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Intraclass Correlation between Dynamic model and Elbow models
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Figure 3.6: ICC of elbow endurance models

Endurance Time in Hip/Back Models and Dynamic Model
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Figure 3.7: Endurance time in hip and back models and dynamic model
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Intraclass Correlation between Dynamic model and Hip/back models
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Figure 3.8: ICC of hip/back models

3.3.2 Results and discussion

From the comparison results of the static validation, ithsious that theMET model derived

from our dynamic model has an excellent linear correlatiotih Whe other experimental static en-

durance models, and almost all the Pearson’s correlataeme above 0.97. Despite the high linear

correlation, there are still large fterences between the dynamic model and oti&T models.

These diterences mainly include the following influencing factors:

e Experiment methods and model construction: In order to oreathe MET, several tools,

such as subjective scales and EMG, are involved. The siugestales and the variability
of participants can bring significantfterences into thMET result €l ahrache et al2009.
Furthermore, theMET models are constructed usingfdrent mathematical models, mainly
power function and negative exponential function. Howgthex negative exponential function
can not describe the two asymptotic tendencies: a tendem@rds infinity for low %vVVC
and a tendency towards zero for values bordering on 29%. In fact, all the parameters of
the othetMET models are fitted from experimental data, and due to thediroits of sampling

amount, theMET models can be quite fierent, especially for the two extremeWyCs.

Muscle group and posture variabilitfd ET models for diferent muscle groups arefidirent,
and the statistical results showed that there is a signtfitifiierence between thdET values
for the backhip and theMET values for the upper limbs, for the sam@&Pé¢C value El ahrache

et al, 2009. In addition, theMET models are mathematicallyfterent even for the same mus-
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cle group under dierent postures. Eerent muscle groups haveidrent anatomical structure
and ditferent complexity. In the same muscle group, the involveroBmuscle elements can be
changed significantly, which can also explain the signfiedvetween dierent postures. In the
literature Garg et al. 2002, the influences of shoulder postures were discussed. ittated

that diferent posture would producefidirent moments and loads on the same muscle group,

thus it would cause fierentMET curves.

¢ Interindividual variability: from the figures, it is obvigsuhat the dierences oMET values are
greater for low 9%1VC than those for high #VC. The significant interindividual élierences

in MET (El ahrache et gl2006 can cause the flerences.

In ICC column in Table3.2, it shows high similarity between the dynamic model and sdve
MET models: for elbow and hand models, 5 out of 7 are higher th@®; @or general models, 3 out
of 5 (Huijgens’ and Sjogaard’s model are not counte} values are higher than 0.85. But it also
shows moderate or low similarity with the othdiET models, for example, with the bablp models,
| CC varies from -0.057 to 0.9447. The explanationl@C correlation is significantly influenced by
the complexity of the anatomical structure. In the shoulmied backhip of the human body, the
anatomical structure is in a much more complex way than irethews and hands. For this reason,
in these experimental models, the measuremeMWC and MET is an overall performance of the
complex muscle group, but nMET of an individual muscle or simple muscle group. Meanwhile,
even for one muscle group, in Fig.7, the dtferences between the experimental models fgiblaigk
are greater than th®lET models for other muscle groups, e.g. in elbow models (Bi§). It can
also be explained by the complexity of the anatomical stmgct In diterent working conditions
(for example, diterent postures), the engagement of the muscles in the tablk inipback of the
human body plus the contraction of muscles atféedent as well, which can further influence the
experimental result.

In conclusion, the dynamic model was validated by companitly 24 staticMET models. The
validated results show high similarity with many of the tAMIET models, while moderate similarity
with a few staticMET models, possibly due to complex muscle structure, matheabdtinction

limitation, and measurement condition.

3.4 Validation in comparison to other dynamic models

Validation results in comparison to MET models have showmpsing explanations for general
static load and even for some specific body parts. Howe\adic girocedures are still quitefterent

from dynamic situations, thus our dynamic model needs tocbeneed alongside the other dynamic
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models. To accomplish this objective, we set out to verify @gnamic model through comparison
with some existing muscle fatigue models, quantitativelgualitatively. The results of oufi@rt are

as follows.

3.4.1 Comparison with Freund’s model

In Freund and Takalg001), a muscle fatigue model was proposed and integrated ingoanalic
model of forearm. In this model, the muscle was treated sdmtlike reservoir, and force production
capacityS° reduces with the time that the muscle is contracted. As shioviay. 3.11, S° varies
between 0 and the upper limits of the muscle foBe In this model, the recovery and decay rates
depend on$' — S°) and muscle forc&. The constants andg were obtained by fitting the solution
using experimental results from static endurance time taghis model, muscle force is taken into
consideration as a factor causing muscle fatigue, anddurtbre, muscle force production capacity
S% was proposed the same as in our dynamic médg] to describe the capacity of the muscle after
performing a certain task. Although in this model, the fgpeeduction capacity and the muscle force
are decoupled with each other, which isfélient in our model, the same concept was employed to
describe the fatigue mechanism of muscle.

ds®

o = a(S' - 8% - BS (3.11)

3.4.2 Comparison with Wexler’s model

Wexler's dynamic muscle fatigue model basedQ@at* cross-bridge mechanism can also verify
our dynamic model qualitatively. The electrical stimubaitito activate skeletal muscle to perform
functional movements, and this model can be used to prddiatnuscle force fatigue underidirent
stimulation frequencies, and the details have been pred@mSectiori.3.

The frequency of functional electrical stimulation is tonsilate the control commands of CNS
for muscle contraction. The higher stimulation frequernhbg more muscle motors are activated to
generate contraction force, so it represents higher musate From Fig. 3.9, it is clear that the
higher the stimulation frequency is, the larger the forae loa generated by the muscle. The larger
the peak force (higher frequency) is, the faster the cureéries and the quicker the muscle becomes
fatigued. This trend is similarly represented in our dymamodel by Eq.3.2. Figure3.9also shows
that in the force-time curve with stimulation frequency &Hz, there are oscillations of the force.
This has been explained that it is because the force geme@pacity is recovered during the interval
of the stimulationDing et al, 20003.
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Though qualitatively verified, it is impossible to verify odynamic model with Wexler's model
guantitatively due to the way in which Wexler's model wasaoted. Wexler's model is experimen-
tally validated in stimulation trials, and all the paramsteere calculated from an external stimulation
experiment. However, when the muscle is stimulated in aareat manner, the motor recruitment
mechanism could be filerent from that controlled by CNS. Using the external maraléthe motor
units of the muscle are stimulated simultaneously, crgaditarger force than voluntary contraction

and fatigue of the muscle happens more rapitigijes 2004).
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Figure 3.9: Maximum exertable force and time relationship in Wexler'sdédl. Frequency: simulation fre-

quency

3.43 Comparison with Liu’s model
In Liu et al. (2002, the dynamic model of muscle activation, fatigue and recpwas proposed.
This model is based on biophysical mechanisms: motor uaitem, and the details have been pre-

sented in Sectiof.3.
Whent = 0 under the initial conditions df1, = 0, Mg = 0, My = Mg, we can have E¢3.12and

Eqg.3.13
Ma(t) _ Y B o (LH)Ft
Mo 1+y (@A+y)B-1-v) (3.12)
_ B-vy o BFt
B-1-vy
Muc(t) _ o BFt (3.13)

Mo
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In the new dynamic fatigue model, we assume that there isaovesy during physical work, and
the workers are trying their best to finish the task which nsge brain &ort is infinitely high. In
this assumption, we set=0 andB — oo, then EquatiorB.14 represents the motor units which are
not fatigued in the muscle. The activated motor uMigt)/ My and the motor units at redM,(t)/ Mg
represent the relative muscle force capacity. We can siynihle sum of Eq.3.12and3.13to Eqg.

3.14which do have the same form as our dynamic modelEs,.

Ma(t) + Myc(t) _ Y + B g (L)Ft
Mo Mo 1+y @+y)B-1-7) (3.14)
n 1 g BFt _ gFt
B-1-vy

This fatigue model has been experimentally verifiediinet al. (2002. In the experiment, each
subject performed amMVC of the right hand by gripping a hand grip device for 3 min. Itswaund
that the fitting curve from the experimental result has alnttes same curve as our model MivVC
condition (Fig.3.10. In this model F andR are assumed to be constant for an individual uneC
working conditions. There is no experimental resultfFoandR under the other load situations, thus
this muscle fatigue model can only verify our model in & C condition.

comparison result between active motor model and dynamic model

1 T T T T T T T T

- Active Motor Experiment result,F=0.0206,8=254,y=0.398
- = Dynamic Model, fload/MVC =1

0.9 Q |

0.3 m

0.2 =

0 | | | | | | | | |
5 10 15 20 25 30 35 40 45 50

time unit [s]

Figure 3.10: Comparison between the experimental result of the actiiemmaeodel and dynamic model in the

maximum dfort
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3.4.4 Discussion

Through the comparison, our dynamic model is either qualély or quantitatively verified with
the other three existing muscle fatigue models. The fatigoeel for the forearm used the same
concept as in our fatigue model: the muscle force capacitglated to muscle force with time.
Wexler's model based oBa?* cross-bridge shows the reduction of the muscle force witle tinder
different stimulation frequencies and the reduction of the heuspacity shows the same trend as in
our muscle fatigue model. In comparison to the active motdeh the muscle force can be expressed
in the same form under extreme situation. Yet in the activeomuoodel, only parameters are available
foraMVC case. The active motor model does not supply further vatiddor other load situations,
therefore experimental validation is necessary to confirenapplicability of our fatigue model.

3.5 Fatigability of different muscle groups

In the theoretical analysis, external lokg.y, timet, and personal strength factoVC have
been used to construct the fatigue model. In our model, anathportant factor is individual fati-
gability k. This parameter describes the susceptibility to fatiguthertendency to get tired or lose
strength. In order to assess the physical fatigue, persbrealgth and personal fatigability are two

determinant parameters for ergonomic application.

3.5.1 Regression for determining the fatigability

In Section3.3, ICC andr were calculated and listed under the condition where tleeaffiatigue
k = 1 min~L. ICC are noted a$CC; in Table3.3in order to facilitate the comparison. There are still
large diterences from 1 inCC; column, which means that the dynamic model cannot fit pdyfect
the MET models for dterent muscle groups, so it is necessary to determine thenpéeek in order
to extend the availability of the dynamic model foffdrent muscle groups.

From Table3.2, it is observed that almost all the static MET models havé higear relationship
with the dynamic model (for most models,> 0.95), which means that each static model can be
described mathematically by a linear equation (Bql5. In Eq. 3.15 x is used to replacédyc
and p(x) represents the dynamic MET model in E§.8. m andn are constants describing the
linear relationship between an existing MET model and theadyic model, and they are needed to
be determined in linear regression. It should be noticetitha 1/k indicates the fatigue resistance

of the static model, anklis fatigue ratio or fatigability of dtferent static model.

f(X) =mp(x) +n (3.15)
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Due to the asymptotic tendencies of the MET models mentian&tlahrache et a(2006, when
X - 1 (%MVC — 100), f(x) - 0 andp(x) - O (MET — 0), therefore, we can assume that
n = 0. For this reason, only one parameteneeds to be determined. Since some MET models are
not available for 9MVC under 15%, the regression was carried out in the intervat fxo= 0.16 to
x = 0.99. With a space 0.0NN = 84 MET values were calculated to determine the paranmetay
minimizing the function in Eq3.16

N

M(x):Z(f()(i)—mp(xi))zzan'nz+bm+c (3.16)

i=1

InEqg.3.16a= Z p(x)? is always greater than 0, ahd= —2 Z p(x)f(x) is always less than 0,
thereforem can be calculated by EG.17.

b LX)
mZZ—aZI_N— >0 (317)
.Zl P(x;)?

After regression for each MET model, né®C values were calculated by comparifigx)/mand
p(x), and they are listed in the colum@C, of Table3.3. It should be mentioned that the regression
does not change threcorrelation, and the explanation can be found in EG3 For this reason, only

|CC is recalculated. _ _
2(Ar = A)(MB, — mB)
lregress = - =T (3.18)
JE = A7 E(mB, - mB)?

3.5.2 Results and discussion
Regression results

Both of the correlations before regressi@C, and after regressiorCC, are shown in Tabl&.3.
It should be noticed that the resultSC; before regression in Tabl22 were a little diferent from
the results presented in Sectidrs, because the range & c varies from 0.15 to 0.99 in this section
while it varied from 0.20 to 0.99 in Sectidh3in order to validate the dynamic fatigue model. Some
models were sensitive for such a change, e.g. Monod’s mddelever, the little change of the
validation result does not change the conclusion in Se&ian

Almost all thelCC, are greater than 0.89, and only one is an exception (Monoddaherrer,
0.4736). This exception is because of its relative worseslircorrelatiorr with the dynamic MET
model, while almost all the other ones hawaver 0.96, and the Monod’s model has only 0.6241. For

the Monod’s model, the linear error occurs mainly when thie: approaches to 0.15. This error is
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mainly caused by the way in which the Monod’s model is formeda This exception was eliminated
in the following analysis and discussion.

The ICC results are also graphically presented in log-log diagnaomfFig. 3.11to 3.18 The
straight solid line is the comparison result between theadyio model and itself. For the other
models, the one which is more approach to the straight lireeahhigherlCC. There are larger
differences between the dynamic model and the existing MET modspecially when théyc
approaches to 0.15. Thosefdrences can be explained by the interindividu#lledence in MET,
and these dierences are greater for the low %MVEIl (@hrache et al200§. From the graphical
representation, it can be noticed that the MET errors aralgndecreased in the range from®1in
to 10' min, which means the dynamic model after regression can pritidt with less error than
before regression.

The greatest improvement of the fithess between the dynamdehand the MET models is
the HigBack model (Fig.3.17and 3.18. This approves that the dynamic model with a suitable
fatigue ratio can adapt itself well to the most complex patiuman body. The same improvement
can be found for shoulder models and most of the elbow modelkshould be noticed not all the
MET models have been improved after the regression. Lillecin be found for the MET models
(hand model) withlCC over 0.98 in the CC; column. The possible reason is that it has already
high ICC correlation, and the regression does not improve its fitnelssvever, those models after
regression still have highCC (> 0.95). As a summary, the regression approach achieveslQigh
and improves the similarity between the dynamic model aedettisting models. This proves that
the dynamic model can be adapted to fitelient body parts, and the dynamic model can predict the

MET for static cases.

Intraclass Correlation between Dynamic model model and General models Intraclass Correlation between Dynamic model and General models
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Table 3.3: Static validation results and1CC between the new model and the other existvigT models in
the literature [l ahrache et /2006

Model MET equations (in minutes) r ICC, ICC,

General models
Rohmert MET =-15+ &= - 28 + 8L 09717 0.9505 0.9707

3
fuve we  fave

Monod and Scherrer MET = 0.4167 (fyvc — 0.14)%4  0.6241 0.0465 0.4736

Huijgens MET = 0.865 | e ]/14 0.9036 0.8947  0.8916
Sato etal. MET = 0.3802 (fuvc — 0.04) 14 0.9973 0.8765 0.9864
Manenica MET = 14.88 exp(-4.48fyvc) 0.9829 0.9357 0.9701
Sjogaard MET = 0.2997f, 2% 0.9902 0.9739 0.9898
Rose et al. MET = 7.96 exp¢-4.16fuyc) 0.9783 0.6100 0.9573
Upper limbs models

Shoulder

Sato et al. MET = 0.398f,52° 0.9988 0.5317  0.9349
Rohmert et al. MET = 0.2955f, 1858 0.9993 0.7358 0.8982
Mathiassen and Ahsberg MET = 40.6092 exp{9.7 fuvc) 0.9881 0.8673 0.9711
Garg MET = 0.5618f;57%51 0.9968 0.9064  0.9947
Elbow

Hagberg MET = 0.298f, 21 0.9902 0.9751 0.9898
Manenica MET = 206972 expf4.5fyyc)  0.9832 0.9582 0.9708
Sato et al. MET = 0.195f,232 0.9838 0.9008 0.9688
Rohmert et al. MET = 0.2285f, 53" 0.9997 0.2942  0.9570
Rose et al.2000 MET = 20,6 exp(6.04fuvc) 0.9958 0.9627 0.9708
Rose et al.1992 MET = 10.23 exp(-4.69fuvc) 0.9855 0.7053  0.9766
Hand

Manenica MET = 16.6099 expf4.5fyyc)  0.9832 0.9840  0.9646

Back/hip models

Manenica (body pull) MET = 27.6604 exp£4.2fyve) 0.9789 0.7672 0.9591
Manenica (body torque) MET = 124286 exp{4.3fuvc) 0.9804 0.8736 0.9634
Manenica (back muscles)MET = 327859 exp{4.9fuvc) 0.9878 0.8091 0.9819

Rohmert (posture 3) MET = 0.3001f,28%3 09655  0.4056 0.9482
Rohmert (posture 4) MET = 1.2301 ;3% 0.9990 0.8356 0.9396
Rohmert (posture 5) MET = 3.2613f,;2>° 0.9984 0.1253 0.9263
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Intraclass Correlation between Dynamic model and Hip/back models Intraclass Correlation between Dynamic model and Hip/back models
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Fatigue resistance results

The regression resultsnf for each MET model are listed in TabR4. The mean valuen and
the standard deviatiom,,, were calculated for dierent muscle groups as well. The Monod’s general
model is eliminated from the calculation due to its pbGC value. The intergroup fferences are
represented by the mean value of each muscle group. Thbadipomodels have a higher mean value
m = 1.9701, while the other human body segments and the generallsioale relative lower fatigue
resistances ranging from 0.76 to 0.90, without bijedtences. The fluctuation in each muscle group,
namely the intra muscle groupftérence, is presented by,. The stability in the general group is the
best, and the hijpack model has the largest variation. There is no biggénce between elbow and

shoulder models.

The regression result of the fatigue resistance fiétbnt muscle groups were tested with normplot
function in Matlab in order to graphically assess whetherftitigue resistances could come from a
normal distribution, since the characteristic of the fatigesistance might be very important for
evaluating the fatigue of a given population. The test tesubws fatigue resistances for general
models and elbow models scatter near the diagonal line inFigand Fig.3.20 Due to limitation
of sample numbers in shoulder models and the large varianbgyback models, the distribution
test did not achieve satisfying result. Once there are @msagiple models, it can be extrapolated
that the fatigue resistances fofférent muscle groups for the overall population distributesormal
probability, therefore, the mean value locatesrire o could predict the fatigue property of 50%

percentile of a given population.
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Table 3.4: Fatigue resistance of different MET models

Segment mp mg my ms Mg my m Tm
General Rohm.  Mono. Hijg. Sato. Mane. Sjog. Rose
0.8328 - 0.9514 0.6836 0.8019 1.1468 0.4647 0.8135 0.2320
Shoulder  Sato. Rohme. Math. Garg
0.4274 0.545 0.698 1.3926 0.7562 0.4347
Elbow Hagb. Mane. Sato. Rohm. Rose00 Rose92
1.1403 1.1099 1.3461 0.2842 0.7616 0.5234 0.8609 0.4079
Hand Mane.
0.8907 0.8907 -
Hip pull torg. back pos3 pos4 pos5
1.5986 0.7005 1.5931 3.2379 1.356 3.3345 1.9701 1.1476
Normal Probabilty Pot Normal Probabilty Plot |
n| ] ‘ .
o0 1 o
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Figure 3.19: Normal distribution test for the gen-Figure 3.20: Normal distribution test for the el-

eral model

bow model

Therefore, the mean value af and its standard deviatiom,, are used to redraw the relation
betweenMET and fyyc, and they are presented from Fig.21to 3.24 The black bold solid line
is the dynamic model adjusted loy and it locates in the range constrained by two slim solidsline
adjusted bym + o,,. After adjusting our fatigue model withn + o-,,, the dynamic fatigue model can
cover most of the existing MET models from 15% MVC to 80% MVQthdugh there is an exception
in Hip/back model due to the relative large variability in hip mesgioups, it should also be admitted
that the adjustment makes the dynamic model suitable fot ofdke static cases. In another word,
the adjustment by mean and deviation makes the dynamic nsadeable for evaluating the fatigue

for the overall population.
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The prediction by the dynamic model cannot cover the moaelthe %MVC over 80 as well as
the interval under 80%. However in the industrial cases utary rare that the force demande can
cross that limit. Meanwhile, the prediction error is smiatlean one minute in such range, normally

less than 1 minute.

Prediction of MET using Dynamic model in comparison with General static models
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Figure 3.21: MET prediction using Dynamic model in comparison with geetatic models

Prediction of MET using Dynamic model in comparison with Elbow static models
10

—»— Hagberg
-©- Manenica
—%— Sato
-4~ Rohmert
-5~ Rose00
- Rose92
=mm Dynamic (mean)
— Dynamic (-0)
= Dynamic (+0)

Endurance Time in Elbow models [min]

Figure 3.22: MET prediction using Dynamic model in comparison with elbstatic models
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Prediction of MET using Dynamic model in comparison with Shoulder static models
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Figure 3.23: MET prediction using Dynamic model in comparison with slitaulstatic models
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Figure 3.24: MET prediction using Dynamic model in comparison with/bigick static models

3.5.3 Discussion on fatigue resistance

Although the MET models fitted from experiment data were fallated in diferent forms, then

can still provide some useful information for the fatigusiséance, especially for fierent muscle

groups. The dferences in fatigue resistance result is possible to be gdedlby the mean value

and the deviation, but it is still interesting to know why amalv the fatigue resistance isfiirent in

different muscle groups, in the same muscle group, and even gathe person at fiierent period.
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There is no doubt that there are several factors influentiadatigue resistance of a muscle group,
and it should be very useful if the fatigue resistance fedent muscle groups can be mathematically
modeled. In this section, the fatigue resistance and iialiity are going to be discussed in details
based on the fatigue resistance results from Ta&bleand the previous literature about fatigability.

Different influencing factors are going to be discussed andifoéabim this section.

All the differences inter muscle groups and intra muscle groups in MEdete@an be classified
into four types: 1) Systematic bias, 2) Fatigue resistanter iindividual for constructing a MET
model, 3) Fatigue resistance intra muscle group: fatigsestance dierences for the same mus-
cle group, and 4) Fatigue resistance inter muscle groupigjuaresistance tferences for dierent
muscle groups. Thoseftkrences can be attributed tdfdrent physiological mechanisms involved
in different tasks, and influencing variables are subject matwatientral command, intensity and
duration of the activity, speed and type of contraction, iatekmittent or sustained activitiegijokg
1995 Elfving and Dedering2007. In those MET models, all the contractions were exerteceund
static conditions until exhaustion of muscle groups, tfueeg several task related influencing factors
can be neglected in the discussion, e.g., speed and duddtioontraction. The other influencing

factors might contribute to the fatigue resistandéedence in MET models.

Systematic bias :all the MET models were regressed or reanalyzed based onimgue results.
Due to the experimental background, there were severatestor systematic error. One possible
source of the systematic bias comes from experimental rdsthind model constructioit(ahrache
et al, 2000, especially for the methods with subjective scales to mmeaMIET. The subjective feel-
ings significantly influenced the result. Furthermore, thiestruction of the MET model might cause
system diterences for MET model, even in the models which were constduitom the same ex-
periment data (e.g. Huijgens’ model and Sjogaard’s mod€&eneral models). The estimation error
was diferent while using dierent mathematic models, and it generates systematicrbths result

analysis.

Fatigue resistance inter individual : besides the systematic error, another possible sourcedor t
endurance dierence is from individual characteristic. However, theivigtial characteristic is too
complex to be analyzed, and furthermore, the individuatattaristic is impossible to be separated
from existing MET models, since the MET models already repné the overall performance of the
sample participants. In addition, in ergonomic appliaatihe overall performance of a population
is often concerned. Therefore, individual fatigue resistais not discussed in this part separately,
but the diferences in population in fatigue resistance are going tadmisised and presented in the

following part.

Fatigue resistance intra muscle group the inter individual variability contributes to the errors
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in constructing MET models and the errors between MET mofielthe same muscle group. The
influencing factors on the fatigue resistance can be malalsdied into sample population charac-

teristic (gender, age, and job), personal muscle fiber caitipn, and posture.

The influences on fatigability from gender and age were ofeskin the literature. In the research
for gender influence, women were found with more fatiguestasice than men. Based on muscle
physiological principle, four families of factors were gded to explain the fatigability éierence in
gender inHicks et al.(200]). They are: 1) muscle strength (muscle mass) and associasedlar
occlusion, 2) substrate utilization, 3) muscle composigod 4) neuromuscular activation patterns.
It concluded that although the muscle compositidfedéences between men and women is relatively
small Staron et al.2000), the muscle fiber type area is probably one reason for faitigedi fference
in gender, since the muscle fiber type | occupied signifigalatiger area in women than in men
(Lariviere et al, 2006. In spite of muscle fiber composition, the motor unit retnént pattern acts
influences on the fatigability as well. The gendefelience in neuromuscular activation pattern was
found and discussed imariviere et al.(2006, and it was observed significantly that females showed

more alternating activity between homolateral and coateahl muscles than males.

Meanwhile, inMademli and Arampatzi€2008, older men were found with more endurance time
then young men in certain fatigue test tasks charging wighsémme relative load. One of the most
common explanations is changes in muscle fiber compositofatigability change while aging.
The shift towards a higher proportion of muscle fiber typealde old adults having a higher fatigue
resistance but smaller MVC. Gender and age were also alredkey into a regression model to
predict shoulder flexion endurandddthiassen and Ahsbgrij999.

Besides those two reasons, the muscle fiber composition stimwaries individually in the
population, even in a same age range and in the same gedideor{ et al.2000, and this could
cause dierent performances in endurance tasksffdbent physical work history might change the
endurance performance. For example, it appeared thateghath diferent fiber composition had
different advantages inftierent sports: more type | muscle fiber, better in prolongeldieance events
(Wilmore et al, 2009. Meanwhile, the physical training could also cause shetineen diferent
muscle fibersCostill et al, 1979. As a result, individual fatigue is very fticult to be determined
using MET measurement/gllestad 1997, and the individual variability might contribute to the
differences among MET models for the same muscle group due tiiselef subjects.

Back to the existing MET models, the sample population waspmsed of either a single gender
or mixed. At the same time, the number of the subjects was some relative small. For example,
only 5 female students (age range 21-33) were measGi&d €t al. 2002, while 40 (20 males, age
range 22-48 and 20 females, age range 20-55) were testeauldehMET model {lathiassen and
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Ahsberg 1999. Meanwhile, the characteristics of population (e.g.dsnts, experiences workers)
could cause some ftierences in MET studies. Due tofidirent population selection methodffdr-
ent gender composition, andfid@irent sample number of participant, fatigue resistancéii®same
muscle group exists in flerent experiment results and finally causefiedent MET models under

the similar postures.

In Hip/back models, even with the same sample participantgrdnce existed also in MET mod-
els for diferent postures. The variation is possibly caused by tfierdnt MU recruitment strategies
and load sharing mechanism undeffelient postureskKasprisin and Grabing2000 observed that
the activation of biceps brachii was significantljezted by joint angle, and furthermore confirmed
that joint angle and contraction type contributed to théimltsion between the activation of synergis-
tic elbow flexor muscles. The moment arm of each individuasaleichanges alongftierent postures
which results in dierent intensity of load for each muscle and then caudésreint fatigue process
for different posture. Meanwhile, the contraction type of eachviddal muscle might be changed
under diterent posture. Both contraction type change and le¥Bardinces contribute to generate dif-
ferent fatigue resistance globally. In addition, the aatitin diference was also found in antagonist
and agonistiarst and Hasgrl 987 Mottram et al, 2009 muscles as well, and it is implied that in
different posture, the engagement of muscles in the action caifferent muscle activation strat-
egy, and as a result the same muscle group could h#fezeht performances. With these reasons, it
is much dificult to indicate the contribution of posture in fatigue stance because it refers to the
sensory-motor mechanism of human, and how the human cabedithe muscles remains not clear

enough until now.

Fatigue resistance inter muscle groupsAs stated before, the threefidirent muscle fiber types
have diterent fatigue resistances, andfeient muscle is composed of types of muscles with compo-
sition determining the function of each musadlgnétin et al, 1999. The dtferent fatigue resistance

can be explained by the muscle fiber composition ffedent human muscle groups.

In the literature, muscle fiber composition was measuredvoytérms: muscle fiber type percent-
ages and percentage fiber type area (CSA: cross section &weih) terms contribute to the fatigue
resistance of the muscle groups. Type | fibers occupied 748tustle fibers in the thoracic muscles,
and they amounted 63% in the deep muscles in lumbar re§iore(and Kosteyd 985. On average
type | muscle fibers ranged from 23 to 56% for the muscles srg$se human shoulder and 12 of the
14 muscles had average SO proportions ranging from 35 to h#%niane et al2009. In Staron
et al.(2000 andShepstone et (2005, the muscle fiber composition shows the similar compasitio
for the muscle around elbow and vastus lateralis musclefantype | muscle fibers have a proportion

from 35 - 50% in average. Although we cannot determine thegiceiship between the muscle type
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composition and the fatigue resistance directly and theailfy, the composition distribution among
different muscle groups can explain the METteliences between general, elbow models and back
truck models. In addition, the fatigue resistance of old#rls greater than young ones could also
be explained by a shift towards a higher proportion of typdérficomposition with aging. These

evidences meet the physiological principle of the dynamiscte fatigue model.

Another possible reason is the loading sharing mechanisnustles. Hip and back muscle group
has the maximum joint moment strengtbh@@tin et al, 1999 among the important muscle groups.
For example, the back extensors are composed of numeroudenslips having dterent moment
arms and show a patrticularly high resistance to fatigudivel@o other muscle groupsd¢rgensen
1997. This is partly attributed to favorable muscle compositiand the variable loading sharing

within back muscle synergists might also contribute sigaiiily to delay muscle fatigue.

In summary, individual characteristics, population clktggstics, and posture are external appear-
ance of influencing factors for the fatigue resistance. Mufsiser composition, muscle fiber area, and
sensory motor coordination mechanism are the determiaatdrs inside the human body deciding
the fatigue resistance of muscle group. Therefore, how tstcoct a bridge to connect the external
factors and internal factors is the most important way fodelimg the fatigue resistance forfidirent
muscle groups. How to combine those factors to model thguatresistance remains a challenging
work. Despite the diiculty of modeling the fatigue resistance, it is still applite to find the fatigue
resistance for a specified population by MET experimentsgnassion with the dynamic static MET

model due to its simplicity and universal availability.

3.5.4 Limitations

In the previous discussion, the fatigue resistance of thetieg MET models were quantified
usingm from regression. The possible reasons for theedent fatigue resistance were analyzed and
discussed. However, how to quantify the influence froiffiedent factors on the fatigue resistance
remains unknown due to the complexity of muscle physiology #he correlation among fiierent
factors.

The availability of the dynamic MET model in the interval and.5% MVC is not validated. The
fatigue resistance is only accounted from the 15% to 99% MME w the unavailability of some
MET models under 15% MVC. For the relative low load, the indijal variability under 15% could
be much larger than that over 15%. The recovdigat might play a much more significant role

within such a range.
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3.6 Summary

In this chapter, a simple muscle fatigue model has been miedaking account of external
physical factors and personal factors. This model can beexplained in muscle physiology and it
is validated in both static case in comparison with the MET™eisand in dynamic case in comparison
with dynamic models.

This model is further generalized to determine the fatigagstance of dierent muscle groups.
They were calculated by linear regression from the new datignodel and the existing MET static
models. Highel CC has been obtained by regression which proves that our éatigedel can be
generalized to predict MET for flerent muscle groups. Mean and standard deviation in fatigue
resistance for dierent muscle groups were calculated, and it is possiblesboth together to predict
the MET for a certain population. The possible reasons mesipte for the variability of fatigue
resistance were discussed based on the muscle physiology.

Our fatigue model is relative simple and computationafficeent. With the dynamic model it is
possible to carry out the fatigue evaluation in virtual ham@odeling and ergonomic application, es-
pecially for static and quasi-static cases. The fatigteceof diferent muscle groups can be evaluated
by fitting k from several simple static experiments for certain poportat
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Muscle fatigue model: experimental validation
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4.1 Introduction

Human intervention is often engaged in most occupatiortaliaes, especially in assembly and
maintenance tasks. In such cases, muscular strengthscaissaey to exert enough forces and torques
to operate equipments and sustain external loads. Thegqathgsipacity to perform mechanical tasks
is determined by the individual ability to exert musculaesgth. Instficient strength can lead to
overexertion of the muscle skeleton system and consequieny (Mital and Kumay 1998. Insufi-
cient strength can result from physical fatigue in a cordumsiworking process.

A decrease of maximal physical output is observed in theaijmer with a submaximal force,
either in a continuous way or in an intermittent wokkidod et al, 1997 Mital and Kumay 1998.
The decrease in maximum force output is caused by musctpi&gtivhich has been defined as “any
exercise-induced reduction in the capacity to generateefor power output " \{gllestad 1997
in Section1.3. Muscle fatigue leads to the decrease of the force outpukgrgées more risks of
overexertion, and furthermore results in musculosketitalrders (MSDs).

In general, two approaches have been used to assess fal@ugatively and schedule the work-

rest allowance.

67
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One approach is the maximum endurance time (MET) and watkalowance model approach.
MET assesses the fatigue based on the maximal duration odeated force at a present level. Here-
after work-rest allowances can be further determined auegrto the actual holding time and the
predicted recovery time in work-rest allowance models @tasis of MET models=| ahrache and
Imbeau(2009 reported four work-rest allowance tools. Substantifiedences for designing the rest
period have been found among these models. Tifierdnces in work-rest allowance tools result from
different approaches in building up the models, suchfésrdnt subject groups, ftierent fatigue mea-
surement methods, etc. In comparison with thféedences in MET models, the work-rest allowance
tools lack accordance with each other. In other words, thevery model is not well established in
work-rest allowance tools. Furthermore, although the MEddels can predict the endurance time
for a given force level in static postures, the decrease e@ptiysical capacity is not predictable in

these models.

The other approach is trying to model the decrease of theigdlystrength in successive work
cycles. Hfort has been done in recent studi®god et al, 1997 Roman-Liu et al. 2004 2005
Iridiastadi and Nussbaurm006gb). Cycle time, submaximal force level, and duty cycle, thiask
parameters were taken into consideration in these studigagat the development of a muscle
fatigue model. In these models, the fatigue caused by tleeredtioad and the recovery after the duty
cycle are mixed together to predict the overall decreaseefrtuscle strength. Exponential decreases
in force capability were indicated by the measured datahlgh diferent prediction models have
been established, the universal applicability is limitegbb specific taskdijdiastadi and Nussbaum
20069, and it is dificult to generalize these models foiffdrent industrial operations. In addition,
the mixture of the duty cycle and the rest cycle leads to theure of fatigue and recovery, and
consequently this modeling process cannot decouple thematoate the fatigueffect or the recovery

procedure separately.

It should be noted that in the studies mentioned abovecsagngths were often taken as mea-
surement to evaluate the fatigue process, and participaogsures were strictly constrained in the
experiment. For this reason, the design of tasks in a fixetuppbased on static strengths has lost
its relevance in most industrial processes, and job sirdlstrength should be used to provide better
strength guide for the operation desiguiial and Kumay 1998).

Because of the limitations of the two approaches mentiotede we proposed a new simple
fatigue model based on muscle motor unit recruitment masham Chaptef. Different from MET
models, the decrease of the muscle strength is predictatiiésimodel for static operations by taking
account of the submaximal force and the duration of the forbe model was validated in comparison

with 24 existing MET models and three theoretical fatiguedeis. The observed strong correlations
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suggest that the model is suitable for static posture or sparation. Another approach was also
proposed in Chaptes to predict fatigue resistances oftfidirent muscle groups by generalizing the
fatigue model, and higher interclass correlatid8€ indicate that the model is capable of assessing
the fatigue process for fllerent muscle groups in a general approach.

In this chapter, the aims of the experimental validationeafestly to quantify the fatigue of the
upper limb and secondly to check the adaptability of thgtatimodel. A simulated drilling operation
in an airplane assembly line was carried out under labgratonditions. The external loads were
predefined to simulate the physical workload in real workremment. Simulated job static strengths
were measured, the shoulder joint torques were estimatitfertent time instants in the operation to
assess the physical fatigue, and then the strength reseffesregressed to check the goodness of fit

of the general fatigue model. Posture changes in the oparatetre observed and interpreted as well.

4.2 Material and methods

4.2.1 EADS drilling case and its simplification

In our research project, the application case is the asgeoniblvo fuselage sections with rivets.
One part of the job consists of drilling holes all around threraft cross section. The number of the
holes could be up to 2,000 on an orbital fuselage junctiomddigolane. The drilling machine has a
weight around g, and even up to Kg in the worst condition with consideration of the pipe weight
The drilling force applied to the drilling machine is arou@N. In general, it takes 30 seconds to
drill a hole. The drilling operation is graphically shownkig. 4.1

orce measurement

Figure 4.1: Schematic layout of experiment design

There are some ergonomics issues in this drilling operakost, the heavy external load demands
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great physical capacity to sustain the machine and maitit@imperation, and the physical fatigue
happens rapidly in the upper limb and the lower back. The MiSKsrcan be augmented by the
overexertion of forces and the long lasting vibration widitéling. In order to avoid muscle fatigue,
two main factors are considered to simulate the task unterdaory conditions: the magnitude of the
external load and the duration of the external load. Theatibn and the frequency of the operation
are out of consideration in this study in order to precisemtiuscle fatigue process. Only half of the
external load is taken into account in order to simplify thad sharing problem between two hands:
25N drilling force and 2.5g weight of the drilling machine.

4.2.2 Experiment design

The aims of the experiment design were to evaluate the pdiyfaiigue by measuring the decreas-
ing maximal strength and to verify the usability of the fatggmodel (see Sectidh2.]) in predicting
the decrease of the physical capacity.

A schematic example of muscle fatigue is given in Fig2 In a continuous static operation, the
external loadF ;g normalized by the maximal strength is constant (dashed, lared the physical
strength decreases in function of the curve under this narethload. The curve can be obtained in
the experiment by measuring the strengthat time instant;. In our caseF; is the simulated job
static strength measurement, the maximum force outputinitiiing direction. Force measurement

is used to measure the fatigue, since it is “one of the mosttlassessments of fatigue in response to

a maximal voluntary gort” (Vallestad 1997).
Normalized force

1.0

0.8

0.6

0.4L

0.2

0.0 1 1 1 1 1 1 1

Ti'me
Figure 4.2: Schema of the decrease of the physical capacity in a continoperation

Roman-Liu and Tokarskj2005 and Anderson et al(2007) reported large posture related vari-
abilities in joint strengths, and in a real drilling opecatj the force perpendicular to the drilling

direction can be shared by the holes, while the force in thiikngdy direction remains the one which
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has to be charged by the operator. Therefore the force peodadhe drilling direction is taken as the
measurement. Due to simulated drilling conditions, thesueament results are also the job specific
static strengths in this special drilling case.

After holding the constant external load for a duratignF; can be measured by exerting the
maximal voluntary strength with a force peak from four tos@conds. However, the continuous work
procedure is broken after each measurement of the remaiagohmm voluntary strength, since it
is obvious that the force decreases in maximum voluntaryraotion in a diferent way from that
holding a submaximal load. Hence, the participant has te sakne break in order to recover fisr
physical capacity and then to repeat the operation from éng lveginning. Therefore, a continuous
operation has to be simulated by several procedures wfireint working durations.

A continuous operation with a maximum duratigiean be substituted by several shorter exertions

as below:
1. Perform the static operation fronx= O tot = t;;
2. Measure the remained maximum capaéifyat time instant;;
3. Take a break until total recovery;
4. Repeat steps fromhto 3 until i = n.

With this method, we assume that the decrease capacity caspbaduced as in one continuous

exertion.

4.2.3 Subjects

A total of 40 right-handed male industrial workers partatigd in the experiment. Age, stature,
and body mass were recorded or measured at the arrival iralioeatory. Upper limb related an-
thropometry data were obtained. Related data are liste@le® .1 Participation was limited to
those with no reported previous history of upper limb pratde Participation was not compulsory
and those who participated provided written informed cahse

Table 4.1: Participant characteristics

Characteristic Mean Standard Deviation (SD) Maximum Mimm
Age [year] 41.2 114 58 19
Height[cm] 171.2 5.1 183 160
Weight [kg] 70.2 10.4 95 50
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Figure 4.3: Participant in the experiment

4.2.4 Material

Magnetic motion capture device FASTRAK(Fig. 4.4) from POLHEMUS Inc. was used to
capture the upper limb posture in the experiment. As showkign4.1, four sensors were attached
to the key joints of the human upper limb and the drilling maeh The Cartesian coordinates of
shoulder, elbow, wrist, and the contact point between tiikndy machine and the workpiece were
captured. The tracking device runs at B@ per sensor with a static position accuracynt. The
recorded coordinates of each tracker were used to recohsh@ posture of the worker in post-
experiment analysis. The optical tracking system develdyeTsinghua University was not used in
the experiment validation, since it has a lower static [ieai than the magnetic one and it was not

robust enough for practical application.

The force measurement device (see Flgh) was developed by Tsinghua University, and it can
measure the press force perpendicular to the surface ofetfieedwith a precision of N. Force
measurement device was located behind the drilling coptaict with the surface perpendicular to
the drilling direction to measure the force output.

The two external loads in the drilling case were provided lypaden beam and a special drilling
machine. Wooden material (see Fif}6) was used in order to avoid magnetic distortion caused by
ferrous material. The wooden beam had a weightd,@nd it was suspended by three straight wires.
In the simulated drilling operation, the subject had to pilhbeam to the force measurement device
and hold it for a given duration. In this situation, there vaaisinclination angle between the beam
and the horizontal line around B4. According to the force analysis of pendulum, a tangentiede

around 25N was applied to the upper limb. Before each operation, thisreal load was calibrated
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Figure 4.4: Complete FASTRAK System

to ensure that there was a R5orce load in the drilling direction. The gravity of the dimlg machine

was simply provided by a drilling tool filled with concrete ighted around 2.kg.

‘ Force measurement

Figure 4.5: Force schema in the drilling operation

4.2.5 Experiment procedure

The subject was seated upright, and the right shoulder weag foxa shoulder support against the
wall in order to constrain the movement of the shoulder arctedese the engagement of the lower
back. The left upper limb was set free, and the right uppeb hvas limited in the sagittal plane by
position constraints. The position constraints providely posture references to the subject to order
keep the initial posture as well as possible, but providetbrnme support to the upper limb.

Before starting the experiment, maximum voluntary contoac(MVC) was determined as the
greatest exerted pushing force in the drilling directionmythree trials. In each trial, the subject was

verbally encouraged and had to maintain the maximum fored p& five seconds. The measured
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Figure 4.6: Experiment layout in VRHIT laboratory Tsinghua University

MVC was also noted a5, to represent subject’s initial maximum capacity at the daginning of
the operation.

For a continuous drilling operation with a length of 180 set®y physical capacities at 9 time
instants were measured after holding the external loadifterdnt durations: 15, 30, 45, 60, 75, 90,
120, 150, 180 seconds, respectively. The physical capaditere also measured in the same way as
MVC but only with one trial, and the measurement results wererded as~;, wheret represents
the corresponding duration. After each measurement, stisbjeok a rest for at least three minutes
or even longer until self-reported total recovery. Oncedhigject reported that he could not sustain
the operation within 180 seconds, the experiment was stbppmediately to avoid injuries to the
subject.

4.3 The fatigue model and regression

4.3.1 The fatigue model

The fatigue modelNla et al, 2009 has been proposed in Chapeon the basis of a élierential
Equation (Eg.3.2). Related parameters and their descriptions are givenhiteBal. This model
describes the muscle fatigue mechanism from a macro asaset lon the muscle motor unit recruit-

ment principle.

In static or quasi-static muscular work;,,q keeps constant and the reduction of the physical
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capacity can be predicted by E4.1. This equation indicates the theoretical decrease proeexfu
the maximal force along time in a static operation.
E:_mznx _ g Kfuet (4.1)

Theoretically, three parametenS,{x, Fioad, @andk) need to be determined to predict the fatigue
process for a static operatioR,,,g can be measured and calculated by force analysis of thenekter
loads, andF .« needs to be measured in simulated job conditions. The ratetigtie k, which
describes the individual fatigability and which is influeddy several factors (e.g., muscle strength,
muscle fiber type composition, etc.), needs to be determmaththematical regression.

Rates of fatigue for dierent muscle groups have also been theoretically analyz€thapter3.
Higher interclass correlation€C have been found with adjusted rates of fatigue which weredfitt
from the fatigue model to previous MET models. The resultgggst that the rate of fatigue is a
parameter in normal distribution for a given population &nmhn be used to evaluate the individual

fatigue resistance in arffective manner.

4.3.2 Regression analysis

The aim of the regression analysis was to find the relatigniseiween the measured results and
the theoretical model (Egt.1).

The participants were numbered from 1 to 40, note@ 8here were ten measurements from the
very beginning to the end of three minutes: one initial cégaand 9 measurements in the working
operation. These measurements were noteEéa'sndicating theFcm at time instant; for the j®
subject.

At the beginning of the experiment, subject was considernigaowt any physical fatigue. There-
fore, theth0 was treated as the maximum exertion capacity without fatiginis value was also noted
asMVC!. Equation4.1 can be further transformed to E4.2.

F{ .
In(MV'CJ.) = —kj fyc ti (4.2)

In a static operation, theoreticallf/Nj,lVC is constant. Suppose tt'ks}tf,\",IVC = a;, and then Eq4.2

can be simplified to E¢4.3.

i
In(MVCJ) = —q ti (43)

With linear regression method, can be calculated. In the drilling operatiofpfjaol can be es-

timated by the force analysis in the experiment, a,(")gc can be calculated from data analysis by
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normalizing thef _, with the MVCI. In this case, since only the force output in the drillingedtion

could be measured, only the load in the drilling force ditwas taken ag. . Once thef),, .

is determined, then the individual rate of fatigkjecan be further figured out. After the regression,
Pearson’s correlation between the measured result and the theoretical prediesedts was calcu-
lated for each subject. The closer the correlation appesmtdl, the higher predictability the model

has.

4.3.3 Torque estimation

In ergonomics, strengths can be either defined as the mafancal output or by the joint moment
strength {ital and Kumay 1999. The fatigue model in Eq.3.2 can be extended to E¢¢.4 by

replacing all the force terms by moment terms.

dleem(t) _ | Toem(®)

dt IMax

[ioad (t) (4 : 4)

We assumed that the measured force output was mainly deerby joint moment strengths in
the right upper limb. The shoulder joint and the elbow joiaté similar strength profiles according
to the joint moment strength models @héfin et al. (1999, and both joints have similar fatigabil-
ity in MET models El ahrache et 412006, and furthermore it was obvious that the shoulder was
charged with much larger torque load than the elbow joinuindrilling case, so we assumed that the
bottleneck for the output strength was the shoulder jomtother words, the shoulder joint moment
strength can be estimated with the maximum force output beddlated posture information. The
torque about the shoulder joint was calculated to checksttensibility of the fatigue model.

In the drilling operation, mainly four external forces cobtite to the shoulder torque load. They
are the gravity of upper ar@,, the gravity of forearnGs, the gravity of the drilling machin&,,
and the drilling force at the contact poiRi. The torque load about the shoulder joint can be approx-

imately estimated by EgL.5.

S—e W+ e
F'oad:(T)XG“( > ‘S)XGf

+(d+w (4.5)

—s)xGm+(d—s)><Fd

wheres, e, w andd represent the coordinates of the markers attached to sird@y elbow (E), wrist
(W), and drilling contact point (D), respectively.
In this estimation, each segment was assumed having a emidensity distribution, and the

gravity center was simplified as the geometrical center®fithb segment. The gravity of each body
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segment was estimated proportional to the overall weightushan from anthropometry database
(Chdtin et al, 1999.

4.3.4 Interface in Matlab

A graphical interface for experiment analysis has beengdesi in Matlab (see Fig4.7). With
this interface, we were able to input all the measurementltsgsdoad the motion data for posture

analysis, estimate the joint torques, and at last carrylmutrtathematical regression.

<} Graphicinterface

— MW'C Measurement

T —Resuts

Ha. of Subject 7 [ vosamoionpas |

Weight (k) 0 | Check Displaceme: ot |

Height (om) [“17a [ checkpostrs |
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T=0sec a0
| Torgue Regression ! Bf

T=30 zec 00 —_—
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o0 ‘ Force Regression ‘

T=80 zec ar & il
oo

T=120=ec L
an 3
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T=180gec oo

‘ Canfirtn | ‘ Reset

Figure 4.7: Matlab interface for experiment analysis

4.4 Results

4.4.1 General descriptive findings

The strength measurement results were graphically shovagin4.8. The measured force at
each time instant for each subject was represented by theadyr’. The mean values of the mea-
surements at each time instant were calculated and showirdbgscwith rectangles indicating the
standard deviations. Original data can be found in Appebdix

From the observation of the measured data, it can be statgsheral:

1. There was substantial variability MVC measurements. The average muscle strength at the

beginning of the exercise was 104.1 N (S71.7). The majority of the measurement results fell
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Figure 4.8: Force measurement results and the mean values and stamedéatioths at each time instant

in the interval limited by the standard deviation.

2. The decrease of the physical capacity was observable am@naous working process. Re-
ductions in output strength ranged from 36% to 74% acrosgstg(Mear-58%, SB=8.8%),
while the relative external load in the drilling directioaried from 14% to 33% (Me&t24.3%,
SD=4.4%).

3. The trend of the fatigue indicated that the longer the atpemm was maintained, the more fatigue
could be found by larger reduction of the maximum force cdapathe decrease rate was more
rapid at the beginning period, and the rate decreased alahdime. All the characteristics of

the reduction curve could be formulated to a negative expitedgunction.

The mean force measurement values were regressed and shéign #.9. The high Pearson’s
correlationr = 0.9680 suggested that the regressed general model couldfpteeligeneral decrease
precisely. Usingtest in Matlab, the general rate of fatiglgy = 1.353 which had no dierence
with the mean value of the rates of fatigkiger regressed from general MET modelskhahrache
et al.(2000 (see Tablel.3).
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Figure 4.9: General regression result of the decrease of the measuss fo

4.4.2 Individual force and torque analysis

In order to validate the availability of the fatigue modeidividual force measurements and
torques were regressed and analyzed. Pearson’s comsldigdween the regression results and the
measured results were also calculated and listed indilhduarable 4.2.

Table 4.2: Pearson’s correlationand rate of fatigue in force output and joint torque estiorati

Subject rigque  Korque  Trorce  Krorce | SUbject Tigrgue  Kiorque  Frorce  Krorce
1 0.9493 0.92 0.9454 1.69 21 0.9297 0.36 0.9179 1.12
0.9879 0.66 0.9845 1.06 22 0.4783 0.33 0.9038 1.13
0.9381 0.36 0.8984 1.29 23 0.9696 0.77 0.9046 1.17
0.9940 0.89 0.9762 1.94 24 0.9872 1.55 0.9734 1.68
0.9880 0.52 0.8989 1.09 25 0.9888 0.42 0.9631 0.60
0.9656 0.70 0.9569 1.58 26 0.9219 0.88 0.9510 1.92
0.7940 0.92 0.8685 1.32 27 0.9158 0.62 0.9247 0.93
0.8701 2.11 0.9676 0.87 28 0.8494 0.93 0.8674 1.62
0.9396 0.94 0.9126 1.71 29 0.9811 0.85 0.9926 1.29
10 0.9631 0.87 0.9435 1.71 30 0.9690 0.85 0.9027 1.86

Continued on Next Page. ..
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Subject Tiorque  Korque  Trorce  Krorce | SUDjECt Torque  Kiorque  Frorce  Krorce
11  0.8957 0.63 0.9014 1.43| 31  0.9406 1.32 0.9561 1.99
12 0.9227 1.33 0.9500 1.93| 32 0.9432 0.58 0.9595 0.95
13  0.9718 1.14 0.9968 1.55| 33 0.9398 1.12 0.9671 1.13
14  0.8976 0.35 0.9862 1.27| 34 0.9516 0.95 0.9562 1.41
15 0.9782 1.00 0.9955 1.49| 35 0.9803 1.57 0.9881 1.28
16 0.8651 1.02 0.8516 1.76 36 0.8615 1.98 0.9077 1.34
17 09760 0.92 0.9724 1.52| 37 0.9587 0.84 0.9712 1.14
18 0.9729 0.92 0.9439 1.45| 38 0.6930 1.61 0.9328 0.67
19 0.9380 1.19 0.8743 1.47 39 0.9728 0.70 0.9856 1.78
20 09712 0.71 0.9544 1.00| 40 0.9269 0.66 0.9460 0.70

Atotal of 34 in the 40 subjects had a correlatigg. over 0.9. Individual rate of fatigui orce Was
also calculated, and the mean value and the standard @evadtihe rates of fatigue were calculated
and listed in Tablel.3. For torque regression, 31 among 40 subjects had a coomtatie over 0.9.
Individual rate of fatiguéorque Was also calculated, and the mean value and the standaatideof
the rate of fatigue were also calculated and listed in Talie

Representative examples were given to show the decrease alutput force strength and the
shoulder joint moment strength in the simulated operatioRig. 4.10and Fig. 4.11, respectively.
The symbol 4+ presents the external load (force or torque) at each wgrlumration, and the circle
represents the measured or calculated strength data.

Lilliefors test (Conover 1980 was used to test the goodness of fit of rates of fatigue to alor
distribution with a significant level 5%. Rates of fatiguefances and torques, both of them showed
goodness of fit to a normal distribution.

In Chapter3, the rates of fatigue for éfierent sample groups were calculated based on the fatigue
model and the general MET models in the literature. Partefésults were also listed in Tables.
Kolmogorov-Smirnov test was used to compare the distiioudif Ko .. andkyer in general models
Tested result showed that both obey the same normal distnibwith a significance level 10%.

The average individual fatigue resistance in torque regoasvas smaller than that of force re-
gression and less than the average of the shoulder fatigistarece from the literature (Meah.58)

(see Tablel.4). The substantial dierence might be explained by the selected subjects in theriexp

IRohmert's MET model: 1.20, Huijgens’ MET model: 1.05, StafdET model: 1.46, Manenica’s MET model:1.25,
Sjogaard’s model: 0.87, Rose’s model: 2.15.
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Table 4.3: Statistical analysis of rate of fatigle

ltem Mean SD Minimum Maximum

Kiorce 1.36  0.39 0.61 1.99
Kiorque 0.88 0.31 0.36 1.57
kver 1.33 0.45 0.87 2.15

ment: they were industrial workers handling high physiehdnds. The work trained them suitable
for fatiguing physical work. However, since figient information could not be obtained from the
literature, it was dficult for us to make further judgments about the shouldestasce analysis.

The possible conclusion in torque regression is that themabdistribution characteristic of the given

industrial worker population might be recommended by thjseeiment.

Table 4.4: Fatigue resistances of shoulder MET models

Model Subjects k
Sato et al(1989 5 male 2.34
Rohmert et al(1986 6 male and 1 female students 1.83

Mathiassen and Ahsbe(@999 20 male and 20 female municipal employees 1.43
Garg et al(2002 12 female college subjects 0.72

4.4.3 Posture change in the work

The posture of upper limb in the work duration was calculdteth the motion data. Since the
arm was limited in sagittal plane, only the flexion angleshe shoulder joint and the elbow joint
were calculated to represent the arm posture to eliminatenfluences from dierent limb lengths,
and the results were shown in Taldlé. The posture change in the working process was observable
either in regression result (Fig.12 or in graphical posture representation (Fgl3. The changes
of the posture followed the same trend: the more the fatigag ¥he closer the upper limb was to the
trunk. The moment produced by the mass of the upper limb ghewhoulder joint could be reduced

in this way.
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Table 4.5: Posture change in the experiment [deg]
Time [sec] 0 15 30 45 60 75 90 120 150 180
Elbow gy
Mean 50.1 53.1 55.1 551 575 599 599 642 66.7 755
SD 16.1 154 15.0 15.7 16.4 19.0 19.2 199 213 219
Shouldery,
Mean 46.4 445 43.6 442 428 421 419 39.7 375 305
SD 16.2 150 146 152 147 166 17.0 16.6 179 17.3
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Figure 4.12: Joint flexion angles in dlierent work steps
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Figure 4.13: Posture change in the drilling operation

4.5 Discussion

4.5.1 Experiment design

Muscle fatigue and its prediction is a long time issue in agyoics and biomechanics, and many
efforts have been contributed either in MET and work-rest aiove methods or in successive work
cycle methods. Although fatigue and recovefieets have been considered in both methods, the
mixtures of both &ects were dterent. The former approach evaluates the fatigue in MET ilspde
and work-rest allowance models are used separately basdEdnmodels and the actual hold-
ing time El ahrache and Imbea009, while both dfects were mixed and considered irtdient
duty cycle ratios simultaneously in the latter approachor® agreement has been found in MET
models El ahrache et g1.2009, while substantial dierences were found in work-rest allowance
model El ahrache and Imbead009. Meanwhile task parameters were closely related to work cy
cle approachlifidiastadi and Nussbauyn2006l, and the models in this approach cannot be easily
generalized.

In order to overcome the limitations above, we focus onlytenfatigue éect in static and quasi-
static industrial operations in a continuous working pes;&nd no recovery is taken into considera-
tion in the experiment design. In this way, most of the recpeffect is separated from the manual

handling operation. Although it seems like an old-fashebneethod as those for constructing MET
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models and pure static musculdfagts are rarely found in the workplace, it simplifies the peo
and it is possible to assess the physical fatigue genenadlyteeoretically.

There were several sources of errors in the experimentrée fmeasurement, only the force in the
drilling direction was taken into consideration. Other gibte external forces might occur during the
experiment and produce torques about the shoulder joidtlemse forces were out of consideration in
the analysis. Furthermore, the estimation of the jointuergyas also influenced by the simplification
in the weight and the gravity center of the upper limb. Themef fairly good correlations in force
measurement suggest that the fatigue model is useful fanlaied job strength prediction, while
the result in torque analysis cannot provide the same contiaddevel as in force analysis. Further
improvement in experiment design should be necessary @irobtore precise analysis in torque

analysis.

4.5.2 Fatigue model and rates of fatigue

From the experiment result analysis, the fatigue model Wéesta predict the muscle fatigue in
force output and joint torque for the majority of the subgedDifferences in fatigue processes have
been found from the strength measurement and the torqueagstn results. Theoretically, there are
mainly two factors resulting in the flierences: relative load and individual rate of fatigue.

In the experiment, the external load is not adjusted to theedavel according to the individual
strength but a fixed load for every subject, since normakyekternal load is already predetermined
in the work design and the only determinant variable in thekpiace is the subject to perform the
physical operation in most industrial applications. Fas tkason, the relative load for each subject is
different (Mear24.3%, SB-4.4%). The relative force cannot be further grouped inftedent force
levels.

Substantial dterences in individual rates of fatigue can be found from #®ilt, and the vari-
ability is determined by several factors (e.g., gender, @gsture, sample subjects, muscle fiber
composition, physical training, and physical work histaic) Hicks et al, 2001). It should be a
challenging task to determine or model the individual rétéatigue theoretically based on the in-
fluencing factors. But the finding of the normal distributicimaracteristic of this parameter is also
interesting, which means the analysis for a given populati@y be possible if more subjects and

more experiment results for industrial operations areinbth

4.5.3 Posture changes

Although posture reference was provided to avoid the mishest in diferent test periods, it was

still very difficult to keep the posture pure static in the operation. Thegésin the posture can be
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Table 4.6: Correlation between Pearson’s correlations in force arguiand the individual posture changes

Individual SD of Segment rate of fatigue Correlation

Elbow M force 0.07
Elbow I'torque 0.07
Shoulder I force 0.11
Shoulder orque 0.03

explained by a global posture control strategy: decreasiagoint loads in the operation by moving
the upper limb closer to the body, and the similar finding heenlreported bifuller et al.(2008.

Small changes happened in the experiment, but the chardjastdienerate too much variation in
the joint strength. In our case, the variation of the jointment strength is no more than 3% (analysis
see AppendixXC) relative to the initial posture according to the joint marhstrength model@hatin
et al, 1999. Such disturbances might not generate grefieinces in the joint strength analysis.
In order to confirm this assumption, the dependences bet#eeposture changes and Pearson’s
correlations in force and torque regression were also ated The change of the posture for each
subject was represented by the standard deviations oftibe/dlexion and the shoulder flexion in the
work process. Correlations across both flexion angles atidR@arson’s correlations were calculated
and listed in Tablel.6. No strong correlation was found, and it suggested thatdgeession results
were independent of the posture change. Namely, the dewétee physical strength can be modeled

by the fatigue model in a certain range of the postures.

4.5.4 Study limitations

In this study, only the fatigue with the relative force fatlifrom 20% to 30% of the specific job
operation was tested, so the obtained result is only avaikalb similar industrial operations. The
general fatigue model might be able to predict muscle fatiguother industrial applications, but it
still requires more fort to validate the assumption and generalize the model.

In addition, the recovery model has not been well developembimplete the work-rest schedule
design. Although fort has been done id/ood et al.(1997) and Ma et al. (2009 to model the
recovery theoretically, the theoretical validation of teeovery model has not yet been verified. The
lacking of the recovery model limits the potential applicatof the fatigue model.

Finally, the present study was only a step toward to pretiietfatigue based on a theoretical
analysis. More fort is needed to develop, validate, and complete the thealefpproach. That will

be one of our main research objectives in the future.
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4.6 Summary

In this chapter, the physical fatigue in a simulated drjloperation and its theoretical analysis
on the basis of our general fatigue model is presented. Betimeasured simulated static strengths
and the estimated joint torques in a continuous operatiae Yeeind following negative exponential
functions, and high Pearson’s correlations between thesuned results and the regressed functions
recommended that the general fatigue model could be usesséssthe fatigue for industrial manual
handling operations. The normal distribution charactieri®r the rates of fatigue in both output
strengths and joint moment strengths suggests that it isifjeso make use of this parameter for
evaluating the fatigue resistance individually or for aegiypopulation with more empirical data.

Taking the rate of fatigue and the relative force level tbgetthis chapter provides an approach
to predict the physical fatigue in industrial operationsff&ent from theMET approaches and the
work cycle methods, this approach may predict the physatayde theoretically for a continuous
fatigue operation in advance by decoupling the recovéigce This model could be integrated into
virtual human simulation for computer aided ergonomicsgtes

However, a recovery model is still necessary to be develtpeaake the prediction completely.
Furthermore, the applicability of this model should begdsh more industrial operations. At last, in
this case, only a special simulated operation using the aamocarried out under lab conditions, so
other conditions and the body parts should be further exaghio extend the application field of our
model.
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Chapter 5

Application cases in computer-aided ergonomics
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5.1 Introduction

The main functions of our framework are posture analysigusture prediction. Posture analysis
targets to evaluate the physical fatigue based on fatigugemavhile posture prediction aims to
predict the posture underftirent criteria.

As stated in the previous chapters, although there are aefagigue assessment tools in er-
gonomics, they are not suitable for detailed analysis byaeaf their intermittent background. The
relationship between external loads, duration, frequeany individual factors is established in a
rough estimation method. That is the origin of our motivatio develop a new and suitable model for
ergonomic applications. In previous chapters, we haveeptes the fatigue model and its validation,
both in theoretical analysis and in experimental analyiiss fatigue model fulfills the requirements
from the framework in ergonomic analysis, since it is rekif simple and well explained based on
muscle physiological principle, and it generalizes the M&ddels. In this chapter, the fatigue model
is going to be integrated into digital human simulation. Mthis suitable fatigue model, the change
of human physical status can be evaluated, and furtherrenedssible change of the posture can be

predicted using multi-objective optimization methods.

89
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Concerning posture prediction, there aréatient approaches in the literature. The aim of the
posture prediction is to generate realistic human postaszdb on the context of a simulation or
study. Mainly there are three approaches to predict pastiassical animation approach, inverse
kinematics, and optimization method. The classical arionapproach involves empirical-statistical
modeling using anthropomertical data. These data arectetldrom thousands of human subjects
(Zhang 1997 Zhang and Chi@in, 2000. This methods need not be verified in terms of realism by
reason of the actual human data, but it involves a time-aconsyidata collection. Inverse kinematics
is an approach to posture prediction in which a set of equnatiave to be solved to determine param-
eters for the human model. This approach is restricted &bively simple models with a few degrees
of freedom.

Optimization method has been frequently used in posturdigiren and motion simulation, and
different optimization methods are trying to simulate str&®¢p interpret the posture control in dif-
ferent ways, such as minimizing the energy expenditurejmiiing the joint torques, etc. Single
objective optimization method has been used in the litegattth different objective functions: joint
range availability (JRA){ung et al. 1999, joint effort (Dysart and WoldstgdL996, perceived dis-
ocmfort Jung and Chgel996), driver discomfort Sun et al,2006), joint displacementAbdel-Malek
etal, 2007 Yang et al, 2006h), and visibility (Smith, 2009. However, the single-objective method is
limited by reason of its single performance measurementg¥ad his colleagues proposed a multi-
objective optimization approach to predict human postdea( et al, 2004 2006 2007), and it has
been stated that flierent performance measures (joint displacement, potemegy, and joint dis-
comfort) are aggregated to integratéelient disciplines in posture prediction. However, in atigé
optimization based methods, the fatiguteet along time is not considered enougtndriguez and
Boulic (2008 proposed a method to predict the time-varying posturedasehalf-joint endurance
model, however, this method is limited due to limitationsnfrits model. Therefore, in this chap-
ter, our fatigue model is integrated into a multi-objectwethod to predict the posture under fatigue

process.

No matter how the motion data can be obtained, either in mai@ture or in motion simulation,
digital human modeling is necessary to reproduce the reaanuin the simulation system. The
digital human is modeled mainly following four steps: kirein modeling (geometrical modeling),
biomechanical modeling, dynamic modeling, and graphicatleiing. Kinematic modeling aims
to represent the human structure by a kinematic chain indmegture. By kinematic modeling,
the relative positions of fierent human joints can be established in a unique way. Bibamcal
modeling is to integrate ffierent biomechanical properties into virtual human, fromtjstrength to

musculoskeletal structure. Dynamic modeling aims to ob#dlithe necessary dynamic parameters
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in order to carry out the dynamic analysis. Last but not |leg@stphical modeling is to reproduce the
virtual human with a relative real appearance for visuadlbaek.

In this chapter, a digital human is modeled in the same me#somhentioned before, and the
modeling process will be explained in details. After modglthe virtual human, physical aspects
of the operation can be assessed in the simulation systenEARS drilling case is simulated for
fatigue evaluation by evaluating the change of the joirtrgiths. The changed strength can be further

used to guide the human motion, therefore the applicatiopdsture prediction is also introduced.

5.2 Digital human modeling

5.2.1 Kinematic modeling of virtual human

In this study, the human body is modeled kinematically agiasef revolute joints. The Modified
Denavit-Hartenberg (modified DH) notation systefinélil and Dombre20032) is used to describe the
movement flexibility of each joint (see Appendd. According to the joint function, one natural joint
can be decomposed into 1 to 3 revolute joints. Each revobute lpas its rotational joint coordinate,
labeled agy, with joint limits: the upper limitg” and the lower limitg-. A general coordinate
g =1[q1,0,...,0, is defined to represent the kinematic chain of the skeleton.

The human body is geometrically modeledrby 28 revolute joints to represent the main move-
ment of the human body in Figs.1. The posture, velocity, and acceleration are expressetdy t
general coordinates, ¢, andg. It is feasible to carry out the kinematic analysis of théuat human
based on this kinematic model. By implementing inverserkiagc algorithms, it is able to predict the
posture and trajectory of the human, particularly for the efectors (e.g., the hands). All the param-
eters for modeling the virtual human are listed in Tablé [X;,Y;, Z] is the Cartesian coordinates
of the root point (the geometrical center of the pelvis) ia tlhordinates defined B Yy 2.

The geometrical parameters of the limb are required in dalaccomplish the kinematic model-
ing. Such information can be obtained from anthropomettatatese in the literature. The dimensional
information can also be used for the dynamic model of theialrhuman. The lengths of ftierent

segments can be calculated as a proportion of body steatinélable5.2

5.2.2 Dynamic modeling of virtual human

Dynamic modeling aims to provide all the necessary parasébe further biomechanical anal-
ysis. In order to simplify the analysis problem, the humandybts considered to be a system of

mechanical links, each of known physical size and form. Neag/ dynamic parameters for each
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Figure 5.1: Geometrical modeling of virtual human
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Table 5.1: Geometric modeling parameters of the overall human body
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Table 5.2: Body segment lengths as a proportion of body statQrestfin et al, 1999 Tilley and Dreyfuss
2002

Symbol Segment Length
Ruia Upper arm 0.186H
Ra Forearm 0.146H
R, Hand 0.108H
Ru Thigh 0.245H
D Shank 0.246H
Ws Shoulder width 0.204H
W, Waist width 0.100H
Duw, Lsp Torso length (L5-L1) 0.198H
Rub Torso length (L1-T1) 0.090H

body segment include: gravity center, mass, moment ofimaktout the gravity center, etc. Accord-
ing to the percentage distribution of total body weight fafetent segmentsChatin et al, 1999,
the weights of dferent segments can be calculated using Talie

It is feasible to calculate other necessary dynamic inféionawvith simplification of the segment
shape. For limbs, the shape is simplified as a cylinder, heaal lzall, and torso as a cube. The
moment of inertia can be further determined based on therggsan of uniform density distribution.
For the virtual human system, once all the dynamic parameiter known, it is possible to calculate
the torques and forces at each joint following Newton-Euatethod Khalil and Dombrg2002). If
further detailed modeling is required, anthropometricatiatiase need be established to fulfill the

dynamic modeling functions.

5.2.3 Biomechanical modeling of virtual human

The biomechanical properties of the musculoskeletal systeould also be modeled for virtual
human simulation. From the physical aspect, the skeletoictsire, muscle, and joint are the main
biomechanical components in a human. In our study, only ¢l mnoment strengths and joint
movement ranges are used for the fatigue evaluation.

As mentioned before, with correct kinematic and dynamic elgdit is possible to calculate
torques and forces in joints with an acceptable precisidtihoigh biomechanical properties of mus-
cles are reachable andi@irent optimization methods have been developed in thaiitez, the deter-

mination of the individual muscle force is still very compland not as precise as that of joint torque
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Table 5.3: Percentage distribution of total body weight accordingiffedent segmentation planSifatin et al,
1999

Grouped segments, individual segments

% of total body weight % of grouped-segments weight

Head and neck8.4% Heae73.8%
Neck=26.2%
Torso=50% Thorax43.8%

Lumbar=29.4%

Pelvis=26.8%

Total arm=5.1% Upper Arm:=54.9%
Forearn=33.3%

Hand=11.8%

Total leg=15.7% Thigh=63.7%
Thigh=63.7%

Shank=27.4%

Foot=8.9%

(Xia and Frey Law2009. Since there are several muscles attached around a jairggites an math-
ematical underdetermined problem for force calculatiomirscle level. In addition, each individual
muscle has dierent muscle fiber compositions fléirent levers of force, and furthermorefdrent
muscle coordination mechanisms, and the complexity of thblpm will be increased dramatically
in muscle level. Therefore, in our system, only the joint neotrstrength is taken to demonstrate the
fatigue model.

The joint torque capacity is the overall performance of nesattached around the joint, and it
depends on the posture and the rotation speed of jaimi€rson et a).2007). When a heavy load is
handled in a manual operation, the action speed is relgtedall, and it is almost equivalent to static
cases. The influence from speed can be neglected, so onlyr@astconsidered. In this situation,
the joint strength can be determined according to strengitiets inChdfin et al.(1999. The joint
strength is measured in torque and modeled as a functionirdffjexion angles. An example of
joint strength is given in Fig5.2. The shoulder flexion angle and the elbow flexion angle ard use
to determine the profile of the male adult elbow joint stréngthe 3D mesh surfaces represent the
elbow joint strengths for 95% population. For the 50th petibe, the elbow joint strength varies from
45 to 75 N according to the joint positions.
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2.5 percentile 16 percentile 50 percentile

84 percentile 97.5 percentile
x axis - flexion angle of shoulder a_
y axis - flexion angle of elbow a,

z axis - elbow joint strength [Nm]

Figure 5.2: Elbow static strength depending on the human elbow and gbpjdint positionas, ae [deg]

5.2.4 Graphical modeling of virtual human

The final step for modeling the virtual human is its graphiegresentation. The skeleton is
divided into 11 segments in our self-developped softwaoelyl(1), head and neck (1), upper arms
(2), lower arms (2), upper legs (2), lower legs (2), and fégt Each segment is modeled in 3ds file
(3D Max, Autodesk Inc.) (Fig5.3(a) and is connected via one or more revolute joints with arrothe
one to assemble the virtual skeleton (Fig.3(b). The graphical rendering of the 3D models are
realized in G-+ and OpenGL. For each segment, an original point and two k&p&rpendicular to
each other are attached to it to represent the position @atigntation in the simulation, respectively.
The position and orientation can be calculated from therkeié&c model of the virtual human based
on Modified DH method.

5.2.5 Workflow for fatigue analysis

The general process of the posture analysis has been didscimsSection2.6, and here is the
flowchart in Fig.5.4to depict all the details in processing all the input infotiom.

First, human motion obtained either from human simulatiofrem motion capture system is
further processed to displacemenspeed], and acceleratiofj in general coordinates.

The external forces and torques on the human body are eitbasured directly by force mea-
surement instruments or estimated in the simulation. Thereal loads are transformedpandF;

in the coordinates attacheddpin the modified DH method.
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(a) 3DS model (b) virtual skeleton

Figure 5.3: Virtual skeleton composed of 3DS models
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Figure 5.4: Workflow for the fatigue evaluation
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Human motion and interaction (forces, torques) are mapgedhe digital human model which is
geometrically and dynamically modeled from anthropomettabase and biomechanical database.
Inverse dynamics is used to calculate the torque and foreacht general joint. If it goes further, the
effort of each individual muscle can be determined using ogtition method as well.

Once the loads of the joints are determined, the fatigue df @gant can be analyzed using the
fatigue model. The reduction of the physical strength caeuaduated, and finally the fliculty of
the operation can be estimated by the change of physicagthe

5.3 Physical fatigue assessment in posture analysis

5.3.1 Operation description

The application case is the assembly of two fuselage sectath rivets from the assembly line
of an airplane in European Aeronautic Defence & Space (EADS@hpany. The drilling operation
is illustrated in Fig. 5.5 and detailed task description can be found in Sectichl The fatigue
happens often in shoulder, elbow, and lower back becaudeedid¢avy load. Only the upper limb
is taken into consideration in this demonstration case toedse the complexity of the analysis. In
our research, the dynamic parameters for the arm have glbegh modeled while the Newton-Euler
inverse dynamic method has been used to determine the féontse and the detailed process can be

found in AppendixB.

Figure 5.5: Drilling case in CATIA
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5.3.2 Endurance time prediction

The drilling machine with a weight kg is taken to calculate the maximum endurance time under
a static posture with shoulder flexion as’ 3d elbow flexion 90for maintaining the operation in a
continuous way. The weight of the drilling machine is divddgy two in order to simplify the load
sharing problem. The endurance result is shown in Tabldor the population falling in the 95%
strength distribution. It is found that the limitation ofethvork is determined by the shoulder, since
the endurance time for the shoulder joint is much shortar that of the elbow joint.

Table 5.4: Maximum endurance time of shoulder and elbow joints fodidglwork. (S: mean joint strength
of the male adult population;: standard deviation of the joint strength; mean joint fatigue resistance,:

standard deviation of the joint fatigue resistance)

MET [sec] S-20 S-0 S S+0 S+20

Shoulder

m-—om 19 45 75 109 145
m 45 106 177 256 341
M+ o 72 167 279 403 538

m—om 231 424 640 874 1120
m 438 806 1217 1660 2129
M+ o 646 1188 1793 2447 3137

The diference in endurance results has two origins. One is thenatierad relative to the joint
strength. The second comes from the fatigue resistarfteretice among the population. These
differences are graphically presented from Fdsto Fig. 5.9. Figure5.6 and Figure5.7 show the
variable endurance caused by the joint strength distobut the adult male population with the
mean fatigue resistance. Larger strength results in loag@urance time for the same external load.
Figure5.8and Figureb.9present the endurance time for the population with the geg@nt strength
but different fatigue resistances, and it shows that larger fatigsistance leads to longer endurance
time. Combining with the strength distribution and thedag resistance variance, the MET can be

estimated for a given population.
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Geometric configuration io_= 3, a_= 9¢°, mass of drilling machine 2.5 kg
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Figure 5.8: Endurance time for the population with average strengtistioulder joint
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5.3.3 Fatigue evaluation

The fatigue is evaluated by the change of the joint strength fatigue operation. The working
history can generate influence on the fatigue. Therefoeefaiigue for drilling a hole is evaluated in
a continuous working process up to 6 holes. Only the popratiith the average strength and the
average fatigue resistance is analyzed in fatigue evaluatiorder to present thefect of the work
history. The reduced strength is normalized by dividingrtteximum joint strength, and it is shown
in Fig. 5.10 It takes 30 seconds to drill a hole, and the joint strengttalsulated and normalized
every 30 seconds until exhaustion for the shoulder joint.

Geometric configuration io_= 3(%, a_= 9¢°, mass of drilling machine 2.5 kg
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Figure 5.10: Fatigue evaluation after drilling a hole in a continuouslidg process

In our current researchS includes only the joint strength vector. The evaluationhaf fatigue
is measured by the change of the joint strength for drillifigpke. The result is shown in Tabfeb.
Three measurements are given in this table: one is the nizedalhysical strength every 30 seconds,
noted asl_:;i; one is the dference between the joint strength before and after finishihgle,

HS; — HS; . - . -
noted asl'_|8—'+l; the last one is the fference between the joint strength and the maximum joint
max
HSmax — HS; . - .
strength, noted as%. In Table5.5, only the reduction of the shoulder joint strength is

max
presented, since the relative load in elbow joint is muchllema

From Fig.5.10and Tables.5, the joint strength keeps the trend of descending in themoots
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Table 5.5: Normalized shoulder joint strength in the drilling opeoati

Time [s] 0 30 60 90 120 150 180

m

HS,

. 100% 82.2% 67.2% 54.9% 44.8% 36.6% 30.1%
max

AS-HSa 09 17.8% 15.0% 123% 10.1% 8.2% 6.5%

HSmax — HS

—he—— 0% 17.8% 32.8% 451% 55.2% 63.4% 69.9%

max

work. The rate of the reduction gets smaller in the work pesgrdue to the physiological change
in the muscle fiber composition. More time consumed to wodd$more reduction in physical
strengths. The reduction relative to the maximum strergyble to assess thefiiltulty of the oper-
ations.

5.3.4 Experiment validation

Simulated drilling operations were tested under laboyatonditions in Tsinghua University. A
total of 40 male industrial workers were asked to simulagedthlling work in a continuous operation
for 180 seconds. Maximum output strengths were measurdteisiimulated operations atfidirent
periods of the operation. Fatigue was indexed by the redluctithe joint strength along time relative
to the initial maximum joint strength. Three out of the 40jsgks could not sustain the external load
for a duration of 180 seconds, and 34 subjects had a showltérfatigue resistance (Meat.32,
SD=0.62) greater than the average shoulder joint fatigueteagie in Table3.4, which means that the
sample population has a higher fatigue resistance thamojn@gtion grouped in the regression.

The physical strength has been measured in simulated jaob steengths, and the reduction in
the operation varies from 32.0% to 71.1% (Me&B.7% and SB9.1%). The reduction falls in the
fatigue prediction of the theoretical methods in Tablé(Mean=51.7%, SB-12.1%).

Table 5.6: Normalized torque strength reduction for the populatiothwigher fatigue resistance

HS . _H

HSmx—HS10 o 5, 5., s st0 St+20
i i . 69.9% 62.5% 56.3%
T+ o _ 63.2% 53.2% 46.4% 40.8%

m+ 207y 64.9% 51.9% 43.0% 36.7% 31.9%
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5.3.5 Discussion

Under the proposed framework, the conception of the virtuahan status is introduced and
realized by a virtual human modeling and simulation toole Tirtual human is kinematic modeled
based on the modeling method in robotics. Inverse dynamicsed to determine the joint loads.
With the integration of a general fatigue model, the phydatggue in a manual handling operation
in EADS is simulated and analyzed. The decrease in humahgtengths can be predicted in the

theoretical approach, and it has been validated with exyggrial data.

Human status is introduced in this framework in order to gainee all the discussion for the hu-
man simulation. We concentrate only on the physical asgélewirtual human, in particular on joint
strengths. Physical status can be extended to other aspitioés measurable using instruments (e.g.,
heart rate, oxygen consumption, electromyograph of mustte) or predicable using mathematical
models (e.g., vision, strength, etc.). Similarly, the naéstatus of human can also be established by
similar terms (e.g., mental capacity, mental workload, takfatigue, etc.). Under the conception of
human status, ffierent aspects of the human can be aggregated together émpties virtual human
completely. The changed human status caused by a phydicat g mental job can be measured or
predicted to assessftirent aspects of the job. It should be noted that the defindtfdiuman status

is still immature and it requires gredtert to form, extend, and validate this conception.

The main diference between the fatigue analysis in our study and thegpiemnethods for posture
analysis is: in previous methodg/0od et al, 1997 Iridiastadi and Nussbaun2006a Roman-Liu
et al, 2009, intermittent procedures were used to develop the fatigoeéel with job specific param-
eters; in contrast, all the related physical exposure fa@re taken into consideration in a continuous
approach in our model. In this way, the analysis of the mahaatlling operation can be generalized
without limitations of job specific parameters. Furthersdhe fatigue and recovery procedures can
be decoupled to simplify the analysis in a continuous wayh@ugh only a specific application case
is presented in this section, the feasibility of the geneoalcept has been verified by the introduction

of human status and the validation of the fatigue model.

It should be noted that the recovery of the physical strehgnot been considered yet. Although
there are several work-rest allowance models in the liteeasubstantial variability was found among
the prediction results for industrial operatiofid éhrache and Imbeal009 and it is still ongoing to

develop a general recovery model.
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5.4 Multi-objective posture prediction

5.4.1 Mathematical description

The general purpose of the posture analysis based on neudtipéctive optimization (MOO) is

to find a set ofy in order to minimize several objective functions simultangy G.1).

» f1(q) —
gglﬂm= fi(q) (5.1)
| fa(Q) |

subject to equality and inequality constraints in B

6i(@) <0 i=12---,m

(5.2)
hi(q) =0 j=12---,e

wherem s the number of inequality constraints amt the number of equality constrain®.is the
design space aj where all theg satisfies all the constraints.

Two human performance measures are used to create the ghpbetive function: fatigue (stress)
and discomfort. In addition to these two performance messtinere are several other objective func-
tions, such as energy expendituire( et al. 2007), joint displacementYang et al, 2004), visibility
and accessibility@hedmail et al.2003, etc. In our current application, only fatigue and joing-di
comfort are taken into consideration for the posture ptemhicand evaluation, since the physical
fatigue dfect acting on the posture prediction is the main phenomeatasstiould be verified. If sev-
eral objective functions are involved in the posture preaii; it would be dificult to analyze the
fatigue independently.

Objective function - fatigue

DOF /[ \P
fratigue = Z ( ) (5.3)

= e
In the literature, normalized muscle force is often used &sra to determine the muscle force.
This term represents the minimization of muscle fatigusqalalled stress) in the literature, and a
similar measure has been usedAyoub and Lin(1995 and Ayoub (1998 for simulating lifting
activities. In our application, the summation of the nornzed joint torques is used based on the

same concept in Eg5.3. DOF is the total number of the revolute joints for modelling thertan
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body. For each joint, the term normalized toroﬁ;g represents the relative load of the joint. The
summation of the relative load is one measure to minimizdatigue of each joint.

In traditional methodd,",, is assumed to be constant in the maximum strength of theljhipt
In our application, the fatigue process is mathematicalbgleled by a dterential equation (Ec.2)
in order to integrate the fatigudtect.

It should be noted that the fatigue model should f&@antly precise to reproduce the fatigue ac-
curately in virtual human simulation. More precision reggimore parameters to identify the model,
while simpler models bring more prediction errors. Thugréhmust be a compromise between the
precision and the complexity of the model.Nfa et al.(2009), different muscle fatigue models in the
literature have been discussed, from the simple to compies.oThe existing muscle fatigue mod-
els are either too sophisticated for ergonomics analysismsimple to integrate with the influences
from external loads over time. Although the fatigue modeblaed in multi-objective optimization is
not as precise as physiological mechanism based modetsyidps a way to combine the temporal
parameterst], the physical loadI{oad), and the individual characteristidsgndl'.«). The only two
parameters need to be determined for each joint are the maxstrengti »x and the fatigue ratio
k, which dfers a relatively simple but precise method to integrate tedatigue into virtual human
simulation.

Besides fatigue, the recovery of the physical capacity Ehalso be modeled to predict the work-
rest schedule in order to complete the design of manual mgndperations. The recovery model in

Eqg. 6.2 predicts the recuperation of the physical capaditpdd et al, 1997 Carnahan et gl20017).

Obijective function - discomfort

Another objective function is joint discomfort. The discimm measure is taken from VSR#&ng
et al, 2009). This measure evaluates the joint discomfort level fromntational position of joint
relative to its upper limit and its lower limit. The disconnfdevel is formulated in Eq.5.4, and
it increases significantly as joint values approach theiits. QU (Eq. 5.6) andQL (Eq. 5.7) are
penalty terms corresponding to the upper limit and loweitlohthe joint. y; is the weighing value

for each joint. The detailed notation of the variables indlseomfort model is listed in Table 3.

1 DOF
fassomtont = 5 ), [W(AG™)? +G QU + G QL] (5.4)
i=1
-
Aqnorm — G —d (5_5)

q.U _q.'-
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5 O(qU B q) 100
. . i I /e
QUi =10.5sin W + E] + 1) (56)
100
(50(ai-dt) »
QLi =10.5sin W + E +1 (57)

In these equationsAg™™ is the joint position relative to the neutral position of anfoafter
normalization (Eq.5.5. g’ andg- are the upper joint limit and lower joint limit, respectiyel
G x QUi is a penalty term associated with joint values that approlaein upper limits, ands x QL;
is a penalty term associated with joint values that approlaein lower limits. G is a constant with a
value 1x 1C°.

An example calculated from joint discomfort is shown graahly in Fig. 5.11 Itis apparent that
the joint discomfort reaches its minimum value at a neutalgon and it increases when approaching
its upper and lower limits.

Neutral Position

Discomfort level of a joint

L L
0 20 40 60 8 100 120 140 160 180
Joint movement range, q"=180, q1 =0, q" =40 (degree)

Figure 5.11: Joint discomfort example

The overall objective function (Eg5.8) uses fatigue and discomfort measures to determine the
optimal geometric configuration of the posture. The biona@ital aspect of the posture is evaluated
by the fatigue objective function, and meanwhile, the getoiced constraints for the human body are
measured by the discomfort measure.

min F(q) :{ :fatigue(q)(q) (5.8)
discomfort
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Constraints

In this study, kinematical and biomechanical constrairdaged to determine the possible design
space.

With respect to kinematics, the Cartesian coordinateseofléstination for the posture contributes
to one constraint in Ecp.9. [ Xy z ]T is the Cartesian coordinates of the ertteetor (right hand
and left hand) indicating the aim of the reach. The func¥gq) can be described in direct kinematic
approach. The transformation matrix between the dfet®r and the reference coordinates can be

modeled using modified Denavit-Hartenberg method.

X
y |=X() (5.9)
z
Joint limits (ranges of motion) are imposed in terms of irediy constraints in the form of Eq
5.10

o <g<gq’ (5.10)

With respect to biomechanics, theoretically there are tvannoonstraints. One is the limitation
of the joint strength (Eq.5.11) and another one is the equilibrium equation described verge
dynamics in Eq5.12.

It should be noted that in EG. 11the upper limitl . is treated as unchangeable in conventional
posture prediction methods. In our optimisation methoe Whper limit is replaced by, to update

the physical capacity caused by fatigue.

o<Ii<T ., (5.11)

In terms of equality constraints, another constraint isitiverse dynamics in Eq5.12 With
displacement, velocity and acceleration in general coatds, the inverse dynamics formulates the
equilibrium equation. In Eg5.12 I'(q, g, §) represents the term related to external lodds) is the

link inertia matrix,B(q, g) represents centrifugal and coriolis terms, &(d) is the potential term.

I'(0,9,4) = A(@)4 + B(g,0)q + Q(q) (5.12)

In summary, the MOO problem can be simplified as: for a stadgtyre or quasi static posture,
we can assume that= 0, andg = O, therefore, the joint torque depends only on the joint pmsit
and the external load. A set of solution satisfying all thastaaintsQ = {q| g(q) < 0,h(q) = 0} can
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be found. In this case, we are trying to find a configuratjanQ to achieve the optimization of both

fatigue and discomfort objective functions.

5.4.2 Results

After kinematic and dynamic modeling of the human arm, thstp®@ analysis and posture pre-

diction based on MOO can be carried out.

Optimal posture for a drilling task

In manual handling operations, the workspace parameterismuortant for determining the pos-
ture of the human body. In the case of holding the drill, trstadice between the hole and the shoulder
is the most important geometrical constraint if the heidhthe hole and the height of the virtual hu-
man are predefined and fixed. In the 0.4m to 0.7m range, the gjéoal configuratiorg can be
determined, and then it is possible to calculate the fatigagasure and the discomfort measure. Both
measures are shown in Fig.12 It is obvious that longer distance means greater arm extenas
a result, larger torque is applied to the joints, especialiythe shoulder joint, which causes greater
fatigue dfects (solid curve). Simultaneously, the discomfort levemges with distance. The larger
the extension of the arm, the more the shoulder joint movis tpper limit, however the elbow joint
approaches to its neutral position. The combination of lpaittits shows the declination along the

distance (dash curve).

0.8

[\ = Fatigue performance measure at the very beginning

0.71- S N * + Fatigue performance measure after drilling 10 holes

~ == Discomfort performance measure

Fatigue performance measure
Discomfort performance measure

0.45 0.5 0.55 0.6 0.65 0.7
Distance from right shoulder to hole [m]

Figure 5.12: Posture prediction



110 CHAPTER 5. APPLICATION CASES IN COMPUTER-AIDED ERGONOMICS

The optimal posture can be determined using the MOO methieidyirs. 13 Weighted aggregation
method is used to covert the Multi-Objective problem intoiag&-Objective problem in order to
achieve the Pareto optimal in the Pareto Front representétkelsolid curve. The single objective is
mathematically formed in Ecp.13 Both measures are normalized.

N
. fdiscomfort ffaligue
minZ = ) w;fi(q) =w + W. 5.13
; J J(q) . max(fdiscomfort) ? max(ffaligue) ( )

wherew; > 0 and% w; = 1. Eachw; indicates the importance of each objective. This objective
function can be furthje_rl transformed to a straight line eiquatf; g = —% faiscomfort + MINZ.

If we assume that the fatigue and the discomfort have the sapwtance in the drilling case, the
optimal position can be obtained at the intersection poativben the solid straight line with slope
—% = —1 and the Pareto front in Fig.132 However, the selection of the weighting value can have
a great influence on the choice of optimal posture. The idd&i preference can be represented by
the diferent weights of the two measures which results in straighslwith diterent slopes. In Fig.
5.13 two examples with sIopeVWT; = —2 (dash-dot line) and— = —0.5 (dash line) are illustrated
with different intersection points with the Pareto front. Those toiots represent étierent posture
strategies for posture control: the former one with lessaligfort, and the latter one with less joint
stress. All the points in the Pareto font are the feasibletgwis for posture prediction. The selection
of posture depends on the physical status of individual bagteference of the individual, and the

selection might represent the strategy taken by the subjeitt generating a posture.

solution: when w,/w,=2 Pareto front curve

(£ T

f

Pareto front

solution: when w,/w,=1

solution: when w,/w,=0.5

Normalized fatigue of joints f

0 I \ \ \ I IN I I |
0 0.1 0. 2 0.6 0.7 0.8 0.9 1

Normahzed dlscomfort of joints f

Figure 5.13: MOO prediction in Pareto front
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It should be noted that the subjective influence, espectakyvoluntary éort, might change
the posture dramatically. The human can maintain a veficdit posture under voluntary control
for a certain period. That situation is outside of the prerdéccapabilities of the posture prediction
method. In addition, in this application case, the desigacegs relatively large since there is no
strong geometrical constraint for the posture. In this wlagre are several possible options to choose
an optimal posture. With stronger constraints, for exarmgseembly operation in a very narrow and
complicated work space, the accessibility might be therdeteant factor to choose the posture for
the human. But that leads to another domain of posture grediwhich is beyond the scope of the

current research.

Optimal posture changed by fatigue effect

Meanwhile, fatigue influences the posture. In order to eatalthe fatigueféect, we keep the same
balance between fatigue and discomfort in our applicafiofig. 5.14 the single objective function
in Eq. 5.13along the distance from O to 0.7 mis calculated and shown. The solid curve does
not consider fatigue, and the dash curve considers fatigixessafter maintaining a drilling operation
for 30 s. From the left subfigure, it is noticeable that theropt distances for both situations are
different, which maps onto filerent drilling postures. The optimal distance between tilsler
and the hole is smaller with fatigue than without fatigueddtmonstrates that the manual handling
strategy of bringing the arm closer to the human body wheretisatigue to maintain the same load
by reducing the moment produced by the mass of the upper dnim.islconsistent with the result in
Fuller et al.(2008. In this posture, the user can handle the weight of the maahmiore easily. In the
right subfigure, the Pareto front with fatigue is shifted gfram the Pareto front without fatigue as

fatigue increases resulting from the reduction of physseplacity.

5.4.3 Discussion

In this section, a fatigue model is integrated into a posamadysis and posture prediction method.
With this model, it is possible to evaluate and design théysedor manual handling operations by
considering fatigue. The fatigue model can predict the cgdo of the physical capacity in static
posture or quasi-static operation. The reduction of thesgglay capacity causes the posture to change
to maintain the external physical requirement.

One limitation in our framework is that the posture analyaisl prediction are limited to the
joints, without consideration of the muscles. It ishdult to measure the force of each individual
muscle, although the optimization method is employed twesthe underdetermined problem of

the muscle skeleton system. The precision of the resultlisggestionable Ereund and Takala
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130 T\ \ |==Without fatigue
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Figure 5.14: Posture prediction under consideration of fatigfect

2007). From another point of view, the joint torque is generated determined by a group of muscle
attached around the joint. The coordination of the musabegis very complex, and it is believed
that calculating the joint torque can achieve a higher gregithan calculating the individual muscle
forces. Meanwhile, in several ergonomics measuremenMEiIEmodel is also measured by the joint
torque Mathiassen and Ahsber999 which proves the feasibility of our method. It should begtbt
that MVC in the torque level depends on current joint stai@ @different joint configurations might
generate dferent maximum strengths. In fatigue evaluation and pogiug@iction applications, only
static posture or quasi-static posture were engaged i thjpsrations, therefore the variation of the
joint maximum strength can be neglected since only sliglinge of posture occurs during those
operations. In addition, the proportion of the fatigued onatnits might remain almost the same
while changing the postures. Hence, the fatigue level imipus posture might be used to determine

the current maximum strength under current new postureasiegtatic cases.

Another limitation is that the result of the posture anaysionly applicable for static and slow
operations, because the fatigue model is only validate®byparing with existing MET models. For
these static MET models, all the measurement was carriednulétr static posture. Dynamic motion
and static posture areftkrent in physiological principle, and fatigue and recoyargnomenon might
occur alternatively and co-vary in a dynamic process.

At last, the optimal posture is predicted in the MOO methaoalo ©bjective functions, fatigue and
comfort, are taken into account to determine the optimaiyyesiuring manual handling operations,

and both objective functions are considered as strateggelrlg the human motion. Howeverffer-
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ent strategies might be taken by a subject while performitagk and lead to élierent setups of the
optimization. For example, if a subject is willing to takevadtage of passive torques provided by the
tendons, there should be no “comfort” criterion that termsepulse from the joint limits. The MOO
optimization approach should be used with caution. In theQvi@ethod, the weighting values of
each item are used to construct the overall objective fanctiowever, it requires a priori knowledge
about the relative importance of the objectives, and theetd between the fatigue and the discom-
fort cannot be evaluated easily. “It is believed that the Anrhody has certain strategy to lead the
human motion, but it is dictated by just one performance m@ast may be necessary to combine
various measures™ang et al, 2004). Different strategies might be used in leading the motion by
different subjects, and there might b&elient priorities while using these strategies. In case very
constrained environment, it is possible that the accdggils the determinant strategy for choosing
the posture or trajectory. Therefore, two main problemsesior the motion prediction. One is how
to model the performance measure. Another one is how to el the performance measures to-
gether. Human motion is very complex due to its large valitgbEach single performance measure
is difficult to validate in an experiment. Furthermore, for the coration, the correlation between
different performance measures requires lotslofreto define and verify. MOO method provides a

reference method in ergonomics simulation leading to a seie better design of work.

5.5 Summary

In this chapter, posture analysis and posture predictiommoEADS drilling task based on the
fatigue model have been presented after the detailed digitaan modeling process.

In digital human modeling process, a virtual human is maiélem the geometrical level to the
graphical level. Necessary information can be integratéal the virtual human step by step in this
process. Although we only presented a model with limitectisien, it could verify the possible
application of our fatigue model in posture analysis andyresprediction. Much higher precision
can be achieved, once moré&at can be contributed into modeling process. This part tsabu
discussion in our current research work, since it is not taarfocus of our research.

In posture analysis, using the kinematic modeling and s&velynamics, the forces and torques
at the joints of the arm can be calculated for a manual hagdiperation. Based on the fatigue
model, the reduction of the physical strength caused byttesreal load along time can be assessed
by assessing the filerences of human physical status before and after an operatgreement has
also been found between the simulated result and the expetafresults. It is promising that this

method provides a new approach for fatigue evaluation farem population.
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In posture prediction part, a new method based on the MOOaddtir posture prediction and
analysis is presented. fberent from the other methods used in virtual human postugdigiion,
the dfect from fatigue is taken into account. The fatigue modekbtasn motor-units pattern is
integrated into the MOO method to predict the reduction ofgital capacity. Meanwhile, the work-
rest schedule can be evaluated with the fatigue and recavedgl. Given the validation of the fatigue
model, this method is suitable for static or relative slowno handling operations. Finally, it is
possible to predict the optimal posture of an operationrmutate the realistic motion. In the future,
the fatigue for dynamic working processes will be validaded integrated into the work evaluation
system.

In summary, based on the fatigue model, it is promising toyoaut posture analysis and posture
prediction by considering the fatigu&ect along time.
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6.1 Introduction

During a manual handling operation, recovery represertptbcesses which are the opposite of
those leading to fatigue, and describes a return to theigoéad state.

Recovery is defined as:

Definition 5 Recovery
Increase of the functional capacity of an organ or organiwyhich the functional capacity was

reduced as a result of fatigue; recovery occurs by endirdyciag or changing the action which

results in reduction of the functional capacity of an organfan organism.Rohmerf 1973

Fatigue level and recovery level are defined and used to aimfile recovery process clearly.
Fatigue level (degree of fatigue) is the state of functiaaglacity or an organ or an organism reached
through fatigue; recovery level is the state reached tHraagovery. In fact, both are the same thing
in nature indicating the current state of an organ, butffedent contraction conditions.

The same variables as in measuring fatigue can be used taiadecovery in physical process,
and indeed these measurements have been used as recogkrydeonstruct dierent recovery mod-

els in the literature. For example, force has been measuoretbtel the recovery process in some
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researchesHdwards et a).1977 Wood et al, 1997 Duong et al,. 2001); the remaining endurance
time is used as recovery level Milner et al. (1986; working heart rate, breathing depth, systolic
blood pressure, oxygen uptake, and blood lactate are atsbassindicators for modeling recovery
processes since the work has been done by Rohmert and reagudls Rohmerf 1973 Rohmert
and Rutenfranz1983; the median frequency in surface EMG is taken to model ticevwery pro-
cess Elfving et al, 2002. The recovery processes occur exponentially with redpetitne in those
physiological processes, and some previous studies hageaxponential time dependences to de-
scribe recovery. However, these models are from matheataggression under specific operation
conditions, and they cannot be easily extended to other at@merations.

In Ergonomics, combining MET models and recovery modef§gint work rest allowance mod-
els have been developed in order to determine suitable warlex and further to reduce MSDs
caused from prolonged static muscular exertions. Reswvafioe (RA) in static work represents the
time needed for adequate rest following a static exertiad,itis generally expressed as a percent-
age of holding timeRA% = 100x resting time + holding time). In account of the dierences in
the approaches taken by the researchers to build their syaiddstantial discrepancies in work-rest
allowance models have been reported&irmhrache and Imbeg@009. Information to guide the se-
lection of the most appropriate rest allowance model isitagKThe limitations of the RA models are:
the recovery models are constructed from experimental daththey cannot be explained in mus-
cle physiological principle; there is no parameter repméag the individual diferences in recovery
process which have been found in the preivous rese&ithr{g et al, 2002.

In this chapter, we are going to propose a recovery model altiost the same parameters as in
the fatigue model aiming at giving a general recovery modélis recovery model is theoretically
analyzed in comparison with other recovery models from ifegdture. Potential applications are
also given to demonstrate the prediction of RA and the chafigehysical status in work cycles.

Discussion is presented to deal with the limitations anth&nrresearch work on the recovery model.

6.2 Muscle recovery model

6.2.1 Mathematical description of recovery model

In order to keep consistent to our fatigue model, the samenpeters have been used to construct
the recovery model (Ec5.1). In this recovery model, force or torque is used as fatiguecovery
levels, and the recovery process is formulated irflzdintial equation, whefe(min!) is a parameter
to describe the rate of recovery offidirent muscle groups fromftierent individuals. In Eq6.1, it

is supposed that the rate of recovéyor a specific joint or muscle group of an individual keeps
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constant for a certain period, and the recovered capacityime is proportional to the fatigued part
(T — T cem(®)).

dlj cem(t)
— g = R = Tjcen(t) (6.1)
The integration of Eq6.1is Eq.6.2, wherel'; .y ; iS the remained strength at the very beginning

of the recovery process white= 0. Eq. 6.2 indicates the recovery process after an operation. The

fatigue level in our research is defined as the percenta@ig.gf . relative tol'j may, LN 100.
j,max
The recovery level is defined as the percentage of tha(t) relative tol'j max, LM L 100,
jsmax
Ficem() =Timax + (Cicemii — ' e R
jeen(® = T + [y ~ i) 62)

= Tjcemin + (Timax — Tjcemi) (1 — €77)

Recovery time is the time necessary to restore the capaxitiyet full recovery level, and the
recovery time depends on the definition of the full recoverel. In our case, parametpiis used to
define the full recovery level, therefore the recovery timoef fatigued joint top of I'j max(t) can be
calculated from Eg6.2by EQ.6.3. If I'jcem; = d@jmax, EQ. 6.3can be transformed to E§.4.

1 prj,max - Iﬂj,max)
t=—=In 6.3
R (Fj,cemini - FLmaX ( )
1 (p-1
t= Rln(q—l) (6.4)

, . . 1+ :
We define a half-time;,, at which the recovery levgh = Tq can be obtained (the muscle

recovers 50% of the fference between 100% recovery level and the initial fatigwel), and the
recovery half-time can be calculated in seconds in§.

In 2
tyo = % x 60 (6.5)

The recovery processeR (emains constant) starting fromfiirent fatigue levels (0%, 25%, 50%,
and 75%) are shown in Figh.1 based on our recovery model. It is obvious that at the beggaof
the recovery, the physical capacity is restored relatiggefahan that at the end of the recovery. There
are large dierences between the duration necessary to recover to 90% ofaximum capacity, and
it takes almost the same time to higher recovery level, €80.9

Figure6.1represents dlierent recovery processes of an specific individual, whitg Ei2 repre-
sents diferent recovery processes offdrent individuals (dterent rates of recovery) from a specific
fatigue level (50%). It shows graphically thatffdirent individual might require ffierent time to
achieve the same recovery level, meanwhile there might b@gndifference while approaching to
high recovery level.
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Recovery curves for joints after normalization
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6.2.2 Analysis of the recovery model

In this subsection, the proposed recovery model is goingetodmpared with dierent recovery
models, qualitatively or quantitatively. The aim of the quamison is to reveal the agreement of our
model with other models in the literature, and it can proadeomising result for the validation of

the recovery model.

Wood’s model

Wood et al (1997 proposed a model to predict the amount of fatiguable sthredigring repetitive
jobs. Repetitive jobs compose of several same work cyclexh Evork cycle has the same work
arrangement in which there are working interval and resridl. Assume that there arework
cycles, and the recovery of maximum force capacity initheest interval is modeled in Eg6.6
theoretically.

GS(i+1) = GE; + (MAXG — GE;j)(1 — exp(~-0.085RT)) (6.6)

whereGS;,; (kg) is the grip strength at the start of gripping intervat 1 ; GE; (kg) is the grip
strength at the end of gripping intenval RT (s) is the duration of the rest intervaMAXG (kg) is
the individual maximum grip strength capacity.

This model has been used@arnahan et a(200]) in assembly line design for gripping jobs to
predict the amount of grip strength recovered at the end esainterval. During this interval, the
worker is not exerting a grip force. When fit to the resultsrirthe experiment, this model explained
94% of the variance.

Eq. 6.6 can be easily transformed @S;.1) = MAXG + (GE; — MAXG) exp(~0.085RT), which
is exactly in the same way as in E§.2. Rin this model is approximately 5rhin-! for the gripping

strength.

Liu’s model

Liu’s motor units pattern modeL{u et al, 2002 provides a general approach to analyze fatigue
from muscle physiological mechanism. Suppose that in mgoperiod, there is no active motor
units and no active commands from CNS, therefore, the regman be simplified to Eq6.7 from
Eq.1.10Q.

T = —R MF (67)

ReplaceMg by (Frax — Feem), Since both represent the fatigued motor units in humarchass

Equation6.8 can be obtained.
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d(Firax — Foer) )
—— T = R (Finax ~ Foer) (6.8)

After simplification, Equatior.8 can be simplified to Eq6.9 which has the same formation as

Eqg. 6.1, while F is constant.

dt

This model has been verified by experiments with right hangimam gripping strength mea-

= R(Frax — Feem) (6.9)

surement.R varies from 0.004% ! to 0.0125s* after fitting from experimental results. It should
be noticed that in this experiment, the recovery is not sgpdrfrom the fatigue process. In contrast,
they are mixed together to measure the force reduction inmén@mum force exertion. However,

the variation of the rates of recovery is still useful to derstoate the dferences in rates of recovery

between subjects.

Other models

In Elfving et al.(20032), the recovery of the median frequency of the power spectiiine EMG
after fatigue has been studies to obtain reference dateefthy subjectsn=55). Agreement with

exponential time dependence (Eg10 was with codficient of determination? = 0.98.
t
f="fe+(fi—f)(1- exp(—;)) (6.10)

wherer (min) is the relaxation time constanf, (Hz) is the frequency at the end of the fatigue
contraction;f; (H2) is the recording frequency at timdrom the start of the recovery.

In this EMG model, the recovery half-time (g), = 7In2x 60 are calculated to indicate the recov-
ery rates. After recalculating frotq,, to Rby Eqg. 6.5, R varies from 1.06 to 1.13 for mean recovery
data of back extension test. From the experiment resuliasibeen stated that the exponential model
showed very good agreement with mean recovery data, imagcah underlying average process with
an exponential time dependence. The analysis of recordigscovery from individuals is also
possible by regression, and recordings of recovery fronviddals showed large fluctuations.

Furthermore, invassierli et al(2007), strength recovery following shoulder abduction anddors

extension has been measured and fitted to exponential diifges.11).
S = A— Bexp(ct) (6.11)

whereS is the percentage of the initial maximum strengff;B, andc are constants varying for
different individual. From experimental results on strengtiovery from 24 young subjects and 24

old subjectsgc varies from 082 (young subjects) t0.38 (old subjects) for shoulder abduction and
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from 0.35 (young subjects) to 0.41 (old subjects) for torsemsion. The results demonstrates the

exponential dependence of the recovery, and the recoviyvaries according to muscle groups and

ages.

In this subsection, dlierent recovery models have been listed and compared to earettcal
proposition. Although dferent parameters have been engaged in the models, singlaemjal
function is used in every model to reproducéelient aspects of recovery, which can also be realized
from our generalized fatigue model. It has been mentionédfinng et al. (2002, muscle strength
recovers more rapidly than muscle endurance after locatiméestigue. Recovery of the power spec-
trum of the EMG seems to be more rapid process than the rgco¥enuscle force and endurance.
The similar statement has been illustratetiastgaard and Wink€L996 (see Fig.6.3).

100 ~

Recovery
o
L=
1

I: PCr, electrolytes, ATP, EMG

II: BF, HR, BP, lactate, muscle temperature
IlI: MYC, fatigue time

IV: force at muscle stim., muscle glycogen

Figure 6.3: Schematic illustration of recovery time forfflirent parameters after a fatiguing contraction,

adapted fromWestgaard and Wink€lL996

Different measurements in constructing the recovery modes leadiferent parameters, espe-
cially recovery rates. The comparison between our recom@gel and the other existing models
in the literature provides a promising result that our recgwmodel is able to predict the recovery

process in manual handling operations.
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6.3 Application

6.3.1 Rest-allowance Model
Theoretical analysis of rest-allowance model

In combination with fatigue model, it is possible to devebopew work rest allowance model to
predict suitable rest time for manual handling operation.

Suppose that in a static operation, the actual holding tlee .12 can be expressed by thgr
and the maximum endurance time derived from E§.
IN(frve)
(K fmvc)

Then the normalized remained capacity (fatigue lef}), at time instant = HT is calculated
by Eq.6.13

HT = fHT MET = _fHT (612)

F
Foem =0 = M—% = eXpEK fne * HT) = exp(furInfuve) = (fuve) ™ (6.13)

Therefore, according to E. 3, the required recovery time to recovery lepak expressed in Eq.
6.14

-1 —
—In E —In—IO !
RT=—fen-l__ 0-1 (6.14)
B R R '
Then, according to the definition of rest-allowance, Aeis expressed in Edh.15
p-1

KfwveclN—————

RT (fwve) ™ -1
RA = — = RA(fyr, f = 6.15
T = RAr, fuve) = —— e (6.15)

In Eq. 6.15 k andRrepresent the personal factors on the %ﬂdetermines globally the influence
from each individual: larger fatigabilitit requires more time to recover when the other parameters
remains the same, since holding time is shorter while thevesy time remains the same; larger rate
of recoveryR results in shorter recovery time and therefore shorteraléstvance. The engagement
of fyr and fyvc in determiningRA is relative complicate, and it is graphically shown in Fig4.
Supposek = 1 andR = 1, the profile shows the rest allowance foffeient force leveldyc €
(0.1, 1.0) and diterent holding duration§;t € (0.1, 1.0).

Holding time and recovery time are shown in Fig5to explain the profile in Fig6.4. Obviously,
holding time is the monotonically increasing functionfgf, while fyc keeps constant; it is also the
monotonically decreasing function &fc, while fyr remains the same. The profile of the recovery
time is calculated under recovery leyek 99.95%. Recovery time is the monotonically increasing

function of fyr, and it is the monotonically decreasing functionfgf,c as well. However, according
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Rest Allowance Profile using theoretical dynamic model

70

Figure 6.4: Rest allowance profiles using the theoretical approach

to the analysis in Fig6.1, there are no substantialfiirences in recovery time fromftkrent fatigue
levels to the high recovery level. As a result, the restvedlioce profile reaches to its lowest point,
when fyt approaches to 1 antl,,c approaches to 0, since the endurance time is infinite and the
recovery time is relative tiny. Theoretically, the highpsint occurs whilefyr approaches to 0 and

fuvc approachesto 1. However, this case is extremdticdit to be reached in real manual operation.

Holding time Rest time
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Figure 6.5: Holding time and recovery time using the theoretical apginoa
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Comparison to other Rest-allowance models

Four RA models have been summarizedEirahrache and Imbeg2009 (see Tables.1). Each
RA model can be expressed as a functiorf,gf and fy,yc according the modification i&l ahrache

and Imbeay(2009. All these four profiles are shown in Fi§.6.

Table 6.1: Rest allowance (RA) models (adapted fréfnahrache and Imbeg@2009)

Model RA(%)
Rohmert(1973 RA = 18x fl(fuvc — 0.15)*° x 100
-1
Milner et al.(1985 RA=0.164x |4.61+In|—— x 100
100- fi
Rose et al(1992 RA =3x MHT 1% x 100
%MVC
Bystrom and Fransson-Hgll994 RA = [ ° 5 1}

It should be noticed that all the RA models mentioned abos@hbtained from experimental data,
and the substantial flerences among these profiles indicates largi@rminces in human recovery
process. Although thosefterences can be explained by th&elient subjects participating the ex-
periment, methods to measure recovery, and modeling agp(&aahrache and Imbead009, the
same problem for those models as in fatigue MET models, taeyhot be generalized to analyze the
performance of a certain population. Furthermore, it isgved that individual characteristics are the
determinant factors. However, the personal factors areargidered enough in the models based on
experiments.

In contrast, in our rest-allowance model, four parametersuaed to calculate the suitable work
schedulek, R, fuyc, and fyt. Personal fatigue and recovery characteristics can besepted by
k andR, and furthermore, both relative external load and relatreek duration are also taken into
consideration as traditional models. The RA model can beetbee generalized for industrial manual

handling operations.

6.3.2 Recovery process during manual handling operation

Work-rest schedule is very important in ergonomics appbea Combining fatigue and recovery
model can determine the work-rest scheduldfddent work cycles result in fierent fatigue evalua-
tion results. In our application case, two working cycles evaluated. One is drilling a hole in 30
and recovery 3@in Fig. 6.7, and another one is 30drilling and 60srecovery in Fig.6.8.

Based on the virtual human modeling, we take the K§y%nd shoulder joint for demonstrate
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Rest Allowance Profile using Rohmert model Rest Allowance Profile using Milner model

Figure 6.6: Rest allowance profiles using the existing RA models

the influence of recovery period. It is obvious that the larthe rest period is, the better the joint
strength can be recovered. fBcient recovery time can maintain the worker’s physical cégdor
guite a long time; but indiicient recovery time might cause cumulative fatigue in thetjoln Fig.
6.7, cumulative fatigue during the working procedure can bécated by the reduction of the joint
strength.

And in rest time 6@, the joint strength can be recovered during the rest peooaintain the job.
Once the requirement of the joint strength is over the céyetie overexertion might cause MSD in
human body. It should be mentioned that in actual work; theedots of influencing factordi@cting
the recovery procedure, and the rate of recovery changesdodlly. Ris set as 2.4nin"! for 50%

population to determine the work-rest schedule.

6.4 Discussion

6.4.1 Recovery model

This recovery model is capable of modeling complex and meali muscle recovery behavior.
The model qualitatively reproduce the muscle recovery ehavhich has been modeled in the
literature. The limitation of the regressed models is thasé models were obtained under specific

job conditions, and they cannot be extended easily for adifégrent works. In contrast to these
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Reduction of Shoulder Flexion strength [Nm]

Reduction of Shoulder Flexion strength [Nm]
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Figure 6.7: Fatigue and recovery in a work cycle
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Figure 6.8: Fatigue and recovery in a work cycle
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experimental regression models, our theoretical apprizacbeful as it can be applied generally.

In our recovery model, two terms, the starting fatigue Ieﬂ{ém and personal recovery property
R, are the main factors determining the recovery processrwl\%xm comparison to other recovery
models, either in force measurement or in EMG, the similgroeential function has been found
consistent with those existing models, therefore we cannasghat there is a great possibility that
this model can be further experimentally validated. Of seuthere are lots of other factors which
can generate influences on the recovery process, such asnenental factors, task types, etc. Until
now, these factors are out of consideration in constructingecovery model, and they are still under
investigation for their importances.

In spite of the &ects from other factors, another problem is when to apply¢cevery model
in manual handling operation. According to Rohmert’s dé&bni, the recovery occurs by ending, re-
ducing or changing the action which results in fatigue. €fane, in rest-allowance models and some
other theoretical models (half-joint model, rest-allowamodels, etc.), recovery happens always just
after the termination of the fatigue process. However, imtiast, in some theoretical models (Liu’s
and Wexler’s physiological models), recovery happens kanaously while the fatigue process oc-
curs. In reality, recovery does happen at the same time waiipufe. Since in most manual handling
operations, the external load is relatively large, theeefatigue is more observable than recovery. We
assume that recovery occurs only after the contraction ist ploysical operations with high strength
demands, so we use the recovery model in the rest period etw® contractions.

This recovery model has not yet been experimentally vaddlal he proposition of this model in
this chapter aims only to complete the theoretical analygis the fatigue model. The validation of

the recovery model will be one of our future work.

6.4.2 Rate of recovery from individual

Another problem while using the recovery model is how to detee the parametd® for different
muscle groups and fierent population. We propose two approaches: (1) regrefsim experimen-
tal results; (2) mathematical modeling from personal feecto

For the first approach, it is possible to design job speciferafons for diferent muscle groups.
Since in recovery period, there is no external load, theeeiftomight be convenient to measure the
recovery level and findR for different individuals. The distribution d® can be further analyzed
and then perhaps it is possible to construct basic data set ¢ertain population for the recovery
rates under dierent job conditions. Since there are largfetences in four existing rest-allowance
models, it is impossible to use these models to find a suiRbbues in the same method as finding

the fatigue raté& from MET models.
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In the second approach, we assume the pararRéseronstant for each individual during a certain
period and the rate of recovery is closely related witffiedent factors. A regression model might be
useful to predict recovery rates mathematically. Howes#t,great dfort is required to achieve the
regression model, as the recovery process is very comptexhane are dierent factors engaged in
recovery. As a result, the recovery r&adoes not only change individually, but also changes over
time (Liu et al,, 2002).

The rate of recovery depends on muscle groups, gender, ag@ascle training history. From
Section6.2, we have found that éfierent muscle groups might havefdrent recovery parameters.
Furthermore,Short and Sedlock1997) found that trained subjects had faster recovery rates than
untrained subjects, whileulco et al (1999 reported longer endurance, slower fatigue rate, andrfaste
early recovery rate in women than in men. Additionally, teeavery process is mainly determined
by the metabolic regulation in muscles. Early recovery of @M#érce is closely linked with muscle
oxidative phosphorylation, and it has been found that neusglygen consumption occurs primarily
during recovery between intense contractions rather thaimgl contractionsKulco et al, 1999.
Different muscle fiber compositions havéfelient muscle oxygen consumption characteristics and
lead to diterent early recovery rates. ¥aa and Frey Law(2009, the fatigue and recovery parameters
of different fibers are estimated, and the rates of recovery of tiselmfibers are ordered as: type IlIb
(0.02s1) > type lla (0.01s1) > type 1 (0.002s71). In Bol et al.(2009, R has been assumed from 0.0
to 1.0s™* for different muscle fibers. It is still a challenging work to find aahie model to predict
R.

6.5 Summary

In this chapter, a recovery model which keeps the consigteith the fatigue model has been pre-
sented. In comparison to other fatigue models, it is pramgighat this recovery model could be used
to predict recovery process correctly. With this modelsipossible to complete the analysis of the
fatigue and recovery process for static manual handlingadie&s. Furthermore, personal recovery
rate might be found and modeled after experimental vabdafl his model is computationaffiecient
and it can be used in ergonomics application for work-rdstx@nce prediction and biomechanical
applications.
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7.1 Conclusions

This thesis deals with the issues of posture analysis andgogrediction in virtual human sim-
ulation, especially for manual handling operations inistahses. The main contributions of our

research work in virtual human simulation are:
1. human status and its mathematical description;
2. update of human status in virtual human simulation;
3. simplified muscle fatigue and recovery model for ergorapiplications;
4. posture analysis and posture prediction with consiateraif fatigue éfect.

In Chapter2, we presented a new conception (human status) and a newaapday human sim-
ulation (update of human status in a close loop). The HumatuStaggregates all the capacities
together to configure the initial conditions for virtual hamsimulation, and it generalizes the dis-
cussion in virtual human simulation. The change of the hustatus before and after an operation
can be used in evaluating the influence from the physical yaod# it can be used task independently
for assessing the fiiculty of different physical or mental operations. Furthermore, the tepafathe
human status can be taken to generate new simulation basbeé oenewed human status. Fatigue
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effect is one concrete application of human status with corsiid® of the reduction of the physical
strength.

In Chapter3 and6, we presented a new simplified muscle fatigue and recovedeino order to
realize the fatigue evaluation. The simplified fatigue mauael recovery model have been explained
from basic muscle physiological principle, and furthermat includes only the parameters which
are used in conventional ergonomic tools as MSD risk factditsat means our model provides a
connection between the internal parameters in the musdehenexternal parameters from indus-
trial operations. Both models have been theoreticallydedéd, and the high agreement between our
model and the existing model provides a promising resulafiplying our model in ergonomic situ-
ations. The fatigue model has been validated experimgntalChapterd. The direct measurement
of fatigue is used to construct the exponential fatigue tioncof different individuals. High correla-
tions between measured result and theoretical analysisipedhat the fatigue model is available for
assessing physical fatigue of upper limbs in static manaiatiting operations.

In the development of the fatigue and recovery model, two pav@meters have been created to
indicate the fatigue resistance and recovery rate of arviohail. Although only 40 subjects have
been tested for the fatigue resistance in upper limb musol@g, great interests have been aroused
for measuring the distribution of these parameters for &anepopulation and it is believed that both
parameters are suitable to quantify fatigue and recovergesties in static cases. If the distribution
was achievable, these parameters could be very importaevétuating the fatigue and recovery of a
certain population.

The application of the human status and the models is giv€hapters. As discussed before,
the predicted change of human status can represent fiieeedit influence from physical work on
human body. Oferent strengths and ftierent fatigue resistances can lead to significaffedint
result. A study case of industrial drilling in airplane asdxdy line has been simulated in the posture
analysis application. A good agreement has also been foetmeelen the theoretical evaluation results
and the experimental results in Chaptier Furthermore, since it is believed that there are certain
strategies guiding the human motion, multi-objective mation method for predicting posture with
consideration of fatiguefiect was also demonstrated. The influence of fatigteceon posture is

predictable in this method, and the result is found in agesgmwith the results from experiments.

7.2 Perspectives

Until now, only physical human status is considered in oamiework, and it is also limited to

joint strengths. In the future, the other aspects of humatustshould be examined and established
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to extend the scope of the conception, especially for meagpécts, since it would be useful for
evaluating mental work load objectively.

Going back to our fatigue and recovery model, only the upipglo has been tested in the experi-
ments in our current research. For the future research, experiments should be carefully designed
to test the availability of our model in other muscle grougsch as bagkip, neck etc. The recov-
ery model is only theoretically compared with other exigtmodels in the literature. Morefert
should be contributed to the experimental validation ofrdeovery model. After the experimental
validation, the combination of the fatigue and recovery gla@n be useful for work-rest allowance
determination. Concerning the fatigue resistance andfagxovery, more measurements are neces-
sary to determine the distribution of them.

Most of the operations examined in this thesis were donerustdéic or quasi-static conditions.
In dynamic operations, due to the alternation of static ymesand dynamic movement, the fatigue
and recovery process might befdrent from the cases mentioned in this thesis. Therefooeyiid
be interesting to find out thefiierences between dynamic and static conditions in orderderstand
the usefulness and limitations of our current models. @Gediaange might be necessary to make our
model suitable in dynamic cases.

The integration of the fatigue and recovery model into cotepaided ergonomics requires also
some work. Databases containing strength, fatigue resisiand rate of recovery need to be estab-
lished to describe the fatigue and recovery properties efi@inn population. New algorithms should
be developed to make the update of human strengths possileantinuous working process.

For human behavior prediction, there are still other gurganeading the human motion, such
visibility, accessibility, etc. These aspects should dsaaken into account in order to assess an
operation completely. The modeling of these aspects anththuences from the work history on
these aspects provide one potential research field, andies& aspects influence the human behavior
is another point of interest for posture prediction.

Furthermore, the health issues in muscles just cover ori@ptre occupational disorders. One
of our research direction would be constructing detailedeuloskeletal systems. In this way, the
force reaction of muscles, tendons, and bones could be zetalylt is expected that the detailed
biomechanical analysis could help us in locating possibigces for the MSDs.

In summary, there are still lots of work to do in order to ursdi@nd better the interactions between
the operations and the humans. The final aim of virtual hunramlation is able to predict the
human’s operation as real as possible and as quick as pms€lhly in this way, the potential risks
generated by the operations can be reduced to acceptabledad computer aided ergonomics can
benefit the human being.
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Appendix
Modified Denavit-Hartenberg notation

This method is a new geometric notation for the descriptioine® kinematic of open-loop, tree,
and close-loop structure robots. The method is derived trewell-known Denavit and Hartenberg
(DH) notation, which is powerful for serial robots but leadsambiguities in the case of tree and
closed loop structure robots. The given method has all tharddges of DH notation in the case of
open-loop.

A tree structure is composed ofjoints andn + 1 rigid bodies, noted a€,, Cy, ..., C,, with
several end{gectors (see Fig.1). For convenience, these bodies can be enumerated in theifud

way:
e Cyisthe root the tree, an@, is one terminal of the tree;

e the numbers of all the rigid bodies and joints are enumerateah increasing order on each
branch of the tree, from the root to the terminal end;

e joint j connects the bodg; to bodyC,;, wherea(j) indicates the number of the antecedent
body in the branch from the root ©;. For a serial structurey(j) = j — 1;

¢ all the joints are considered as ideal joints, either royato prismatic. A complex joint can be
broken into several simple joints connecting with fake lesdvith no weight and no length.

The topology of the system is defined by the a(j), where 1,2,...,n. In order to determine
all the necessary geometrical parameters describingahsformation betweenfiierent bodies, it is
necessary to locate a coordinate system on the tree seunttire following way:

¢ R is the coordinate system fixed on the bdgjy

e 7 is attached to joini;

147



148 Appendix A

s

Figure A.1: Associated notations to a tree structure

e X; is the common perpendicular gpand the axis which locates followirg in the branch and
in the rigid bodyC;. If body C;, i = a(j), does not have a tree structurg,is the common
perpendicular te; andx;. When there are more than one body attached tthe proposition

is to chose the chain leading to the main efeg&or.

In this case, we can define the transformation matrix betwersuccessive coordinates. In the
modified DH notation system, six parameters are used to ibestitre transformation between two
Cartesian coordinatesi; is the common perpendicular mandz;. If x; is chosen as the common
perpendicular t@; andz;, this is the simple case in serial chaip= x;, and the last four parameters
which are the parameters used usually in DH notation sysaesenough to describe the transforma-
tion matrix. Ifx; is chosen as the common perpendiculas @andz, (see Fig.A.2), u; is necessary to

be constructed to establish the transformation matrix.

e v;: angle between axes andu; around the axig;.

bj: distance between ax&sandu; along the axig;.

a;: angle between axesandz; around the axisi;.

d;: distance between axgsandz; along the axis;.

0;: angle between axeg andx; around the axig;.

rj: distance between axes andx; along the axig;.
The transformation matrix frorR; to R, is:

T i = Rot(z, y;)Trans((z, b;))Rot(x, ;) Trans(x, dj)Rot(z, 6;) Trans(z, r;) (A.1)
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Figure A.2: Geometrical parameters for a body with more than two joints

a1 a;p 3 tis

Q1 Axp A3 1

il
I

(A2)
31 azx; agz I3

0 0 0 1]

Where

a1, = COSy; COsH; — siny; cose; sing;,

aj2 = — COSyj sinfj — siny; cosa;j COsb;,

ay3 = siny; sina;,

t14 = dj cosy; + rj siny; sina;,

a1 = SiNy;j COsY; + COSy; COSe; Sind;,

ay, = — SiNy; sind; + coSy; Cosaj COSH;,

apz = — COSy;j Sina;j,

to4 = djsiny; —rjcosy; sina;,

ag1 = Sine;j sing;,

agy = Sinaj CosY;,

ag3 = COSqj,

t34 = rjcosa; + b;.

Use a vectog to present generalized variables of the joint chain, and the joint chain from the
root to the end gector can be described as:

q=[0...0n]" (A.3)

with ; = (1 - oj)8; + ojrj for j =[1...n], where
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e o = 0 for the rotational joints.
e o = 1 for the translational joints.

In our geometrical modeling of the virtual human, the georoak center of pelvis is chosen as
the root. Five branches are established to fulfill the fuumdi The functions of dierent joint are

explained in Tablé\.1. Two main end-fectors are modeled in this model: left and right hands.

Table A.1: Functions of the joints in human geometrical model

Joint ID Function

torso rotation

torso adduction & abduction
torso extension & flexion
torso rotation

torso extension & flexion

neck rotation

~N O OB~ WDN P

neck adduction & abduction

8 neck extension & flexion

9,14 shoulder flexion & extension
10,15 shoulder adduction & abduction
11,16 shoulder rotation lateral & medial
12,17 elbow flexion

13,18 forearm supination & pronation
19,24 hip flexion

20,25 hip rotation

21,26 hip adduction & abduction
22,27 knee flexion

23,28 ankle extension & flexion
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Newton-Euler inverse dynamics for posture
analysis

B.1 Mathematical description of task

e There are two external forces on human body while drillingokeh One is the drilling fort
F4, and the other one is the gravity of the drilling machine, bgtad ass,.

e The drilling force (Eq. B.1) acting at the center point of the hoRP{ = [px, py, p,]") with
magnitude of §, whereg = 9.81ms2. The direction of the force is along the symmetric line of

the hole pointing out from inner side of the hole, noted\4ge = [Vx, W, V2] .
°F4 =59 Vhae (B.1)
e The gravity (Eg. B.2) of the machine and its pipes can be quantifiedrgg (5 < my < 7
maximum) with direction vertically down.
Gy = my°G (B.2)

where®G = [0,0,—g]". The gravity force acts on the gravity center of the drillimgchine
OWg = [Wy, Wy, W] T.

B.2 Geometric modeling of arm

In order to analyze the fatigue caused by the mechanical,vgeametric and dynamic model of

arm is going to be presented. According to biomechanciatsire of arm, five general joints are
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selected to model the arm. They are graphically shown in®igy. They are:

e (: joint generating flexion and extension of shoulder

e (: joint generating adduction and abduction of shoulder

e (3 joint generating supination and pronation of upper arm

e (4 joint generating flexion and extension of elbow

e (s joint generating supination and pronation of forearm

Shoulder

Elbow

Waist

)

|
I

'\J\‘J\

Figure B.1: Geometric modeling of the arm

Each joint has a joint coordinate, with an originO;, and the coordinate axes are determined
based on the rule of Modified DH Notation System. The body betviR; andR;., is noted a<C;.
Ry is the base coordinate system locating at the shoulder.eT¢@mwdinate systems are also shown
in Fig. B.1. And meanwhile the parameters to describe the transfoomagtweerR;_; andR; are
listed in TableB.1.

The transformation matrix frorR; to theR;_; is:
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Table B.1: Geometric modeling parameters for the right arm

Joint ¢ d « r 6 b
1 00 -2 0 6 -%
2 00 -2 0 6 -2
3 00 -% -Rz 65 -3%
4 0 0-%2 0 6, O
5 00 %2 0 6 O
COSY; —sing; 0 d;

1 COSajsing; cosajcosy; —sina; -—rjsing; (B.3)
= , . . :
Sine;sindj sine;jcosy; cosaj —IjCOS;

0 0 0 1

This matrix can also be noted as:

i1 ilp, il il

0 0 0 1

i—lAj -1 P
0 1

T = (B.4)

with I=1s;, I=In; and!~1a; representing x, y, and z axesRf in R;_;. I"1P; represents the vector
of 0;_10; IN Rj_1.

In order to finish the geometric modeling of arm, several peeters of the arm need to be obtained
from anthropometry. These parameters are:

Length of forearmhy

Radius of forearmr;

Length of upper armh,. This equals tdrL3

Radius of upper arnr,,

With parameters listed in TabE.1, the geometrical model of hand can be constructed based on
robotic techniques. In spite of the parameters above, tieresome other parameters representing
some important center points of the arm in TaBlé. The values are determined in corresponding
joint coordinates.

These parameters can be obtained from anthropometry datalda our case, several simple

functions can be used for estimate these parameters. lutliam has a height ¢, then according
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Name Coordinates Symbol Coordinates
Flexiorn/Extension Center of Shoulder R, Sa  [0,0,0]"
FlexioryExtension Center of Elbow R4 Sy [0,0,0]"

Mass Center of Forearm Rs St [0, 0, —h—Z‘]T
Mass Center of Upper arm Rs Sis  [0,0,%]7
Holding center of Hand Rs Sis  [0,0,-h]"

Table B.2: Coordinates of several center points in corresponding gmordinates system

to the equations listed in the bocoRI{tin et al, 1999 the other geometric parameters can be obtained
from EQ.B.5:

hy = 0.146H
ry = 0125']f
(B.5)
h, = 0.186H
r« = 0.125,

B.3 Parameters for dynamic modeling of arm

To calculate the moment of Inertia of each part of arm. In gag, we simplify that the upper
arm and forearm have a uniform density distributioand they have symmetric shape as cylinders.
The mass of upper arm and mass of forearmmyrend m; correspondingly. With the geometric
parameters of them, their cylindrical inertia can be deteeah with h as height of cylinder and
radius of cylinder (Ed3.6).

[ mr2  mh?
T+E 20 h2 0
mr m

|~ = o B.6
G 0 Tt o o2 (B.6)

mr

0 0 —_—
2 |

If the participant’s weight is known dgl, according taChaftin et al.(1999, the mass of forearm

and upper arm can be estimated by Bd!.

0.451x 0.051M
0.549x 0.051M

m

my

(B.7)

B.4 Calculation of torques at joints

Nomenclature for Inverse Dynamics
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a;: unit vector of axig;

F;: the sum of the external forces on boQy

f,: force exerted o€; via pointO; from C;_;

fe;: force exerted oi€; via pointO; from environment

G;: gravity center ofC;

lgj: tensor of inertiC; relative to a coordinates system in origin®@f and parallel tdR;
13: tensor of inerticC; relative to coordinates systeRy

L;: vector linking the origin oR;_; and the origin oR;, O;_;0;
M;: mass of bod\C;

M;: moment of forces on bodg; around the poin®,;

MS;: moment of inertia of bod{; around the origirD;

Mgj: moment of forces on bodg; around the poinG;

m;: moment exerted o@; aroundO; from C;_;

me;: moment exerted o@; via pointO;_; from environment aroun@;
Vj: velocity of pointO;

V: acceleration of poin®;

Vg;j: velocity of pointG;

Vg;: acceleration of poinG;

wj: rotation speed of poir®;

wj: rotation acceleration of poir@®;

I'jmax: strength of jointj in general coordinates

I'j(t): load of joint j in general coordinates
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Figure B.2: Dynamic forces exerted on joint body

To calculate the torques at each joint, Newton-Euler irveiymamics is employed. The general
procedure is described Khalil and Dombrg2002).

For a given solid body with a ma#4; and moment of inertiég;, the sum of the force and torques
on the solid body is:
Fi = MVg; (8.8)
Mg; = lgjwj+ wj X (lgjwj)
with w; indicating angular velocity andg; as the velocity of the mass center of the body.
Becausé/g; = V; + w; x Sjandlg; = J; - M;S;S;.

Fj = MjVj+(-L)jXMSj (Bg)
Mj = de)j+MijVj+wjx(Jjwj)
|fa'j=l—0',
wj = wj1+0i0;3 (B.10)
Vj = Vj_1+wj_1>< Lj+0'qj'aj

From the base to the endfector, kinematic parameters of each joint coordinate caddber-
mined.

(:Uj = C:Uj—l“‘(-r_J'(qjaj +wj1 X q;a) | " | (B.11)
Vj = Vj—l +wj-1 X Lj +wj1 X (a)j_]_ X Lj + O'Qjaj) + o-(qjaj + wj-1 X qjaj)
From the end fector to the base, joint force and torque can be determinedbpione.
Mj = Mj—Mj1 — Lj+1X fj+1+Sj X MjG—mej

By excluding the influences from external forces and othit joodies, the force generated by
each joint can be calculated.

(B.13)
m; =

Mj+mj+1+Lj+1><fj+l+mej—Sj><MjG



157

The general force for each joint is:
Fj :(O'jfj-l—Ejmj)Tjaj (814)

It is practical to calculate thE; in its corresponding joint coordinate.

w1 =AM (B.15)
lwj = loj1+ 7,0 'g (B.16)
lwj= AL o + (6 'y + o x ) 'a)) (B.17)
Wi = TAL(TWV g+ PP + (6 ey + 2 w1 x G 1ay) (B.18)
U = loj+ o) o, (B.19)
B mvieues (8.20
Mj = Jjlwj+ 'MS§;x WV + lwj x (13 wj)
It = TR+ I+ g (B.21)
It = A (B.22)
mp = IMj+ AL P My + TP x T+ Tmy (B.23)

The general force for each joint is:
Fj:(O'jjfj-l-O_'jjmj)Tjaj (824)

According to the analysis, necessary parameters for @lnglthe forces are listed in Takhe3.
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Table B.3: Dynamic modeling parameters for arm

Number  Mass 13, fe; Mej
1 0 (03) 0 0
2 0 03 0 0
3 mg=my, J(ms, hs,r3) 0 0
4 0 (03) 0 0
5 ms=ms  J(me, hs,rs) °Fg+ °Gy  >(OsPp) X °Fg + *(OsWy) X °Ggy
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Joint strength change based on posture change

Based on the strength model@atin et al.(1999, the shoulder flexion strength can be expressed
by Eq.C.L

Ss =(227.338+ 0.52% — 0.29605)G (C.1)

whereas = q, as = 180- @, and G (Male:0.2845, female:0.1495) is the parameter fodge
adjustment, which is constant forfirent gender.
When there is posture change which can be representdddgnddas, the variation of shoulder

strength can be expressed by Egz

0Ss 0Ss
daE +

dSs =
S ﬁaE (90’5

da’s (CZ)

The maximum percentage of the change in joint strength iSCEg).

BSsda aSSda
_ dSs GaE E Has s
P=g <t s (C.3)

Suppose thatg = 120,as = 40,dag = 10, andas = 10, then

3 0.525x 10+ 0.296x 10 821
P= 227338+ 0.52x 120- 0.296x 40  277.898

< 3% (C.4)

The profile of the shoulder flexion strength is graphicallgwh in Fig.C.1 The gray zone on the
profile is the strength range of a 50th male population withdhange of the posture. The maximum
approaches to 81/mand the minimum approaches to 7&86. The change of the strength locates
in an interval with a length of 6.25%, which means the largesmalized change of the strength is

only 3.125% from the mean value of the strength.
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dle g1 [ded] 0" Elbow flexion angle (180-g2) [deg]

Figure C.1: Shoulder joint flexion strength of adult male population
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Original experiment data

Table D.1: Individual force measurement results.(0-180: measureinstant, second; Age: year; Height: cm;

Weight: kg; Measured strength: kg)

ID O 15 30 45 60 75 90 120 150 180 Age Height Weight
1 82 57 50 47 40 25 24 22 20 16 46 172 80
2 60 51 41 36 34 28 28 20 1.7 10 55 176 75
3 63 36 32 28 25 24 22 15 14 12 25 178 95
4 90 68 58 44 42 36 36 26 1.7 11 48 172 12
5 6.0 45 36 26 25 23 22 19 1.7 16 50 166 80
6 76 57 47 36 33 28 27 19 16 14 48 172 70
7 73 54 35 32 32 30 28 27 23 18 55 170 72
8 62 54 51 36 39 36 35 30 22 - 38 172 65
9 150 120 110 10.2 96 87 84 81 76 76 51 168 70
10 96 72 59 50 48 45 38 38 27 25 42 182 80
11 60 38 29 24 15 14 13 15 09 06 25 175 60
12 132 105 96 87 76 6.6 6.1 59 58 46 43 170 65
13 96 87 83 71 64 57 47 37 28 23 48 170 75
14 96 90 82 73 6.2 60 58 53 41 26 54 160 60
15 101 86 79 6.9 63 59 57 42 35 25 41 170 80
16 78 36 33 32 30 26 22 19 1.7 11 43 174 70
17 145 123 11.2 106 10.2 98 96 83 7.7 6.7 28 173 80
18 86 66 52 47 47 43 42 32 23 26 53 162 50

19 79 49 38 37 35 34 32 26 22 20 38 167 55
Continued on Next Page. ..
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ID O 15 30 45 60 75 90 120 150 180 Age Height Weight
20 71 61 6.0 59 57 50 46 40 26 10 22 183 65
21 55 28 35 34 22 22 20 16 09 0.7 23 172 65
22 76 64 60 48 37 34 31 40 34 21 38 179 60
23 69 50 37 34 34 33 30 26 21 19 49 170 70
24 70 54 39 35 30 21 20 11 08 0.7 35 168 55
25 57 49 46 39 38 37 35 32 28 26 58 176 85
26 9.7 82 57 47 45 42 36 32 24 19 42 170 70
27 60 55 40 33 32 27 27 23 20 20 54 170 90
28 76 40 35 34 32 25 23 21 12 18 34 171 60
29 6.7 52 50 47 40 32 30 21 14 07 21 172 70
30 79 40 37 32 32 28 22 19 13 08 33 177 85
31 98 69 64 55 41 39 35 32 29 14 53 170 75
32 77 6.1 55 52 51 47 44 41 32 31 47 170 80
33 93 76 69 63 60 59 57 50 43 35 40 165 75
34 76 56 44 43 37 34 34 24 20 16 32 172 65
35 89 73 72 69 64 57 46 39 31 26 19 175 60
36 73 56 50 38 30 30 25 20 16 - 19 173 57
37 69 57 51 46 42 33 28 20 23 19 45 170 70
38 50 43 32 31 29 28 27 22 19 - 47 160 50
39 80 64 50 41 40 32 28 21 12 08 53 173 73
40 74 6.1 56 54 52 50 49 44 41 38 52 162 73

Table D.2: Force measurement results and the mean values and staedatioms at each time instant

Time[sec] O 15 30 45 60 75 90 120 150 180
Mean 810 6.21 54 479 438 394 366 314 25 1.99
SD 221 213 205 194 184 176 1.71 162 157 1.57
Max 15 123 112 106 102 98 96 83 7.7 7.6
Min 5 28 29 24 15 14 13 11 08 06
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