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Abstract

In ergonomics and biomechanics, muscle fatigue modelsdbasenaximum endurance time (MET) models are often used to
integrate fatigue fect into ergonomic and biomechanical application. Howgedlae to the empirical principle of those MET
models, the disadvantages of this method are: 1) the MET Imedanot reveal the muscle physiology background very;\@gll
there is no general formation for those MET models to preldiefl. In this paper, a theoretical MET model is extended from a
simple muscle fatigue model with consideration of the endkload and maximum voluntary contraction in passive c&xtertion
cases. The universal availability of the extended MET madahalyzed in comparison to 24 existing empirical MET medelsing
mathematical regression method, 21 of the 24 MET models iméraelass correlations over 0.9, which means the exte Migd
model could replace the existing MET models in a general andpeitationally éicient way. In addition, an important parameter,
fatigability (or fatigue resistance) of filerent muscle groups, could be calculated via the matheahatigression approach. Its
mean value and its standard deviation are useful for piadi®ET values of a given population during static operagioithe
possible reasons influencing the fatigue resistance wassitied and discussed, and it is still a very challengindmifind out
the quantitative relationship between the fatigue restsand the influencing factors.
Relevancetoindustry :

MSD risks can be reduced by correct evaluation of static miasevork. Diferent muscle groups haveigirent properties, and
a generalized MET model is useful to simplify the fatiguelgsia and fatigue modeling, especially for digital humachteiques
and virtual human simulation tools.
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1. Introduction based on physiological performance of muscles in fatigue co
traction. For example, a fatigue model based on the intracel
Muscle fatigue is defined as “any reduction in the ability jyjar pH (Giat et al, 1993 was incorporated into Hill's muscle
to exert force in response to voluntarff@t” (Chdfinetal,  mechanical modelHill, 1938. This fatigue model was also
1999, and itis believed that the muscle fatigue is one of potenypplied byKomura et al. (1999 to demonstrate the fatigue of
tial reasons leading to musculoskeletal disorders (MSD8)é  gjifferent individual muscles. Another muscle fatigue model
literature Westgaard200Q Kumar and Kumar2008 Kim etal,  (ping et al, 2003 based on physiological mechanism has been
2008. Great ¢fort has been contributed to integrate fatiguejncjuded into the Virtual Solider Research Progravigaes
into different biomechanical models, especially in virtual hU'ZOO@, and in this model, dozens of parameters have to be fit
man simulation for ergonomic application, in order to amely for model identification only for a single muscle. As statad i
the fatigue in muscles and joints and further to decrease thgiz and Frey Law(2009, “these theoretical models are rela-
MSD risks @adler et al. 1993 Vignes 2004 Hou et al, 2007.  tiyely complex but useful at the single muscle level. Howeve
In general, mainly two approaches have been adopted ey do not readily handle task-related biomechanicabfact
represent muscle fatigue, either in theoretical method® or g ch as joint angle and velocity.” Meanwhile, several mesc
empirical methodsXia and Frey Law2008. One or more de-  around a joint are engaged in order to realize an action or a
cay terms were introduced into existing muscle force moidels ,ovement around the joint, and mathematically this resalts
theoretical fatigue models, and those decay terms werelynaingn ynderdetermined equation while determining the force of
each engaged muscle due to muscle redundancy and complex
*Corresponding author: Tel86-10-62792665; Fax86-10-62794399 m.USCIe fOI’C(.-:‘ mon.]ent arm-joint angle relationships. Altjjfmu
Email addressesl i angma@tsinghua. edu. cn: different optimization methods have been used to face this load
liang.ma@irccyn.ec-nantes. fr (Liang MA) sharing problemRen et al,2007%, it is still very difficult to val-
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idate the optimization result and further the fatigdkeet, due by the endurance time or measured by the number of times of
to the complexity of anatomical structure and the physiigialg an operation until exhaustion. This measure is an impopant
coordination mechanism of the muscles. rameter to measure physical fatigue process during maaual h
Muscle fatigue is often modeled and extended based odling operationsl{ynch et al, 1999 Clark and Maninj 2003
Maximum Endurance Time (MET) models at joint level in em- Lariviére et al, 2006 Hunter et al.2004).
pirical methods. These models are often used in ergonomicap In Ma et al. (2009, we constructed a new muscle fatigue
plications to handle task-related external parametersh a8 model in which the external task related parameters arentake
intensity of the external load, frequency of the externaldlo into consideration to describe physical fatigue procasd this
duration, and posture. In these models, the MET of a musmodel has also been interpreted by the physiological mecha-
cle group around a joint was often measured under static comism of muscle. The model has been compared to 24 existing
traction conditions until exhaustion. Using this methoeh ca MET models, and great linear relationships have been found
avoid complex modeling of individual muscles, and net jointbetween our model and the other MET models. Meanwhile,
strengths already exist in the literature for determinhrgrela-  this model has also been validated in comparison to three the
tive load @Anderson et a).2007 Xia and Frey Law2008. The  oretical models. This model is a simpler, theoretical appho
most famous one of these MET models is Rohmert’s curveo describe the fatigue process, especially in static ectitm
(Rohmert 1960 which was usually used as guideline for de- cases.
signing the static contraction task. Besides Rohmert's MET In this paper, further analysis based on the fatigue model
model, there are several other empirical MET models in the li is carried out using mathematical regression method tar-dete
erature El ahrache et a1200§. These MET models are very mine the fatigability of diferent muscle groups. We are going
useful to evaluate physical fatigue in static operatiorstarde-  to propose a mathematical parameter, defined as fatigadiit
termine work-rest allowance&l(ahrache and Imbea2009), scribing the resistance to the decrease of the muscle ¢tapaci
and they were often employed in biomechanical models inrordeThe fatigue resistance forftirent muscle groups is going to be
to minimize fatigue as well. For examplEreund and Takala regressed from experimental MET models. The theoretical ap
(2007) proposed a dynamic model for forearm in which the fa-proach for calculating the fatigue resistance will be exyd in
tigue component was modeled for each single muscle by fitSection2. The muscle fatigue model iMa et al.(2009 is go-
ting Rohmert'’s curve irChdfin et al.(1999. Rodriguez etal. ingto be presented briefly in Secti@rl. A general MET model
(2003 proposed a half-joint fatigue model, more exactly a fa-is extended from this fatigue model in Sect®®2. The mathe-
tigue index, based on mechanical properties of muscle groupmatical procedure for calculating the fatigability cohtries to
The holding time over maximum endurance time is used as athe main content of Sectich3. The results and discussion are
indicator to evaluate joint fatigue. INiemi et al.(1996, dif- given in SectiorB and4, respectively.
ferent fiber type composition was taken into account with en-
durance model to locate the muscle fatigue into single MUS5 1 ethod
cle level. However, in MET models, the main limitations are: ™
1) The physical relationship in these models cannot be-inters 1. A dynamic muscle fatigue model
preted directly by muscle physiology, and there is no usiger . . .
ity among these models. 2) All the MET models were achieved . A. dynamic fatigue model based on mus_cle active motor
by fitting experimental results usingftérent formulation of prmmplg was proposed iMa et al.(2009. This model was
equation. It has been found that muscle fatigability cary var able.to integrate task parameters (Iqad) and temporal fearam
. ) ters into manual handling operation in industry. Theten-
across muscles and joints. However, there is no generalform

lation for those models. 3) Berences have been found among?f)I ?hueaggzggr Sgsgré?lt?]gethzr;erggglrzr};fg;;iﬁ?s?et%?ﬁ
those MET models for dierent muscle groups, for ftierent ) P P '

postures, and even for ftkrent models for the same muscle Tabled.
group. Due to the limitation from the empirical principléet dFcenft) Feent)
differences cannot be interpreted by those MET models. Thus, dt -k MVC Fioad(t) 1)

it is necessary to develop a general MET model which is able
to replace all the experimental MET models and explain &l th
differences cross these models.

Xia and Frey Law(2008 proposed a new muscle fatigue
model based on motor units (MU) recruitmehit( et al, 2002
to combine the theoretical models and the task-related leusc
fatigue factors. In this model, properties offdrent muscle
fiber types have been assumed to predict the muscle fatigue

{?mt l?:]/eld T?Alwevsr,tlnr’[h\% r((ajseFa r(r:tn trhrﬁ V?“dtﬁ;;?hriwff? kis a parameter indicating the fatigue ratio, and it hakedant
gue moce’ was not provided. Furthermore, entiall- — constant values for fierent muscle groups. In a general case,

gability of different muscle groups has not been analyzed M is assigned as 1. This dynamic model has been mathemati-

deta|I§ in this modgl. Fatlgablllt_y (the rgmprocal of emiux:e_ cal validated inMa et al. (2009 with static MET models and
capacity or the reciprocal of fatigue resistance) can beneéfi

2

The fatigue model in Eq.1) can be explained by the MU-
based pattern of musclei( et al, 2002 Vgllestad 1997). Ac-
cording to muscle physiology, larg€i,ag means more type Il
motor units are involved into the force generation. As altesu
the muscle becomes fatigued more rapidly, as expressed in Eq
(). Feemrepresents the non-fatigue motor units of the muscle.
The decreased fatigability is expressed by térgg{t)/MVC

glﬁe to the composition change in the non-fatigue musclediber
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Table 1: Parameters in Dynamic Fatigue Model

Iltem Unit  Description

MVC N Maximum voluntary contraction, maximum capacity of muscle

Feenl(t) N Current exertable maximum force, current capacity of mascl

Fioad(t) N External load of muscle, the force which the muscle needsterate

k mirr?  Constant value, fatigue ratio, heke-= 1

%MVC Percentage of the voluntary maximum contraction

fmve %MV C/100
other existing dynamic theoretical models. Much more dedai A mathmatical regression process is carried out to deter-
explanation can be found Ma et al.(2009. mine the parametds as follows. From Tabl@, it is observed

The integration result of Eq.1) is Eq. @), if FeenrdO) =  that almost all the static MET models have high linear refai

MVC. Equation 2) demonstrates the fatigue process under arship with the extended MET model (for most models, 0.95),
external loadFp5q(u). The external load can be either static which means that each static model can be described mathemat

external load or dynamic one. ically by a linear equation (Eq5J). In Eqg. 6), xis used to re-
placefyvc andp(x) represents the extended MET model in Eq.
_, Froad(u) (4). mandn are constants describing the linear relationship
I~k du A e
Feen(t) = MVCe”  MVC (2)  between an existing MET model and the extended MET model,
and they are needed to be determined in linear regression. It
2.2. The extended MET model should be noticed thah = 1/k indicates the fatigue resistance

A general MET model can be extended by supposing thaf the static model, ankl is fatigue ratio or fatigability of dif-
Fload(t) is constant in static situation to predict the endurancderent static model.
time of a muscle contractionMET is the duration in which

Feemfalls down to the currenEi,ag. Thus,MET can be deter- f(X)=mpXx +n )
mined by Eq. §) and @). Due to the asymptotic tendencies of the empirical MET
‘ kFload(U)d g/o&t\a/lsc meggg;\ef? i)rEI agrac:e(e)t al(%o(()l\?é_\lfvherz);( : 1
Jo K=, ~ du () - ,f(X) = 0 andp(x) — — 0), there-
Feen(t) = MVCe®  MVC = Fipuq(t) ) fore, we can assume that= 0. For this reason, only one pa-
rametem needs to be determined. Since some empirical MET
In ( Fload(t)) models are not available for RV C under 15%, the regression
= MET = — MVC _ _In(fmvc) @ was carried out in the interval from= 0.16 tox = 0.99. With
Fioad(t) k fuvc an space 0.0IN = 84 empirical MET values were calculated
MVC to determine the parameterby minimizing the function in Eq.

In comparison to the empirical MET models, the extended®):
MET model is obtained from a theoretical muscle fatigue nhode

based on motor units recruitment mechanism. In the extended N
MET model, only one paramet&remains variable. This pa- M(X) = Z (f() -mpx)?>=anf+bm+c (6)
rameter is defined as fatigability (fatigue ratio) in thedfetical i1
model, and this parameter could enable us to explain tierdi N
ences found in empirical MET models. In Eq. ), a = Y, p(x)? is always greater than 0, and
i=1
. .. . . N
2.3. Regression for determining the fatigability b=-23 p(x)f(x)is always less than 0, therefore the fatigue
i=1

In Ma et al. (2009, two correlation cofficients were se-

. . sistancen can be calculated by Eq7)
lected to analyze the relationship between the extended MErle y Ba7X

model K = 1) and the empirical MET models. One is Pearson’s N

correlationr in for evaluating the linear relationship and the b El p(x) f(x)

other one is intraclass correlatioiCC) for evaluating the sim- m=— ="~ > 0 (7
ilarity between two models. The calculation results areasho > p(x)?2

in columnsr andICC; of Table2. There are still large dier- i=1

ences from 1 iNnCC; column, while high linear correlations After regression for each empirical MET model, néBC

have aIsp_ been found between the extended MET model ang, ,es were calculated by comparifig)/mandp(x), and they
the empirical MET models. That means that the extended METe jisted in the columiCC; of Table2. Itis easy to prove that
model can fit the empirical MET models forftérent muscle  the regression does not changetigerrelation. For this reason,
groups by adjusting the parameker only ICC is recalculated.
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3. Results for the low %MVC (El ahrache et a12009. From the graph-
) ical representation, it can be noticed that the MET erroes ar
3.1. Regression results mainly decreased in the range from’hain to 10" min, which
Both ICC correlations before regression and after regreSmeans the extended MET model after regression can predict
sion are shown in Tabl2. It should be noticed that the results pET with less error than using the extended MET model be-
ICC; before regression in TabRwere slightly diterent from  fgore regression(refer to Fig.2, Fig. 4, Fig. 6 and Fig. 8 in
the results presented Ma et al.(2009, because the range of 3 et al.(2009).
fmvc varies from 0.15 to 0.99 in this paper while it varied from  The greatest improvement of the fithess between the ex-
0.20t0 0.99 irMa et al.(2009 in order to validate the dynamic  tended MET model and the empirical MET models is the/Bazk
fatigue model. Some models were sensitive for such a changgyodel (Fig. 4). This approves that the extended MET model
e.g. Monod’s model. However, the little change of the valida with a suitable fatigue ratio can adapt itself well to the mos
tion result does not change the conclusioivia et al.(2009. complex part of human body. The same improvement can be
ThelCC results for diferent muscle groups after regressionfound for shoulder models and most of the elbow models. It
are graphically presented in log-log diagram from Figto 4 should be noticed not all the MET models have been improved
as well. The corresponding graphical results before re@Bes  after the regression. Little fall can be found for the MET mod
can be found irtMa et al.(2009. The x-axis is the MET values g|s (hand model) withCC over 0.98 in thd CC; column. The
predicted using the extended MET model atetient relative  possible reason is that it has already relative h@8 correla-
force levels, while the y-axis is the MET values predictetigs tjon, and the regression does not improve its fitness. Howeve
other MET models at corresponding relative force levelse Th those models after regression still have higiC (> 0.95). As
straight solid diagonal line is the reference line. For theeo a summary, the regression approach achievesl@ighand im-
models, the one which approaches more closely to the straigRroves the similarity between the extended MET model and the
line has a highetCC. If a model coincides completely over the existing models. This proves that the extended MET model can
reference line, which means it is identical to the extend&IM pe adapted to fit dierent body parts, and the extended MET
model. model can predict the MET for static cases.
, . Fatigueresistance: The regression result of the fatigue re-
3.2. Fatigue resistance results sistance of dferent muscle groups were tested with normplot
The regression resultef for each MET model are listed in - function in Matlab in order to graphically assess whether th
Table3. The mean valuenand the standard deviation, were  fatigue resistances could come from a normal distribuftidre
calculated for dierent muscle groups as well. The Monod’s test result shows fatigue resistances for general moddlglan
general model is eliminated from the calculation due to@srp  how models scatter near the diagonal line in the Bignd Fig.
ICC value. The intergroup fierences are represented by theg, pue to limitation of sample numbers in shoulder models and
mean value of each muscle group. The Magrk models have  the large variance in hipack models, the distribution test did
a higher mean valum = 1.9701, while the other human body not achieve satisfying result. Once there are enough sample
segments and the general models have relative lower fatigu@odels, it can be extrapolated that the fatigue resistafores
resistances ranging from 0.76 to 0.90, without biffetences.  different muscle groups for the overall population distribirtes
The fluctuation in each muscle group, namely the intra muscl@ormal probability, therefore, the mean value locatesiia o
group diference, is presented by,. The stability in the gen-  could predict the fatigue property of 50% population.
eral group is the best, and the fbpck model has the largest  Therefore, the mean value of and its standard deviation
variation. There is no big @ierence between elbow and shoul- . are used to redraw the relation betwed& T and fyyc,

der models. and they are presented from Figto 10. The black bold solid
line is the extended MET model adjusted fyand it locates

4. Discussion in the range constrained by two slim solid lines adjusted by
M+ om. After adjusting our fatigue model wit + o, the ex-

4.1. Result analysis tended MET fatigue model can cover most of the existing MET

ICC: Almost all thelCC, are greater than 0.89, and only models from 15% MVC to 80% MVC. Although there is an ex-
one is an exception (Monond and Scherrer, 0.4736). This exception in Higback model due to the relative large variability
ception is because of its relative worse linear correlatiaith in hip muscle groups, it should also be admitted that thesdju
the extended MET model, while almost all the other ones havenent makes the extended MET model suitable for most of the
r over 0.96, and the Monod’s model has only 0.6241. For thestatic cases. In another word, the adjustment by mean and de-
Monod’s model, the linear error occurs mainly when thgc viation makes the extended MET model suitable for evalgatin
approaches to 0.15. This error is mainly caused by the wathe fatigue for the overall population.
in which the Monod’s model is formulated. This exceptionis  The prediction by the extended MET model cannot cover
eliminated in the following analysis and discussion. the models for the %MVC over 80 as well as the interval un-

There are larger éierences between the extended MET mod#é¢r 15%. However in the industrial cases, it is very rare that
and the empirical MET models, especially when fhgc ap-  the force demand can cross that limit 80% in static operation
proaches to 0.15. Thosefidirences can be explained by the in- Even if the physical demand beyond 80%MVC, the prediction
terindividual diference in MET, and theseftBrences are greater difference in the extended MET model from the other MET

4
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Table 2: Static validation resultsandICC between the extended MET model and the other exiséiigT models inEl ahrache et al2006)

Model MET equations (in minutes) r ICC, ICC,
General models
Rohmert MET = -15+ & - 52 + fg—vlc 0.9717 0..9505 0.9707
Monod and Scherrer MET = 0.4167 (fuyvc — 0.14)‘%4 0.6241 0.0465 0.4736
Huijgens MET = 0.865 | e ] 0.9036 0.8947 0.8916
Sato et al. MET = 0.3802 (fyyc — 0.04) 144 0.9973 0.8765 0.9864
Manenica MET = 14.88 exp(4.48fuvc) 0.9829 0.9357 0.9701
Sjogaard MET = 0.2997f, 2L 0.9902 0.9739 0.9898
Rose et al. MET = 7.96 expf4.16fuvc) 0.9783 0.6100 0.9573
Upper limbs models
Shoulder
Sato et al. MET = 0.398f,2° 0.9988 0.5317 0.9349
Rohmert et al. MET = 0.2955f,,;&® 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,2>%" 0.9968 0.9064 0.9947
Elbow
Hagberg MET = 0.298f. 3¢ 0.9902 0.9751 0.9898
Manenica MET = 20.6972 expt4.5fmvc) 0.9832 0.9582 0.9708
Sato et al. MET = 0.195f_222 0.9838 0.9008 0.9688
Rohmert et al. MET = 0.2285f,,;3* 0.9997 0.2942  0.9570
Rose et al.2000 MET = 20.6 exp(6.04fpvc) 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 expt4.5fuvc) 0.9832 0.9840 0.9646
Back/hip models
Manenica (body pull) MET = 27.6604 expt4.2fuvc) 0.9789 0.7672 0.9591
Manenica (body torque) MET = 124286 expt4.3fuvc) 0.9804 0.8736 0.9634
Manenica (back muscles) MET = 327859 exp{t4.9fuvc) 0.9878 0.8091 0.9819
Rohmert (posture 3) MET = 0.3001f,28%3 09655 0.4056 0.9482
Rohmert (posture 4) MET = 1.23011‘,\]%,'508 0.9990 0.8356 0.9396
Rohmert (posture 5) MET = 3.2613f,;=° 0.9984 0.1253 0.9263
Table 3: Fatigue resistanoeof different MET models
Segment  my mp mg my mg Mg my m OTm
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
15986 0.7005 1.5931 3.2379  1.356 3.3345 1.9701 1.1476
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Figure 1: ICC diagram for MET general models after regressio
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Figure 2: ICC diagram for MET elbow models after regression
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Figure 3: ICC diagram for MET shoulder models after regi@ssi Figure 4: ICC diagram for Hifpack shoulder models after regression

models is less than one minute. personal factors (MVC and fatigue rati and it has been val-
idated in comparison to other theoretical modeldvia et al.
4.2. The extended MET model versus previous MET models (2009. Different from the other MET models, in this extended
There are several MET models available in the literatureMET model, there is a parameterepresenting individual fa-
and they cover dierent body parts. These models are all ex-tigue characteristic.
perimental models regressed from experimental data, asid ea  After mathematical regression, great similariti¢€¢ >
model is only suitable for predicting MET of a specific group 0.90) have been found between the extended MET model and
of people, although the similar tendencies can be found gmorthe previous MET models. This indicates that the new theoret
these models. Furthermore, those MET model cannot reveatal MET model might replace the other MET models by ad-
individual differences in fatigue characteristic. However, it isjusting the parametér. Therefore, the extended MET model
admitted that dferent people might have ftgrent fatigue re- generalizes the formation of MET models.
sistances for the same physical operation. In addition, diferent fatigue resistances have been found
In comparison to conventional MET models, the general anwhile fitting to different MET models, even for the same mus-
alytical MET model was extended from a simple dynamic fa-cle group. Therefore, it is interesting to find the influemcin
tigue model in a theoretical approach. The dynamic musele fafactors on the parametkiand to analyze its statistical distribu-
tigue model is based on muscle physiological mechanism. [tion for ergonomic application. In this paper, we tried te tise
takes account of task parameteFs,4q or relative load) and mean value and standard deviation of the regressed fatiggue r

6
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Figure 5: Normal distribution test for the general model Figure 6: Normal distribution test for the elbow model

sistances. It has been found that the extended MET model withnd type of contraction, and intermittent or sustainedvicti
adjustable parametkrcould cover most of the MET prediction ties Enoka 1995 Elfving and Dedering2007). In those MET
using experimental MET models. If further experiments can b models, all the contractions were exerted under static ieond
carried out, it should be promising that the statisticatriis-  tions until exhaustion of muscle groups, therefore, sévask
tion of the fatigue resistance for a given population cowd b related influencing factors can be neglected in the disonssi
obtained. This kind of information might be useful to intagr  e.g., speed and duration of contraction. The other influenci
early ergonomic analysis into virtual human simulationsdo  factors might contribute to the fatigue resistancedéence in

evaluate fatigue at early work design stage. MET models.
Systematic bias : all the MET models were regressed or
4.3. Influencing factors on fatigue resistance reanalyzed based on experiment results. Due to the expgrime

Although the MET models fitted from experiment data weret@l background, there were several sources for systematic e
formulated in diferent forms, then can still provide some use- or- One possible source of the systematic bias comes frem ex
ful information for the fatigue resistance, especially daffer- ~ Perimental methods and model constructihghrache et al.
ent muscle groups. Theftirences in fatigue resistance result 2006, especially for the methods with subjective scales to mea-

is possible to be concluded by the mean value and the devigureé MET. The subjective feelings significantly influence t
tion, but it is still interesting to know why and how the fatig result. Furthermore, the construction of the MET model rmigh

resistance is dierent in diferent muscle groups, in the same cause system fierences for MET model, even in the models
muscle group, and even in the same personféraint period. Wh!_ch were constructgd from the same experiment data (e.g.
There is no doubt that there are several factors influenaing oHuiigens’ model and Sjogaard’s modelin General modelsg Th
the fatigue resistance of a muscle group, and it should be vet€stimation error was @ierent while using dierent mathematic
useful if the fatigue resistance ofttérent muscle groups can be Models, and it generates systematic bias in the resultsisaly
mathematically modeled. In this section, the fatigue tesize ~ Fatigueresistance inter individual : besides the system-
and its variability are going to be discussed in details base  atic error, another possible source for the enduranerdnce

the fatigue resistance results from TaBknd the previous liter- 1S from individual characteristic. However, the individaaar-
ature about fatigability. Dferent influencing factors are going &cteristic is too complex to be analyzed, and furthermdre, t
to be discussed and classified in this section. individual characteristic is impossible to be separatecfex-

All the differences inter muscle groups and intra muscldSting MET models, since the MET models already represent
groups in MET models can be classified into four types: 1) Systhe overall performance of the sample participants. Intéutdi
tematic bias, 2) Fatigue resistance inter individual forstouct- N €rgonomic application, the overall performance of a papu
ing a MET model, 3) Fatigue resistance intra muscle grouptionis often conce_rneo!. Therefore, individual fatlgugsthc_e
fatigue resistance fierences for the same muscle group, andS Nnot discussed in this part separately, but théedznces in
4) Fatigue resistance inter muscle groups: fatigue resista populatlon_ln fatigue resistance are going to be discussdd a
differences for dferent muscle groups. Thoseferences can Presented in the following part. o
be attributed to dferent physiological mechanisms involved in  Fatigue resistance intra muscle group : the inter indi-

different tasks, and influencing variables are subject mativati vidual variability contributes to the errors in constragtiMET
central command, intensity and duration of the activiteesp models and the errors between MET models for the same mus-

7
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Figure 10: MET prediction using extended MET model in congmar
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cle group. The influencing factors on the fatigue resistayace  influences on the fatigability as well. The gendeffetience

be mainly classified into sample population character{gén-  in neuromuscular activation pattern was found and disclsse

der, age, and job), personal muscle fiber composition, asd poin Lariviére et al.(2006, and it was observed significantly that

ture. females showed more alternating activity between homi@hte
As mentioned in Sectiod, the influences on fatigability and contralateral muscles than males.

from gender and age were observed in the literature. In the re  Meanwhile, inMademli and Arampatzi€2009 older men

search for gender influence, women were found with more fawere found with more endurance time then young men in cer-

tigue resistance than men. Based on muscle physiological pr tain fatigue test tasks charging with the same relative.l@atk

ciple, four families of factors were adopted to explain tag-f  of the most common explanations is changes in muscle fiber

gability difference in gender ihlicks et al.(200]). They are: composition for fatigability change while aging. The shdt

1) muscle strength (muscle mass) and associated vascular agards a higher proportion of muscle fiber type | leads old &sdul

clusion, 2) substrate utilization, 3) muscle compositiod 4)  having a higher fatigue resistance but smaller MVC. Gender

neuromuscular activation patterns. It concluded thabaliin and age were also already taken into a regression model to

the muscle composition fierences between men and womenpredict shoulder flexion endurancklgthiassen and Ahsberg

is relatively small Gtaron et al.2000, the muscle fiber type 1999. In Nussbaunf2009, the dfects of age, gender, and task

area is probably one reason for fatigabilitytdience in gender, parameters on muscle fatigue during prolonged isokinetsot

since the muscle fiber type | occupied significantly largeaar exercises were studied. It constated that older men haéhiess

in women than in menL@riviére et al, 2006. In spite of mus- tial strength. It was also found thaffects of age and gender

cle fiber composition, the motor unit recruitment pattertsac on fatigue were marginal, while significant interactivéeets

8



hal-00583680, version 1 - 6 Apr 2011

of age and gender withtert level were found at the same time. sistances, and fierent muscle is composed of types of mus-
Besides those two reasons, the muscle fiber composition @les with composition determining the function of each nheisc
muscle varies individually in the population, even in a samgChdfin et al, 1999. The diferent fatigue resistance can be
age range and in the same gend&ta(on et a].2000, and this  explained by the muscle fiber composition iftdient human
could cause dierent performances in endurance taskgfddi  muscle groups.
ent physical work history might change the endurance perfor  In the literature, muscle fiber composition was used mea-
mance. For example, it appeared that athletes wiffergint  sured by two terms: muscle fiber type percentages and per-
fiber composition had dierent advantages inftiérent sports: centage fiber type area (CSA: cross section area). Both terms
more type | muscle fiber, better in prolonged endurance sventontribute to the fatigue resistance of the muscle groupge T
(Wilmore et al, 2008. Meanwhile, the physical training could | fibers occupied 74% of muscle fibers in the thoracic mus-
also cause shift betweenfidirent muscle fibersQostill et al, cles, and they amounted 63% in the deep muscles in lumbar
1979. As a result, individual fatigue is very fticult to be de- region Sirca and Kostevc1985. On average type | muscle
termined using MET measuremeitdllestad 1997, and the fibers ranged from 23 to 56% for the muscles crossing the hu-
individual variability might contribute to the flerences among man shoulder and 12 of the 14 muscles had average SO pro-
MET models for the same muscle group due to selection of sutportions ranging from 35 to 50%D@hmane et g1.2005. In
jects. paper Staron et al.200Q Shepstone et al2005, the muscle
Back to the existing MET models, the sample populationfiber composition shows the similar composition for the nheisc
was composed of either a single gender or mixed. At the sama&ound elbow and vastus lateralis muscle and the type | mus-
time, the number of the subjects was sometimes relativelsmakle fibers have a proportion from 35 - 50% in average. Al-
For example, only 5 female students (age range 21-33) wertbough we cannot determine the relationship between the mus
measured Garg et al. 2002, while 40 (20 males, age range cle type composition and the fatigue resistance directiytha-
22-48 and 20 females, age range 20-55) were tested in shouldwetically, the composition distribution amondfdrent muscle
MET model Mathiassen and Ahsberfj999. Meanwhile, the  groups can interpret the MET féérences between general, el-
characteristics of population (e.g., students, expeeemmork-  bow models and back truck models. In addition, the fatigue
ers) could cause somefliirences in MET studies. Due to dif- resistance of older adults is greater than young ones ctsdd a
ferent population selection methodffdrent gender composi- be explained by a shift towards a higher proportion of type |
tion, and diferent sample number of participant, fatigue resis-fiber composition with aging. These evidences meet the physi
tance for the same muscle group exists ifiestent experiment ological principle of the dynamic muscle fatigue model.
results and finally causedftérent MET models under the sim- Another possible reason is the loading sharing mechanism
ilar postures. of muscles. Hip and back muscle group has the maximum
In Hip/back models, even with the same sample particijoint moment strengthGhdfin et al, 1999 among the impor-
pants, diference existed also in MET models foffdrent pos- tant muscle groups. For example, the back extensors are com-
tures. The variation is possible caused by thgedént MU re-  posed of numerous muscle slips havinffetient moment arms
cruitment strategies and load sharing mechanism undierdi and show a particularly high resistance to fatigue relative
ent posturesKasprisin and Grabingi2000 observed that the other muscle groupgérgenserl997). This is partly attributed
activation of biceps brachi was significantlffected by joint  to favorable muscle composition, and the variable loadiray-s
angle, and furthermore confirmed that joint angle and centra ing within back muscle synergists might also contributesig
tion type contributed to the distinction between the atiivaof  icantly to delay muscle fatigue.
synergistic elbow flexor muscles. The lever of each indigidu In summary, individual characteristics, population cleara
muscle changes alongftérent postures which resultdidirent  teristics, and posture are external appearance of inflngifiac-
intensity of load for each muscle and then causé®&dint fa-  tors for the fatigue resistance. Muscle fiber compositions-m
tigue process for dierent posture. Meanwhile, the contraction cle fiber area, and sensory motor coordination mechanism are
type of each individual muscle might be changed undffedi  the determinant factors inside the human body decidingahe f
ent posture. Both contraction type change and lev@dinces tigue resistance of muscle group. Therefore, how to coaséru
contribute to generate fiierent fatigue resistance globally. In bridge to connect the external factors and internal fadtottse
addition, the activation dierence was also found in antago- most important way for modeling the fatigue resistance fbr d
nist and agonistarst and Hasarl 987 Mottram et al, 2005  ferent muscle groups. How to combine those factors to model
muscles as well, and it is implied that infidirent posture, the the fatigue resistance remains a challenging work. Desipéte
engagement of muscles in the action caus@&®mint muscle difficulty of modeling the fatigue resistance, it is still applite
activation strategy, and as a result the same muscle graug co to find the fatigue resistance for a specified population byTME
have diterent performances. With these reasons, it is much difexperiments in regression with the extended MET model due to
ficult to indicate the contribution of posture in fatigueistgnce its simplicity and universal availability.
because it refers to the sensory-motor mechanism of human,
and how the human coordinates the muscles remains not cleér4. Limitations
enough until yet. In the previous discussion, the fatigue resistance of the ex
Fatigueresistanceinter muscle groups: As stated before, isting MET models were quantified usimg from regression.
the three dierent muscle fiber types haveigrent fatigue re- The possible reasons for thefféirent fatigue resistance were

9
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analyzed and discussed. However, how to quantify the influbing, J., Wexler, A. S., Binder-Macleod, S. A., 2003. Mattegical models for
ence from diterent factors on the fatigue resistance remains fatigue minimization during functional electrical stinatibn. Electromyog-

unknown due to the complexity of muscle physiology and the_

correlation among dlierent factors.

The availability of the extended MET model in the interval

raphy Kinesiology 13 (6), 575-588.

ahrache, K., Imbeau, D., 2009. Comparison of rest allegamodels for
static muscular work. International Journal of IndustBagjonomics 39 (1),
73-80.

under 15% MVC is not validated. The fatigue resistance iy onl Elahrache, K., Imbeau, D., Farbos, B., 2006. Percentileegafor determining

accounted from the 15% to 99% MVC due to the unavailability

maximum endurance times for static muscular work. Intéonat Journal
of Industrial Ergonomics 36 (2), 99-108.

of some MET models under 15% MVC. For the relative low E|fv|ngy B., Dederingy A_Y 2007. Task dependency in back dmiatigue_

load, the individual variability under 15% could be muclgkar
than that over 15%. The recoversyfect might play a much
more significant role within such a range.

5. Conclusions and per spectives

In this paper, fatigue resistance offérent muscle groups
were calculated by linear regression from the new fatigudeho
and the existing MET static models. Hid&C has been ob-
tained by regression which proves that our fatigue modebean
generalized to predict MET for fierent muscle groups. Mean
and standard deviation in fatigue resistance féiedént muscle

groups were calculated, and it is possible to use both of them

together to predict the MET for the overall population. Tlosp
sible reasons responsible for the variability of fatigusstnce
were discussed based on the muscle physiology.

Our fatigue model is relative simple and computation ef-
ficient. With the extended MET model it is possible to carry

Correlations between two test methods. Clinical Biomeidsaf2 (1), 28—
33.

Enoka, R., 1995. Mechanisms of muscle fatigue: centrabfacind task de-
pendency. Journal of Electromyography and Kinesiology)5181-149.
Freund, J., Takala, E., 2001. A dynamic model of the foreactuding fatigue.

Journal of Biomechanics 34 (5), 597-605.

Garg, A., Hegmann, K., Schwoerer, B., Kapellusch, J., 200& dfect of
maximum voluntary contraction on endurance times for tlwikter girdle.
International Journal of Industrial Ergonomics 30 (2), 2083.

Giat, Y., Mizrahi, J., Levy, M., 1993. A musculotendon modélthe fatigue
profiles of paralyzed quadriceps muscle under FES. |IEEEsacion on
Biomechanical Engineering 40 (7), 664—674.

Hicks, A., Kent-Braun, J., Ditor, D., 2001. Sexfldirences in human skeletal
muscle fatigue. Exercise and Sport Sciences Reviews 29@38%112.

Hill, A., 1938. The heat of shortening and the dynamic camtstaf muscle.

Proceedings of the Royal Society of London. Series B, BickgSciences

126 (843), 136-195.

Hou, H., Sun, S., Pan, Y., 2007. Research on virtual humargionemic sim-
ulation. Computer and Industrial Engineering 53 (2), 3553

Hunter, S., Critchlow, A., Enoka, R., 2004. Influence of agim sex diferences
in muscle fatigability. Journal of Applied Physiology 97,(%723-1732.

Jorgensen, K., 1997. Human trunk extensor muscles phgsiodnd er-
gonomics. Acta Physiologica Scandinavica. Supplementifp 5-58.

out the fatigue evaluation in virtual human modeling and erXKarst, G., Hasan, Z., 1987. Antagonist muscle activity myifiuman forearm

gonomic application, especially for static and quasiistses.

movements under varying kinematic and loading conditi@gerimental
Brain Research 67 (2), 391-401.

The fatigue &ect of diferent muscle groups can be evaluatedyspyisin, J., Grabiner, M., 2000. Joint angle-dependeriaabow flexor ac-

by fitting k from several simple static experiments for certain

population.
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