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Abstract. Intermittent physical tasks are prevalent in physical man-
ual operations, and engineers must be provided with effective guidelines
for intermittent job design to reduce work-related musculoskeletal dis-
orders (WMSDs) resulting from repetitive intermittent operations. In
this paper, we combine a local muscle fatigue and a recovery model to
determine the endurance limit under intermittent operations. We pre-
liminarily validated the endurance limit model by comparing the pre-
dicted endurance limits and the endurance limits measured in a 50%
MVC intermittent task. The endurance limit under intermittent isomet-
ric operations could be determined using a muscle fatigue-recovery model
and individual fatigue attributes. Estimation of the WMSD risk associ-
ated with spectrum loadings in a series of intermittent tasks using the
proposed endurance limit model is a promising approach.

Keywords: Muscle fatigue · Intermittent task · Endurance limit
model

Nomenclature

F (t) (%MVC) current executable maximum force, current muscle strength as a percentage of

the MVC

Fload (%MVC) external workload on muscle as a percentage of the MVC

k (min−1) local muscle fatigue rate

R (min−1) local muscle recovery rate

Tcycle (min) cycle time of an intermittent operation

Dcycle duty ratio of a cycle

E (min) loading period, which is equal to Tcycle × Dcycle

P (min) rest period, P = Tcycle − E

F s
i (%MVC) executable maximum force at the start of the loading period in the ith cycle

F e
i (%MVC) executable maximum force at the end of the loading period in the ith cycle

α threshold coefficient; the external intermittent operation cannot be sustained

when the muscle strength F (t) falls below the threshold load α × Fload

N maximum sustainable number under an intermittent task

c fatigue risk index resulting from cumulative intermittent tasks

Ni maximum sustainable number for the ith intermittent loading condition

ni number of exposure cycles for the ith intermittent loading condition
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1 Introduction

Although technological advancements have reduced the number of heavy manual
operations for workers, work-related musculoskeletal disorders (WMSDs) remain
a widespread issue leading to increased financial and societal costs [1,12]. Several
risk factors are known to be associated with WMSDs. Among the most commonly
accepted physical risk factors are exposure to tasks involving high force demands,
tasks involving high rates of repetition, tasks involving awkward postures, and
tasks of long duration [2,11,25]. A number of researchers have attempted to deter-
mine the acceptable limit of workload, repetition and duration to provide occupa-
tional guidelines that could effectively lower the risk of WMSDs [6,7,13,14,23,24].

The acceptable limit associated with prolonged static tasks has been stud-
ied extensively to aid physical task design; the most well-known and devel-
oped approach is the maximum endurance time (MET) and its corresponding
model [9,16,19]. The MET has been used to determine the acceptable duration
of maintaining a static muscular contraction and to provide reference for phys-
ical task design in international standards [15,16,19]. Despite research on the
MET over several decades, a large proportion of occupational tasks are more
flexible than prolonged static tasks, such as intermittent tasks.

Similar to the MET for static tasks, the maximum endurance duration for
intermittent tasks is also critical for guiding operation design. Experimental
studies and corresponding modelling have been performed in the literature to
quantify the acceptable endurance duration limit and its influencing factors [3,
16,21]. Based on experimental data, several empirical models predicting the
endurance duration have been developed to support repetitive isometric tasks
design and its assessment [10,13,14,26]. However, the strong task dependency of
the models limits the generalization of those models to other intermittent task
designs [13] because task parameters and individual fatigue attributes are not
considered as variables in those empirical models.

Different from empirical models, physiology-based muscle fatigue modelling
has been found to be a promising approach to account for task parameters and
individual fatigue attributes in intermittent operations and to provide gener-
alized mathematical forms to describe muscle fatigue progression. Some mus-
cle physiological models have been developed to predict force decline during
repeated contractions [4,28,30]. Those models are often used to determine the
maximum acceptable effort and then to limit workload in physical operations.
However, the true situation is that the workload is fixed and cannot be changed
easily, and the acceptable duration is more essential for task design. Moreover,
none of these models have been associated with physical operation design to
determine the endurance limit under intermittent operations.

Therefore, the aim of this study was to determine endurance limit for inter-
mittent tasks. In Sect. 2, a typical intermittent operation is described, and the
endurance limit is defined. The endurance limit is determined based on a com-
bined fatigue-recovery model. In Sect. 3, we carried out an preliminary validation
experiment to which compared the predicted endurance limits and the measured
one. In Sect. 6, the potential applications of the endurance are discussed.
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Fig. 1. Muscle physical response under external intermittent load (Parameters are
explained in Nomenclature.)

2 Endurance Limit Under Intermittent Operations

2.1 Endurance Limit Under Intermittent Operations

For a given subject, the endurance duration limit under intermittent physi-
cal operations is primarily determined by muscle fatigue and individual volun-
tary effort in maintaining the physical task. Here, we used muscle physiological
behaviour featuring repetitive isometric contractions, or intermittent contrac-
tions at the same force level to illustrate the endurance limit under intermittent
operations (see Fig. 1). Under intermittent tasks consisting of repetitive isomet-
ric contractions, the actual profiles of the external load and internal muscle force
are approximately cyclic. The load profile in an intermittent task can be assumed
to comprise work-rest cycles. Each cycle with a duration of Tcycle comprises a
loading period (E) and rest period (P ). The external load (Fload) is assumed to
be constant under isometric contractions.

Similar to the MET, the endurance limit(N) is the maximum sustainable
number of a cyclic physical operation under given intermittent conditions.
According to muscle physiology, the muscle strength declines while outputting
power against external loads in a physical operation [29]. Under intermittent
circumstances, the force decreases during the loading period and partially recov-
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ers during the rest period (see Fig. 1). When the muscle strength falls below
a certain level (defined as a threshold value at the N th cycle here), the inter-
mittent operation could no longer be sustained. Intuitively, this threshold could
be considered as a function of the external load Fload weighted by a coefficient
α (α > 0), i.e., the physical operation could not be sustained once the muscle
strength F (t) falls below α × Fload.

In summary, the endurance limit (N) is primarily determined by the exter-
nal intermittent load pattern, which can be described using three parameters:
its workload Fload, duty cycle Dcycle = E/Tcycle, and cycle time Tcycle. The coef-
ficient α could represent the individual difference in the voluntary effort. Once
a local muscle fatigue-recovery model capable of describing the muscle response
under intermittent loadings is established, the endurance limit (N) for definite
intermittent exertions can be determined.

2.2 Modelling of the Endurance Limit Under Intermittent Isometric
Cyclic Operations

An isometric cyclic intermittent task can be described using three parameters:
the workload, cycle time, and duty cycle. The cycle time includes two periods,
namely, the loading period (E) and rest period (P ) (Fig. 1). Within one cycle, the
muscle strength declines during the exertion phase and recovers during the pause
phase [8]. A combined muscle fatigue and recovery model should be capable of
describing the changing strength within the work cycle.

Ma et al. [17,18] proposed and validated a general muscle fatigue model
(Eq. 1) and a recovery model (Eq. 2), respectively. The fatigue and recovery
models include external task parameters and a time course that are suitable for
calculating the endurance limit under intermittent operations. The fatigue and
recovery models have been applied in some industrial practical projects to esti-
mate fatigue risk [5,27]. Other models, such as those proposed by [30] and [4] can
also predict force decline during repeated contractions; however, these models
contain some parameters regarding muscle fibre and neuro activity (activation)
that are difficult to identify in practice. Models with fewer parameters may be
suitable for industrial applications.

dF

dt
= −kFload

F

MV C
(1)

dF

dt
= R(MV C − F ) (2)

The fatigue-recovery model is based on the assumption that muscle physical
behaviour during one cycle can be divided into two different periods: one fatigue
period and one recovery period. Each period was described using its specific
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model. Then we could combine the fatigue and recovery models to describe
the force profile in an intermittent cycle (Eq. 3). Detailed explanations on the
parameters are given in the Nomenclature.

F (t) =

⎧
⎨

⎩
MV Ce

∫ t
0 −k

Fload(u)
MV C

du
nTcycle < t ≤ nTcycle + E

Fini + (MV C − Fini)(1 − e−Rt) nTcycle + E < t ≤ (n + 1)Tcycle

(3)
Here, Fini = F (nTcycle +E), where n = 0, 1, 2 ..., represents the muscle strength
at the end of the loading period.

2.3 Numerical Computation of Endurance Limit

To determine the endurance limit N , we must first determine the cycle at which
the muscle strength fails against the load. If the initial muscle strength in each
cycle is known, then the cycle for which failure may occur can be determined. In
the nth cycle, we only considered the muscle capacity at two critical points: the
strength at the beginning of the loading period denoted as F s

n, and the strength
at the end of each loading period denoted as F e

n (see Fig. 1).
Using the fatigue-recovery model, given in Sect. 2.2, we derived the recurrence

relation with two initial muscle strengths of neighbouring cycles (see Eq. 4) as
follows:

F s
n = F s

n−1e

A

F s
n−1 B + F s

n−1(1 − B)

F e
n = F s

ne

A

F s
n

(4)

where A = −k
∫ E

0
Fload(u)du,B = e−R×P , F s

1 = MV C, and n = 1, 2, 3....
To maximize the flexibility of this model, we used a relatively unit-less mea-

sure of muscle force as a percentage of the maximum voluntary contraction
(%MV C). Therefore, F s

n and F e
n are equivalent to the task-specific muscle force

in %MV C.
An analytical expression of N cannot realistically be derived, as we could not

obtain general term forms of F s
n and F e

n with a transcendental function in the

recurrence relation (e
A

Fs
n−1 ). Therefore, with this recurrence relation, we applied

a numerical method to solve N . The corresponding programming pseudo code
is given as follows. Because F e

n is lower than F s
n, we compared F e

n with Fload

to simplify the judgement regarding whether the muscle can still sustain the
external load.
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Data: Fload, Tcycle, Dcycle

Result: Determine Endurance Limit by using Numerical Algorithm

Initialisation F s
1 = MV C, F e

1 = F s
1 e

A

F s
1 , n=1, A, B;

while F e
i > αFload do
n = n + 1

F s
n = F s

n−1e

A

F s
n−1 B + F s

n−1(1 − B)

F e
n = F s

ne

A

F s
n

end
Algorithm 1: Numerical algorithm to determine Endurance Limit

3 Preliminary Validation of the Endurance Limit Model

Experimental Set-up. We validated the numerical solution directly by com-
paring the predicted endurance limits with the measured ones. The endurance
limit was predicted by optimizing k and R of a given subject in an intermittent
isometric operation (α = 1), and the true endurance limit was measured for the
same subject under the same intermittent isometric operation until exhaustion.

Ethical approval for this study was obtained in advance, and a total of 12 sub-
jects participated in the study (all male, age 26.5± 1.6 yrs, all right-handed).
Each participant was told to be seated with their upper arms and back tight
against the chair back. Body movement was mechanically restrained by straps
that immobilized the trunk and shoulder to the chair. The testing arm was bared,
and the participants were asked to keep their right forearm perpendicular to the
upper arm. The biceps brachii, triceps brachii, and brachioradialis muscles gen-
erated the force against the lever. All the strengths in the experiment for holding
the lever against external load were measured using the BTE PrimusRS R©(BTE
Technologies, Baltimore, MD, United States). During the entire experiment, we
closely observed participants to ensure that they maintained a posture as still
as possible (see Fig. 2(a)).

Each subject completed three sessions: a session for measuring MVC, a ses-
sion for measuring the individual fatigue attributes under intermittent isomet-
ric operation, and a session for measuring endurance limit under intermittent
isometric operation. A 24-h break was enforced between each session, and the
subjects were not allowed to conduct heavy physical operations during the break.

In the MVC session, the MVC was determined as the greatest exerted force
upon the posture described in Fig. 2(a). At least three MVC trials (each lasting
3 s) were performed, with a 5-min rest interval in-between. The mean of the three
measurements was recorded as the participant’s MVC (denoted as the subject’s
initial maximum strength F s

1 ).
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In the fatigue attribute measurement session, subjects performed the arm
holding intermittent operation (Fload = 50%MVC, Tcycle = 20 s, Dcycle = 0.5) for
5 successive cycles. In each cycle, brief MVC measurements (sub-MVC) were con-
ducted immediately after the loading period and rest period for 2 s (see Fig. 2(b)).
For the nth cycle, the sub-MVCs measured after the loading period were denoted
as F e

n, and the sub-MVCs measured after the rest period were denoted as F s
n+1.

Each sub-MVC measurement was paired with a 2-s rest break [28] to diminish
the effect of the MVC measurement. The fatigue and recovery rate (k and R)
were then determined by minimizing the differences between the experimental
sub-MVCs (F e

n and F s
n) and theoretical curves as functions of k and R (Eq. 5).

Once k and R for a given subject are known, the endurance limit (N) could be
predicted using Algorithm 1.

G(k,R) = min
∑

i

[Fpred(ti, k, R) − Fobs(ti)]2 (5)

In the endurance limit session, each subject performed the same operation as
that in the fatigue attribute measurement session until the subject self-reported
failure. They received non-threatening verbal encouragement throughout the
exercise duration. The cycle number at failure was recorded as N .

Results. The predicted and measured endurance limits are listed in Table 1
and shown in Fig. 3. The mean values of the predicted and measured endurance
limit are both 14.8, implying that our endurance limit model performs well at
the group level (paired t-test, p = 0.947; ICC = 0.58, p = 0.08).

Furthermore, for each subject, individual errors were more substantial
between the predicted endurance limit and measured endurance limit. We calcu-
lated the goodness of fit (R2) and used the measured endurance limit to calculate
α for each subject. The former R2 indicates how well the force decline is pre-
dicted by using the fatigue and recovery model, and the latter α indicates the
individual threshold in maintaining the intermittent operation. A few subjects
(e.g., subject 8) stopped the intermittent operation according to their voluntary
willingness, and with the threshold is far away from Fload; moreover, the fatigue
attributes (k, R) of a few subjects may not have been accurately obtained from
the experiment (e.g., subject 10).

4 Effects of the Task Parameters on the Endurance Limit

Earlier experimental results provide important details regarding the influences
of three task parameters (workload, cycle time, and duty ratio) on the endurance
duration or muscle fatigue [6,7,13,14,23,24]. Using the proposed model of the
endurance limit, we obtained the general derivatives with Tcycle, Dcycle and
workload, and verified the effects of the two parameters (Tcycle and Dcycle) on
the load-number diagrams (or stress-number (S-N) diagram). Figure 4a shows
the relationship between the N with loading for different cycle times, and Fig. 4b
shows the relationship between N with loading for different duty cycles.
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(a) Seated static posture in the experiment and ma-
terials used in the experiment.

MVC
measuring period:2s

MVC
rest period:2s

MVC
measuring period:2s

MVC
rest period:2s

MVC ( )Fs
1

sub-MVC ( )Fe
1

sub-MVC ( )Fs
2

......the 1st cycle

(b) All experimental conditions consisted of an effort
of submaximal intensity being held for 10 seconds,
followed by a brief MVC and rest. Each MVC was
paired with a rest break of matching duration (in
this example, 2 seconds followed by 2 seconds).

Fig. 2. A: Seated static posture in the experiment and materials used in the experiment.
B: The experimental condition consisted of an effort of 50% MVC intensity being held
for 10 s and a rest period for 10 s. Every period was followed by a brief sub-MVC
measurement and rest. Each sub-MVC measurement was paired with a rest break of
matching duration (in this example, 2 s followed by 2 s).



Determining Endurance Limit Under Intermittent Physical Operations 475

Table 1. Comparison of the predicted and measured endurance limits

Subject item Measured values Predicted values R2 k R α

1 10 10 0.71 1.01 2.58 1.00

2 23 19 0.74 0.88 6.39 0.92

3 18 16 0.65 0.46 1.06 0.96

4 14 14 0.79 0.95 4.57 1.00

5 16 14 0.97 2.51 11.79 0.95

6 15 17 0.86 0.86 5.41 1.05

7 15 12 0.50 1.27 5.66 0.90

8 18 11 0.92 1.28 5.18 0.78

9 11 9 0.75 1.49 4.87 0.93

10 13 21 0.43 1.14 8.76 1.20

11 10 13 0.90 1.00 4.52 1.10

12 15 21 0.83 0.82 6.57 1.15

Mean 14.8 14.8 0.75 1.14 5.61 0.995

SD 3.6 3.9 0.16 0.48 2.62 0.11

Fig. 3. Comparison of the predicted and measured endurance limits

The results show that Tcycle, Dcycle and the workload have negative effects
on the endurance limit. A higher relative load or duty ratio (longer duty cycle)
results in fewer tasks being sustained. This finding is consistent with previous
experimental results [13] and [6].
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(a) Effects of the cycle time on S-N when the duty
cycle is 1/2

(b) Effects of the duty cycle on S-N when the cycle
time is 1/6 min

Fig. 4. Effects of three parameters on the relationship between the applied load Fload

and N

5 Implication: Muscle Fatigue Risk Assessment for
Spectrum Loadings

In daily manual operation, a physical task might include several different inter-
mittent tasks, which can be considered as equivalent to spectrum loadings in
material science.

The most common method of assessing or predicting damage resulting from
spectrum loadings is the linear cumulative damage rule for fatigue life. This
rule was proposed by Palmgren and Miner [20,22] and is shown in Eq. 6 (the
parameters are explained in the Nomenclature). For muscle-fatigue risk assess-
ment, Gallagher et al. [10] introduced the Palmgren-Miner rule for ergonomics
applications on the basis of material science, and concluded that approach could
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satisfactorily assess the risk of cumulative damage to muscle.

c =
k∑

i=1

ni

Ni
=

n1

N1
+

n2

N2
+ . . . +

nk

Nk
(6)

The Palmgren-Miner rule often provides a useful approximation of the accu-
mulation of fatigue damage in a material; however, it is just an approximation.
The results of this study would help in simplifying the job design for spectrum
loadings, and the overall fatigue risk could be determined by adding the risks of
each intermittent task. Moreover, the effectiveness of rotation between different
tasks in reducing muscular fatigue or exposure can be assessed. This finding may
refine recommendations of organizational strategies to mitigate musculoskeletal
injury risk associated with intermittent work.

6 Discussion

6.1 Endurance Limit Under Intermittent Operations

In this paper, a model to determine the endurance limit for a given intermit-
tent task was developed. Based on the muscle fatigue-recovery model, we could
predict the N with satisfying results considering the task parameters and mus-
cle fatigue attributes. With the endurance limit model, engineers can obtain
a quantitative measure, that indicates when workers should stop working to
avoid WMSD risks. The endurance limit model provides insight into the rela-
tionship between the workload (Fload), cycle time (Tcycle), duty ratio (Dcycle)
and endurance limit. The objective of the model is to support work design,
e.g. selecting an appropriate schedule among different intermittent schedules or
selecting the most effective improvement strategy such as increasing the rest
time and decreasing the work time. In determining the endurance limit, several
assumptions were made to simplify the problem. However, a detailed analysis of
the intermittent operation cycle based on a muscle fatigue and recovery model
could be an effective approach to obtain a new perspective on intermittent task
design and WMSD prevention.

6.2 Limitations

This paper was primarily based on studies featuring repetitive isometric contrac-
tions, or intermittent contractions at the same force level. The fatigue-recovery
model and the numerical algorithm could consider more dynamic tasks, but we
could only derive a simple formula of endurance limit (N) for an external load
with simple form, such as repetitive isometric contractions. Thus, we used a
muscle physiological behaviour featuring intermittent isometric contractions to
illustrate the endurance limit under intermittent operations.

However, these types of simple contraction patterns are not generally reflec-
tive of industrial work; as a result, these ergonomic tools may not provide accu-
rate predictions of risk for use in ergonomics. Additional research should aim
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to improve the model to allow for accurate fatigue predictions during sustained
isometric, dynamic and complex contraction patterns.

The fatigue-recovery model is based on the assumption that muscle physi-
cal behaviour during one cycle can be divided into two different periods: one
fatigue period and one recovery period. Each period was described using its spe-
cific model. This assumption helps to simplify the motor unit activity and to
derive simple strength decline formula under intermittent isometric operations.
However, this assumption may require some adjustment and improvement when
generalized to more complex or dynamic tasks.

7 Conclusion

In this study, we proposed a model to determine the endurance limit for an
intermittent task. This model could be solved by either numerical solution or
by an approximation method with acceptable accuracy. Optimizing the k and
R coefficients for the fatigue-recovery model resulted in good predictions of
muscle strength during intermittent submaximal force patterns. Along with the
Palmgren-Miner rule, this endurance limit model could be applied to evaluate
muscle fatigue risk for spectrum loadings.
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