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Musculoskeletal disorders as a fatigue failure process: evidence, implications and 
research needs

Sean Gallagher and Mark C. Schall Jr.

industrial and systems Engineering, Auburn University, Auburn, AL, UsA

ABSTRACT
Mounting evidence suggests that musculoskeletal disorders (MSDs) may be the result of a fatigue 
failure process in musculoskeletal tissues. Evaluations of MSD risk in epidemiological studies and 
current MSD risk assessment tools, however, have not yet incorporated important principles of 
fatigue failure analysis in their appraisals of MSD risk. This article examines the evidence suggesting 
that fatigue failure may play an important role in the aetiology of MSDs, assesses important 
implications with respect to MSD risk assessment and discusses research needs that may be required 
to advance the scientific community’s ability to more effectively prevent the development of MSDs.

Practitioner Summary: Evidence suggests that musculoskeletal disorders (MSDs) may result from a 
fatigue failure process. This article proposes a unifying framework that aims to explain why exposure 
to physical risk factors contributes to the development of work-related MSDs. Implications of that 
framework are discussed.
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1. Introduction

Musculoskeletal disorders (MSDs) are widespread through-
out the world, and are associated with enormous financial 
and societal costs. MSDs are the second-greatest cause 
of disability globally, having increased 45% since 1999 
(Horton 2010). They account for roughly one-third of all 
workplace injuries and illnesses in the United States annu-
ally (BLS 2015). In 2004, the estimated direct cost of treat-
ment for MSDs in the United States was estimated at $510 
billion, equivalent to 4.6% of the gross domestic product 
(GDP) (AAOS 2008). Indirect costs were estimated to add 
$339 billion more, for a total cost for MSDs of $849 billion, 
or 7.7% of the GDP (AAOS 2008).

Our understanding of the aetiology of MSDs has 
advanced considerably over the past few decades. 
Importantly, epidemiological studies have identified several 
physical risk factors for work-related MSDs common to both 
upper extremity disorders and low back pain (LBP) (Punnett 
et al. 2005). These include exposure to tasks requiring: (1) 
high-force exertions, (2) highly repetitive tasks, (3) adoption 
of non-neutral postures and (4) exposure to whole-body or 
hand-arm vibration (NIOSH 1997; NRC-IOM 2001; Punnett 
et al. 2005). However, lacking in previous analyses of these 
risk factors has been the development of an underlying the-
oretical framework that could explain how and why these 
risk factors are associated with the development of MSDs.

Recently, however, a systematic review of the literature 
identified a consistent statistical interaction between the 
risk factors of force and repetition with respect to risk of a 
wide variety of MSDs including low back disorders (LBDs), 
carpal tunnel syndrome (CTS), lateral epicondylitis, shoul-
der pain and many others (Gallagher and Heberger 2013). 
The authors noted that the pattern of interaction observed 
in the reviewed studies was indicative of the presence of a 
fatigue failure process in musculoskeletal tissues and may 
provide a unifying framework to explain the effects of all 
of the physical MSD risk factors noted above. If MSDs are 
indeed the result of a fatigue failure process, numerous 
important implications arise with respect to how risk of 
MSDs should be assessed and how prevention efforts 
should be designed. This paper describes the evidence 
that suggests MSDs may be the result of a fatigue failure 
process, explores important implications in terms of expo-
sure and risk assessment and discusses recommendations 
for future research.

2. Background

It has long been recognised that materials experience 
failure through either: (1) application of a one-cycle 
high-magnitude stress (at the so-called ‘ultimate stress’ 
[US] of the material), or (2) repeated application of loads 

mailto:seangallagher@auburn.edu
http://www.tandfonline.com


2  S. GALLAGHER AND M. C. SCHALL JR

epidemiological studies. Nor have the foremost reviews of 
the MSD literature evaluated risk in accordance with the 
tenets of fatigue failure (e.g. NIOSH 1997; NRC-IOM 2001). 
However, as described below, evidence from a variety of 
sources strongly suggests that fatigue failure is occurring 
in musculoskeletal tissues, and may be an important etio-
logical mechanism in the development of MSDs.

3. Evidence of a fatigue failure process in 
musculoskeletal tissues

Several lines of evidence support the notion that MSDs 
might be the results of a fatigue failure process in muscu-
loskeletal tissues. These include in vitro testing of muscu-
loskeletal tissues, animal studies of tissue loading and the 
epidemiological studies mentioned above.

In vitro studies have been performed on tendons 
(Schechtman and Bader 1997; Wang, Ker, and Alexander 
1995), ligaments (Lipps, Ashton-Miller, and Wojtys 2014; 
Lipps, Wojtys, and Ashton-Miller 2013; Thornton, Schwab, 
and Oxland 2007), cartilage (Bellucci and Seedhom 
2001) and spinal motion segments, both in compression 
(Brinckmann, Biggemann, and Hilweg 1988), shear (Cyron 
and Hutton 1978), and combined compression and shear 
loading (Gallagher et al. 2005, 2007). Irrespective of the 
material studied, all studies have demonstrated an expo-
nential relationship between the stress applied and the 
number of cycles to material failure. In this respect, muscu-
loskeletal tissues are shown to be no different from other 
(non-biological) materials.

Additional support for the fatigue failure hypothesis 
of MSD causation can be found in data from a rat model 
where Sprague-Dawley rats were exposed to one of the 
following conditions: low-force, low-repetition, low-force, 
high-repetition, high-force, low-repetition or high-force, 
high-repetition exertions (Barbe et al. 2013). Tissue pathol-
ogy results for tendon damage, cartilage damage and 
bone volume and cytokine responses to applied loading, 
all demonstrated statistically significant force–repetition 
interactions of the pattern consistent with an underlying 
fatigue failure process. Furthermore, Andarawis-Puri and 
Flatow (2011) showed in an in vivo mouse model that 
fatigue-loaded tendons demonstrated a structural dam-
age progression that started with fibre kinking for low 
level fatigue loading, to development of a widened inter-
fibre space in tendons with moderate fatigue loading, to 
a severe matrix disruption with high-level fatigue loading. 
These results provide evidence that fatigue failure is not 
just a response observed in in vitro studies – musculoskel-
etal tissues also experience fatigue failure in vivo.

Finally, as mentioned previously, epidemiological stud-
ies that have examined a force–repetition interaction have 
shown a pattern of risk consistent with a fatigue failure 

at some percentage of the material’s US (Peterson 1950). 
The American Society for Testing and Materials (ASTM) has 
defined the latter failure mode, known as fatigue failure, as:

… the process of progressive localized permanent struc-
tural change occurring in a material subjected to con-
ditions that produce fluctuating stresses and strains at 
some point (or points) and that may culminate in cracks 
or complete fracture after a sufficient number of fluctua-
tions. (ASTM 2000)

The rate of damage propagation in a material is a func-
tion of several loading characteristics and the number 
of cycles experienced at various loads. The relationship 
between applied stress and the number of cycles to  failure 
is exponential in nature and is typically described in an 
S–N diagram, which describes the manner in which the 
number of cycles to failure (N) varies with respect to a con-
stant cyclic stress (S). An example S–N diagram is  provided 
in Figure 1. As can be seen in this figure, higher levels of  
loading will result in failure in fewer cycles and lower 
 levels of loading will last an exponentially larger number 
of cycles. In fact, millions of cycles may be necessary to 
create failure in low load situations, and for many materials 
there exists a fatigue (or endurance) limit (usually around 
30% of the material’s US) where failure will not occur no 
matter the number of cycles experienced in fully reversed 
loading conditions (Ashby, Shercliff, and Cebon 2010).

The traditional domain of fatigue failure analysis has 
been in evaluation of components and/or engineered 
structures such as bridges, aircraft and automobile parts, 
and nuclear pressure vessels. However, biological tissues 
are also materials, and would be expected to incur damage 
in accordance with the same principles, though with some 
important differences due to the fact that these materials 
reside in a complex physiological environment.

While it has been generally recognised by the field that 
MSDs result from a progression of cumulative damage (as 
the term ‘cumulative trauma disorders’ implies), applica-
tion of fatigue failure principles has not been apparent in 
the design of current MSD risk assessment tools or recent 

Figure 1. Example of an S–N diagram, relating the level of stress 
(S) to the number of cycles to failure (N).



ERGONOMICS  3

process (Figure 2). MSDs demonstrating this pattern 
include CTS, tendinitis, epicondylitis, hand pain and LBDs 
(Gallagher and Heberger 2013). Recent findings of a large 
prospective epidemiological study indicating that ‘forceful 
repetition’ was the loading variable most associated with 
development of CTS comports with fatigue failure theory 
and provides additional support for our model (Harris-
Adamson et al. 2015). The additional information provided 
by these epidemiological studies is that human tissues also 
appear to be experiencing the same fatigue failure process 
during the development of MSDs. Given the available evi-
dence, it would seem prudent to consider the implications 
of fatigue failure theory in terms of MSD risk assessment 
and prevention efforts, which are discussed below.

4. Implications of MSDs as a fatigue failure 
process

Despite mounting evidence that fatigue failure may be 
important in MSD aetiology, there are currently no exam-
ples to the authors’ knowledge that any ergonomics risk 
assessment tools have used fatigue failure principles as 
a basis for ascertaining MSD risk. If MSDs are indeed the 
result of a fatigue failure process, several fundamental 
implications related to assessment of risk and methods of 
prevention for these disorders must be considered. The 
following sections discuss both general implications and 
important analysis principles that should be considered 
when assessing MSD risk from a fatigue failure perspective.

4.1. A unifying framework for MSD risk factors

MSD risk factors have traditionally been assumed to 
function in a statistically independent manner vis a vis 
MSD risk. For example, several comprehensive reviews 
of the literature (e.g. NIOSH 1997; NRC-IOM 2001) did 
not evaluate the potential for an interaction of force and 

repetition. However, both in vitro and in vivo evidence 
strongly suggests that a consistent statistical interaction 
exists between force and repetition with respect to MSD 
risk. This suggests that these two risk factors cannot be 
treated independently, but instead have an important 
dependency wherein the impact of repetition is highly 
dependent on the forces imposed on the tissues. If fatigue 
failure were indeed etiologically significant in MSDs (and 
a force– repetition interaction exists), examining the main 
effects of force and repetition would provide unreliable 
estimates of risk, as main effects are uninterpretable in the 
presence of an interaction (Meyer 1991). The implication is 
that force and repetition must be considered in tandem, 
not in isolation, when assessing MSD risk.

A fatigue process in musculoskeletal tissues clearly 
would alter the manner in which we would consider the risk 
factors of force and repetition, but what about the other 
risk factors for MSDs? For example, consider the adoption 
of non-neutral postures, another important physical risk 
factor for MSDs. It should be recognised that adoption of 
awkward or non-neutral postures often leads to impo-
sition of increased stress on musculoskeletal tissues (in 
some form or fashion). According to the force × repetition 
interaction paradigm discussed previously, any increased 
force demand that may result from the use of non-neu-
tral postures would also be expected to lead to a more 
rapid escalation of MSD risk. For example, compared to 
an upright posture, bending the trunk forward into full 
flexion can triple the stress experienced by the lumbar 
spine (Nachemson 1976). Studies have demonstrated a 
dose–response relationship as non-neutral trunk postures 
becomes more extreme (Punnett et al. 1991), following an 
expected increase in spinal forces as more extreme neutral 
postures are adopted. Similarly, working with a deviated 
wrist posture may increase frictional forces on tissues of 
the tendons that may also lead to tissue frictional fatigue 
and, ultimately, CTS (Armstrong and Chaffin 1979).

Figure 2. (a) Averaged odds ratios for seven studies examining quadrants of risk for force and repetition (gallagher and Heberger 2013), 
and (b) fatigue failure curve.
note: The pattern of risk observed in (a) would be anticipated if msD development was the results of a fatigue failure process (b).
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material would be expected to fail. However, for different 
materials the value of c has been shown to vary above and 
below this number.

A rudimentary example of the Palmgren–Miner tech-
nique is provided below. In this illustration, the need to 
examine both force and repetition in combination should 
become apparent. Suppose that a worker performs a task 
that stresses a tendon at 15 cycles at 60% of ultimate ten-
sile stress (UTS), 100 cycles at 50% UTS and 700 cycles at 
40% UTS. Suppose also that the cycles to failure for 60, 50 
and 40% UTS are 1000, 10,000, and 100,000 cycles, respec-
tively. The Palmgren–Miner technique would calculate the 
cumulative damage (Dt) by summing the quotients of the 
number of cycles experienced at each stress level divided 
by their respective cycles to failure. The result of the cal-
culation (seen in Figure 3) is 0.032, suggesting that this 
load would create damage of approximately 3% of the 
material’s fatigue life.

Notice that if one were to focus on the risk factor of 
repetition in isolation, as has often been done in the past, 
it would appear that the 700 repetitions at 40% UTS would 
be the condition of primary concern. However, when 
examined in relation to the number of cycles to failure at 
each % UTS, it can be seen from the Palmgren–Miner equa-
tion that the 15 cycles at 60% UTS actually result in more 
than twice the cumulative damage compared to 700 cycles 
at 40% UTS. This example should illustrate clearly that the 
impact of repetition changes dramatically as a function of 
the stress imposed on tissues, and that examining repeti-
tion in isolation may lead to improper conclusions regard-
ing the nature of MSD risk experienced by a worker.

The Palmgren–Miner rule often provides a useful 
approximation of the accumulation of fatigue damage in 
a material; however, it must be understood that it is an 
approximation. Numerous factors can influence the devel-
opment of fatigue failure and these factors can influence 
the fatigue failure process in a manner not captured by 
the simple linear relationship expressed above. For exam-
ple, localised stress concentrations in a material may lead 
to microstructural failure that causes a portion of the 
material to become unable to support a load, leading to 

Adoption of non-neutral postures may have an impor-
tant role with respect to increasing the mean stress on 
musculoskeletal tissues, which has an important impact 
on the fatigue life of tissues, as discussed below. Clearly, 
awkward postures can have other impacts such as imped-
ing blood flow (Chaffin, Andersson, and Martin 1999) or 
increasing ligament laxity (Solomonow et al. 2003), which 
may affect tissue health and/or injury potential. However, 
a major reason posture emerges as a risk factor for MSDs 
may simply be due to the increased tissue loads that result 
from adoption of awkward or non-neutral postures, and 
the effects of these increased loads in the fatigue failure 
paradigm.

Finally, it should be recognised that vibration exposure 
is a combination of force and repetition. When engineers 
evaluate the effects of vibration on the life of a particular 
component, they often utilise the techniques of fatigue 
failure analysis (Sarkani and Lutes 2004). These techniques 
include cycle counting using the rainflow algorithm 
(Matsuishi and Endo 1968) and summation of damage 
incurred by the vibration using the Palmgren–Miner (Miner 
1945; Palmgren 1924) technique, both traditional tools of 
fatigue failure analysis. Thus, it may also be worth eval-
uating effects of vibration exposure on musculoskeletal 
tissues from a fatigue failure context as well.

4.2. Validated methods for assessing risk of 
cumulative damage

The ability to quantify cumulative damage related to repet-
itive loading of musculoskeletal tissues has long been a 
holy grail of the ergonomics community. Fortunately, 
fatigue failure theory has validated methods to predict 
damage accumulation associated with the variable load-
ing regimens typically experienced by musculoskeletal 
tissues in occupational (and non-occupational) settings.

The variable amplitude loading typically experienced 
by musculoskeletal tissues is often termed ‘spectrum’ 
loading in the fatigue literature, and the term ‘cumulative 
damage’ refers to fatigue effects of non-uniform repeated 
loading events (Stephens et al. 2001). The most commonly 
used method of assessing or predicting damage resulting 
from spectrum loading is the linear cumulative damage 
rule for fatigue life from spectrum loading was proposed 
by Palmgren (1924) and Miner (1945):

 

where c is a constant (often set at 1, but which can vary), 
ni … equal the number of exposure cycles experienced at 
force levels at which Ni … cycles would result in fatigue 
 failure. When the right-hand sum is equal to one, the 

(1)c =

k
∑

i

n
1

N
1

+
n
2

N
2

+⋯ +
nk

Nk

Figure 3.  Example of cumulative damage calculation using the 
Palmgren–miner rule.
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analysis must be covered. To begin, consider a standard 
method of performing loading in fatigue failure studies, 
specifically the condition known as completely reversed 
loading using a sinusoidal loading pattern. Completely 
reversed loading represents a loading condition where 
an object is subjected to alternating tensile and compres-
sive stresses and where the mean stress is 0. Figure 4(a) 
illustrates such a loading pattern. As can be seen in the 
figure, several characteristics of the loading pattern can 
be defined. σa represents the average of the maximum 
minus the minimum load of the cycle, σm represents the 
mean loading associated with the cycle, which in the case 
of fully reversed loading is equal to 0.

The standard S–N curve for a material is developed 
assuming a fully reversed loading cycle (i.e. where σm = 0). 
However, if σm is not equal to 0, certain specific loading 
conditions are known as either repeated stress or fluctuat-
ing stress (Figures 4(b) and (c)). Repeated stress is defined 
as a loading pattern where the minimum stress is zero and 
cycles to some positive (tensile) or negative (compressive) 
value. This loading pattern is representative of the type of 
loading experienced by tendons or ligaments. Fluctuating 
stress is when the minimum stress is non-zero and cycles 
to a stress of larger absolute magnitude. An example of 
this would be the loading pattern experienced by a worker 
repeatedly lifting bags off of a conveyor. The worker begins 
by standing upright (nothing in the hands) with a load of 
approximately 500  N on the spine then repeatedly lifts 

a decrease in fatigue life. On the other hand, there may 
be situations where changes in molecular orientation may 
actually slow down the fatigue failure process (Stephens 
et al. 2001). Such factors are not taken into account by 
the Palmgren–Miner rule, but can have large influences 
on fatigue life (Roylance 2001). Despite these limitations, 
the Palmgren–Miner rule remains a useful method with 
which to estimate cumulative damage in variable loading 
conditions and may be helpful in ascertaining MSD risk.

Other methods of evaluating cumulative loading met-
rics for LBP have included measures such as the area under 
the loading curve (Norman et al. 1998), which makes intui-
tive sense. Such techniques, however, do not address many 
important issues that are important in the development 
of cumulative damage from a fatigue failure perspective 
(Stephens et al. 2001). The following section discusses 
some of the issues related to cumulative damage estima-
tion based on loading situations experienced by muscu-
loskeletal tissues.

4.3. The critical roles of stress range and mean 
stress on cumulative damage

Loading cycles on musculoskeletal tissues can vary in 
many ways, one of which is the amount of time spent in 
the loaded phase versus the unloaded phase of a cycle 
(otherwise known as the duty cycle). To examine the effect 
of duty cycle, a few basic techniques of fatigue failure 

Figure 4. Examples of a (a) fully reversed sinusoidal loading, (b) repeated stress, and (c) fluctuating stress, where σa = stress amplitude, 
σr = stress range, σmax = maximum stress, σmin = minimum stress and σm = mean stress.
note: Deflections below zero represent compressive loading, while deflections above zero represent tensile loading (Figure from http://www.engineeringarchives.
com/les_machdes_cyclicloading.html).

http://www.engineeringarchives.com/les_machdes_cyclicloading.html
http://www.engineeringarchives.com/les_machdes_cyclicloading.html
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where f is the fatigue strength fraction (approximation of 
the fatigue strength at 103 cycles), Sut is the ultimate tensile 
strength and Se is the Stress at the Endurance Limit.

However, in the fluctuating stress situation, we cannot 
use σa in Equation (2) above as this only pertains to the 
completely reversed loading. In the case of fluctuating 
stress, we must instead calculate σrev that represents an 
equivalent value for completely reversed stress under 
repeated or fluctuating stress, and will replace σa in 
Equation (2). Thus, for fluctuating stress conditions (using 
the Goodman design criterion) our equation for N cycles 
to failure becomes:

 

where σrev is:
 

and for the Gerber relation σrev is:
 

The influence of mean stress in this relationship has rele-
vance to the issue of duty cycle in occupational tasks. Figure 
6 below shows an example of the influence of mean stress 
that will be used to calculate expected cycles to failure for 
each instance. Figure 6(a) illustrates loading with a 40% 
duty cycle, while Figure 6(b) represents a duty cycle of 70%. 
The mean stress (σm) for the former condition would be 
13.93 MPa, while the latter has a mean stress of 25.87 MPa.

There are several methods of predicting cycles to failure 
given the loading amplitude and mean stress. Two of the 
most popular are the Goodman equation and the Gerber 
equation. Of the two, the Goodman criterion tends to 
result in relatively conservative estimates of fatigue life 
and the Gerber curve results in a more generous fatigue 
life prediction. Test data tend to fall between the two pre-
dictions (Stephens et al. 2001).

Calculation of the expected cycles to failure according 
to the Goodman equation suggests a fatigue life of 5700 
cycles to failure for the 40% duty cycle condition and 1423 

(3)a =
(f ⋅ Sut)

2

Se

(4)b = −
1

3
log

(

f ⋅ Sut

Se

)

(5)N =

(

�
rev

a

)

1

b

(6)�
rev

=
�a

1 −
�m

Sut

(7)
�rev =

�a

1 −

(

�m

Sut

)2

bags off of the conveyor increasing the compressive load 
on the spine (say, to 3000 N), which returns to 500 N when 
the load is released. In this case, the spine is always expe-
riencing compression which cycles from some non-zero 
number to a larger magnitude compressive stress (i.e. the 
stress on the spine is never reduced to zero). Both repeated 
and fluctuating stresses will result in a non-zero mean 
stress on the tissues, which may shift the fatigue failure 
curve down, meaning that fewer loading cycles would be 
needed reach failure compared to a fully reversed loading 
condition (Figure 5).

Fatigue failure theory has methods for calculating safety 
factors and expected cycles to failure for materials sub-
jected to repeated or fluctuating stress. These techniques 
are the Goodman line (Goodman 1899) and the Gerber 
(1874) criterion, with the Goodman criterion serving as the 
more conservative of the two. Actual experimental data 
on fatigue life tend to reside between these two lines. For 
both criteria, every point on the line corresponds to failure 
in 106 cycles. Thus, combinations of stress amplitude and 
mean stress that reside beneath the lines would be said 
to have ‘infinite life’ and points above the curves would 
have finite life.

In materials engineering applications, these design 
techniques often will be used to design materials or parts 
for 106 cycles to failure (considered to be ‘infinite life’). In 
other cases, however, engineers may design for finite life 
(<106 cycles to failure). In such cases, it must be estimated 
how many cycles would be expected until failure when 
infinite life conditions are exceeded, given a certain stress 
amplitude (σa) and mean stress (σm). Under the completely 
reversed loading situation, the following equation would 
be used:

 

where N represents cycles to failure, σa is the stress ampli-
tude and a and b are:

(2)N =

(

�a

a

)

1

b

Figure 5. The influence of mean stress on S–N curves. As mean 
stress increases, cycles to failure will decrease at a give level of 
stress.
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used technique to evaluate highly variable loading pat-
terns in the context of a fatigue failure process is known 
as ‘rainflow analysis’ (Matsuishi and Endo 1968). The ‘rain-
flow’ term refers to an analogy of rain dripping off of the 
roof of a pagoda. This analysis technique takes a complex 
set of varying stress exposures and breaks it down into a 
series of stress reversals. Once these stress reversals are 
obtained, one can apply the Goodman and/or Gerber 
relationships and the Palmgren–Miner technique to esti-
mate the amount of cumulative damage in the material of 
interest. An example of the rainflow analysis technique is 
provided below. It is important to note that this technique 
assumes all loads are independent from one another and 
that there are no sequence effects.

The example in Figure 7(a) presents a stress-load-
ing curve as might be experienced by a tendon during 
work. Figure 7(b) provides a rainflow analysis of the curve 
presented in Figure 7(a). The black line represents the 
variable stress loading experienced by the material, and 
the blue lines represent the half cycles. The horizontal 
lengths of the blue lines are dictated by whether you 
encounter either: (1) a valley lower than or equal to the 
one at which you started, or (2) a peak greater than or 
equal to the one at which you started. As can be seen 
with some of the lines in Figure 7(b), stress reversals 
may be defined not by the first peak or valley encoun-
tered, but subsequent peaks or valleys as the ‘rain’ drips 
off of different levels of the pagoda ‘roof’ (if one were 
to imagine the figure rotated 90 degrees clockwise). In 
such circumstances, notice that there are short lines that 
account for the part of the loading not involved with the 
line dripping off multiple pagoda roof levels. In this man-
ner, every part of the loading signal is accounted for in 
the rainflow analysis (Downing and Socie 1982). Table 1 
presents the breakdown of stress reversals resulting from 
this example and calculates predicted cycles to failure 
(N) and damage per cycle (1/N) using the Goodman cri-
terion. For these analyses, the fatigue strength fraction 
(f) (i.e. Sf/Sut at 103 cycles) was assumed to be 0.42 and 
the Se (Sf at 106 cycles) was estimated at 10% Sut based on 
data from Schechtman and Bader (1997) and Thornton, 
Schwab, and Oxland (2007).

cycles to failure for the 70% duty cycle condition. Using the 
Gerber criterion, the 40 and 70% duty cycle conditions are 
predicted to last 19,300 and 12,150 cycles, respectively.

4.4. Various types of rest and musculoskeletal 
health

When considering the impact of rest on MSDs, a distinc-
tion may be made between short-term rest (short cyclic 
loading ‘gaps’ in the midst of a sequence of repetitive tissue 
loading) and long-duration rest (tissue unloading) expe-
rienced over more extended periods during which signif-
icant tissue loading is sparse. With respect to short-term 
loading gaps, it is likely that the effect on tissue health 
may be primarily the influence that the rest period has on the 
mean stress experienced by tissues during the loading pro-
cess. As demonstrated previously, short duty cycles result 
in a greater fatigue life compared to longer duty cycles due 
to the lower mean tissue stress. However, remodelling and 
repair of tissue damage is a time-consuming process tak-
ing weeks, months or years, and short-term loading gaps 
(say, a few seconds in length) are unlikely to provide the 
opportunity for meaningful tissue healing (Sharma and 
Maffulli 2005). Tissue unloading lasting extended periods 
would seem more conducive to repair and remodelling of 
tissues. Thus, increased rest both in loaded and non-loaded 
states may be protective against MSDs, but in different 
manners. Short-term loading (stress) gaps in the midst of 
frequent tissue loading would decrease the mean stress 
experienced during loading and increase fatigue life, while 
long-term stress relief would facilitate tissue remodelling 
and repair. It should be noted that short-term breaks may 
be beneficial in terms of other sorts of musculoskeletal 
function (for example, reducing development of muscle 
fatigue), but the actual healing and regeneration of tissues 
during short periods of rest would be minimal at best.

4.5. Counting cycles in variable amplitude loading

Musculoskeletal loading patterns in occupational settings 
tend to exhibit substantial variability (Mathiassen 2006; 
Mathiassen, Möller, and Forsman 2003). One commonly 

Figure 6. comparison of the mean stress in (a) a 40% duty cycle (13.93 mPa) versus (b) a 70% duty cycle (25.9 mPa).
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in variable amplitude loading than measures such as max-
imum stress.

This finding has significant consequences in terms 
of assessing risk of MSDs in occupational settings. 
Obviously, it would seem important to evaluate the 
service load histories of musculoskeletal tissues when 
exposed to occupational (or non-occupational) stress-
ors, as are commonly performed for bridges, aircraft 
wings and the like. Materials engineers have the benefit 
of being able to mount strain gages to critical compo-
nents that need to be analysed for failure risk or design 
purposes. For the biomechanist, things are not so sim-
ple, especially when in vivo loads need to be ascertained. 
Instead, load histories will usually have to be estimated 
using biomechanical analysis and modelling techniques. 
Using biomechanical modelling techniques, estimates 
of the important variables of fatigue failure analysis can 
be reasonably estimated for musculoskeletal tissues, for 
example, the stress range and the mean stress. A tech-
nique sometimes used to quantify a service load history 
(in this instance, perhaps one workday of exposure) is to 
summarise the results of a rainflow analysis as in Table 2. 
As can be seen in this table, (half ) cycles are broken down 
into their stress range/mean stress components and tab-
ulated. If one can also estimate the US, fatigue strength 
fraction and endurance limit of the material, all of the 
necessary variables are available to estimate the accrual 
of cumulative damage.

In an ideal world, we would be able to assess the totality 
of loading on an individual. However, in the real world, it 
may be necessary to estimate a worker’s cumulative load-
ing on the basis of careful work sampling. This would not 
only include the main tasks performed, but inclusion of 
infrequent tasks as well. Methods such as Predetermined 
Time & Motion might be used to derive a statistically rep-
resentative daily cumulative load. If job rotation were 
performed, each task would have to be analysed and 
cumulative loads from each task summed to determine 
the cumulative daily load.

Inspection of Table 1 provides several insights in terms 
of the damage associated with different portions of the 
loading sequence shown in Figure 7. One important 
insight from this analysis is the importance of the stress 
range in the development of material damage. As can be 
seen from this table, the two half cycles resulting in the 
vast majority of damage (86%) from this loading sequence 
are the ones possessing the greatest stress range. In fact, 
stress range can have a bigger impact on fatigue damage 

(a)

(b)

Figure 7. (a) Example of loading curve as might be experienced 
by a tendon. (b) rainflow analysis defining half cycles for the 
loading sequence in (a).

Table 1. results of rainflow analysis of loading cycles from Figure 7.

Reversal #
Starting Stress 

(MPa)
Ending Stress 

(MPa)
Stress Range 

(MPa)
Mean Stress 

(MPa)
Predicted N 
(Goodman)

Damage per 
cycle (1/N)

% of total 
damage

1 10 20 10 15 12860623 0.000000053 0.03
2 20 10 10 15 12860623 0.000000053 0.03
3 10 25 15 17.5 1582133 0.000000398 0.19
4 25 5 20 15 457361 0.000001478 0.71
5 5 30 25 17.5 135325 0.000004657 2.25
6 20 15 5 17.5 313226248 0.000000002 0.00
7 15 20 5 17.5 313226248 0.000000002 0.00
8 30 5 25 17.5 135325 0.000004657 2.25
9 5 50 45 27.5 4291 0.000110456 53.44
10 45 20 25 32.5 51509 0.000007965 3.85
11 20 45 25 32.5 51509 0.000007965 3.85
12 50 10 40 30 6388 0.000069026 33.39
Total           0.000206712 100.0
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tissues perform the more physically demanding jobs does 
make some sense from a fatigue failure perspective.

Moreover, the large differences in tissue strength 
strongly suggest that recommendations for controlling 
the incidence of MSDs should take age and gender issues 
into account. As individuals age, the US of musculoskel-
etal tissues will experience significant weakening and 
acceptable loads for repetitive activities should decrease 
correspondingly. It must also be recognised that large 
differences in tissue strengths are present between the 
genders, and acceptable loads for repetitive activities are 
going to differ substantially between males and females. 
A third individual characteristic that might have influence 
in terms of acceptable loads is anthropometry. Larger 
individuals will generally exhibit larger tissue size and 
strength, which would also significantly influence accept-
able loads for repetitive tasks. Again, muscle strength may 
be a good surrogate measure for tissue strength, and 
may be useful to monitor from a design standpoint, i.e. 
designing jobs at some percentage of a maximum vol-
untary contraction (% MVC) may reduce fatigue failure 
development.

4.7. Maintenance of tissue homeostasis

In biological systems, both tissue damage and tissue repair 
processes are continually in progress. The key to preven-
tion of MSDs is to try to ensure that the amount of dam-
age accrued in tissues does not exceed the capacity of 
the repair mechanisms to heal. The unfortunate truth is 
that tissue damage can develop relatively rapidly, while 
the repair process is time-consuming process that can take 
weeks, months or years. Even when the repair process is 
complete, many types of tissues (such as tendons, liga-
ments and cartilage) never regain their original strength 
and/or tissue quality. Clearly, maintaining a modest degree 
of damage is critical to maintenance of tissue homeostasis.

Nash (1966) put forth a generalised model of fatigue 
failure for self-healing biological materials, which can be 
expressed as follows:

4.6. Individual characteristics and risk

An important precept of fatigue failure theory is that the 
effect of a given load is indexed to the US of the exposed 
tissue. It is important to recognise that each individual’s 
tissue US will be unique, and variability between individ-
uals may be immense. Given the same load and rate of 
repetition, different tissue strengths can lead to vastly dif-
ferent rates of damage. For example, a spinal load of 3 kN 
will cause more damage per cycle to a spine whose US is 
6 kN than one of 12 kN. Of course, each individual’s unique 
tissue strength profile will be heavily influenced by factors 
such as age, gender and anthropometry.

A common tactic of industry for physically demand-
ing jobs is that of worker placement (e.g. getting 
younger, stronger individuals to work more physically 
demanding jobs). Designing such that 75% of females 
and 90% of males have the capability to perform a job 
should be protective of workers; however, it bears con-
sideration that it may be overprotective for individuals 
with higher tissue strengths. These individuals may be 
able to operate quite safely at a higher absolute level 
of loading that the population-based design criteria 
would suggest. In this respect, it may be said that design 
according to population guidelines as above may lead 
to an unnecessarily strict constraint and a loss of work 
capacity for industry.

Design according to individual tolerances is not without 
peril, however, and would need to be very carefully man-
aged. Even individuals with high tissue strength can be 
overloaded, and develop cumulative damage. However, if 
MSDs are the result of a fatigue failure process, individual-
ised ‘safe loads’ may be possible and may make sense as a 
method of controlling MSDs without being unnecessarily 
restrictive. Of course, that is not to say that the approach 
above is to be preferred – ergonomic design of the work-
place to eliminate the lift or otherwise reduce the spinal 
load is clearly a superior approach. However, in circum-
stances where it is difficult or cost prohibitive to imple-
ment an ergonomics fix, having workers with stronger 

Table 2. Hypothetical example of the number of cycles at various stress range/mean stress combinations from a loading spectrum (sub-
jected to rainflow analysis) as might be experienced in an occupational workday.

Stress range (MPa)

Mean stress (MPa)

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30 32.5 35
5   539 370 201 152 94 80     42          
10     163 312 49 215 42       25        
15       148 95 427 233 142 37 13   17      
20         12 127 64 99 109 40 31        
25             12 72 49 63 25   19 12  
30               17   15 7 13     5
35                       9 13    
40                       6      
45                         3    
50                              
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are substantial, and a few of these are considered below. 
In general, there are three main areas where research 
is needed: (1) improved characterisation of the US and 
fatigue life of musculoskeletal tissues; (2) accurate deter-
mination of stresses experienced at the tissue level; and 
(3) improved characterisation of the dynamic properties 
of the musculoskeletal system, specifically tissue healing, 
remodelling and atrophy.

In an ideal world, the risk of cumulative tissue dam-
age for an individual could be accurately predicted, given 
knowledge of the strength of the tissues being stressed 
and the magnitude, distribution and frequency of loading 
on these tissues. First, we would have knowledge of the 
US (in vivo) of the tissue being stressed, and would have 
precise knowledge of the distribution of tissue strain due 
to repetitive loading experienced by the tissue. Further, we 
would have accurate knowledge of the healing rate and 
capabilities of the involved tissue for the individual in ques-
tion, and would understand the proper balance in terms 
of activity and rest for healing to be optimised. We would 
understand how adoption of different postures would 
change the stress distribution in the tissues and areas of 
stress concentration. We would understand the effects of 
ageing and relevant disease processes on these tissues. The 
impact of prior tissue damage would be understood. The 
understanding of how psychological stresses impact tissue 
loading and healing would also be fully comprehended.

It may be possible that technology eventually will pro-
vide methods to better understand some of these issues, 
though for some aspects, it may be in a rather distant 
future. However, we are currently missing some rather 
basic information necessary to evaluate the fatigue failure 
process in vivo. The following sections describe some of 
the areas where research is needed to better understand 
fatigue failure processes in the human body, which will 
hopefully lead not only to better design of jobs, but better 
overall musculoskeletal health through life.

4.8.1. Improved characterisation of musculoskeletal 
tissue properties
Data on fatigue failure of musculoskeletal tissues remain 
relatively sparse, and a much greater exploration of the 
responses of musculoskeletal tissues is warranted. As an 
example, there is scant evidence evaluating long-cycle 
fatigue (>10,000 loading cycles) in spinal motion segments. 
An improved understanding of long-cycle responses 
would be important in developing the S–N curves that 
define these tissue responses. Effects of load rate, variable 
loading amplitudes, damage nucleation and propagation, 
and fatigue of aging tissues are not sufficient. Viscoelastic 
responses are still not well understood, particularly the 
effects of variable load rates during a loading process. 
Furthermore, developing an improved understanding 

 

where D(t) represents total tissue damage over a time 
frame, DD(t) is damage due to disease, DA(t) is damage 
due to aging, Ds(t) is damage due to imposed stresses on 
tissues and H(t) represents healing over the time frame of 
interest. If one is considering a time frame where disease is 
not present and the effect of aging is not significant, then 
this equation can be simplified:
 

where D(t) represents total tissue damage over a time 
frame, Ds(t) is damage due to imposed stresses on tissues 
and H(t) represents healing over the time frame of interest. 
The term Ds(t) can be estimated using the Palmgren–Miner 
rule, as described above. To do this one would have to 
know or estimate the ultimate strength of the tissue in 
question and be able to quantify the stress experienced 
by the tissue. One would then simply have to know the 
healing rate of the stressed tissue over time to quantify the 
total amount of cumulative damage accrual in the tissue.

Healing of tissues requires periods of unloading (rest) 
and some controlled loading so that damage accumula-
tion can cease and repair mechanisms can have the time 
necessary to heal the tissue. But how much rest is needed? 
This is a question that does not yet have a clear answer. 
However, the model described above would suggest that 
the amount of rest necessary for healing would have to be 
related to the amount of damage incurred in some (as yet 
undetermined) manner. It might be possible, however, to 
examine the relationship of cumulative tissue loads (devel-
oped using fatigue failure techniques) with respect to the 
amount of rest available to determine whether certain 
ratios of cumulative loading to rest result in lower MSD 
rates, while others lead to increased risk.

Poorly vascularised tissues would be expected to be 
more susceptible to fatigue loading compared to highly 
vascularised tissues, due to the reduced availability of the 
biochemical and nutritional elements required for healing. 
It is worth noting that most of the tissues associated with 
MSDs are generally poorly perfused and slower to heal, 
likely permitting increased damage accumulation as the 
tissue labours to heal.

4.8. Research needs

If a fatigue failure process is involved with the develop-
ment of MSDs, there may be great opportunity to improve 
our understanding of the aetiology of these disorders, to 
better assess risk and to develop more effective interven-
tions. Doing so will require a significant investment in 
research to acquire the knowledge and techniques neces-
sary to drive this effort forward. The research implications 

(8)D(t) = DD(t) + DA(t) + DS(t) − H(t)

(9)D(t) = DS(t) − H(t)
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muscle strength appears to be one of the best metrics of 
recovery from injury (Prasartwuth, Taylor, and Gandevia 
2005). Stronger muscle strength implies stronger tissues 
throughout the system – muscles, tendons and bone. 
Changes in muscle strength throughout life undoubtedly 
reflect changes in the integrity of musculoskeletal tissues 
as a whole. As a result, muscle strength may be a reasona-
ble method with which to estimate tissue strength of indi-
viduals, and it may be possible to prevent fatigue failure 
in tissues.

4.8.3. Understanding dynamic properties of the 
musculoskeletal system
The unique physiological setting of fatigue failure for mus-
culoskeletal tissues in vivo complicates an already complex 
process. Musculoskeletal tissues are highly dynamic, and 
can respond relatively quickly to changing demands. The 
ability of biological tissues to self-heal is a unique aspect 
of the fatigue failure process in humans that needs to be 
better understood with respect to its role in MSD risk. In 
particular, the relationship of rest necessary to heal various 
amounts of cumulative damage must be better studied. 
There is a baseline rate of tissue healing (not well quanti-
fied presently) that occurs every day and which is appar-
ently able to keep pace with minor damage that occurs 
when loading is not excessively forceful and repetitive. 
When loading on tissues leads to a substantial increase in 
cumulative damage, however, the healing process accel-
erates. This acceleration, however, varies dramatically 
between tissues that are highly perfused and those with 
poor levels of perfusion. Highly perfused tissues such as 
muscle and bone can heal relatively quickly when a minor 
amount of cumulative damage is experienced. However, 
low metabolism tissues such as tendon, ligament and carti-
lage do not heal as rapidly. Mechanical loading that results 
in tendon overuse injury can initiate a repair process but, 
after failed initial repair, non-resolving chronic attempted 
repair appears to lead to a ‘smouldering’ fibrogenesis 
(Thornton and Hart 2011).

4.8.4. Beneficial versus detrimental tissue loading
Musculoskeletal tissues must experience stress to main-
tain healthy function. This is abundantly clear from the 
experience of astronauts living in microgravity. Studies 
have demonstrated that astronauts experience up to a 
20% loss of muscle mass on spaceflights lasting five to 
11 days, and may lose up to 2% of their bone density per 
month if bone and muscle are not purposefully stressed 
(NASA 2001, 2015). Although no other working popula-
tion is subjected to the dramatic environmental condi-
tions of space, atrophy of tissues will also occur in normal 
gravity if individuals are not active (though at a less rapid 
pace).

of load sharing in tissues would be helpful, and how and 
where stress concentrations develop and how these are 
affected by changes in posture.

Statistical variability is an important issue with respect 
to fatigue testing, and using an appropriate sample size 
is a critical aspect of developing S–N curves. The study by 
Schechtman and Bader (1997) is instructive as a model of 
how the relationship between loading and cycles to failure 
is necessary for constructing an S–N curve. As these authors 
demonstrate, it may necessary to measure the fatigue life 
of 10–20 specimens at each of 10 or so load levels to define 
the S–N curve properly. Obviously, development of a full 
S–N curve is tedious; however, understanding the fatigue 
responses of musculoskeletal tissues involved with MSDs 
is critical to our understanding and to MSD prevention 
efforts. For many tissues involved with specific MSDs, we 
have little to no data at all. In ligaments, for example, we 
have only found only two studies of fatigue failure – one in 
the human anterior cruciate ligament (Lipps, Wojtys, and 
Ashton-Miller 2013) and one in the rabbit medial collateral 
ligament (Thornton, Schwab, and Oxland 2007). Further 
research in this area is necessary.

Furthermore, it should be recognised that damage to 
viscoelastic tissues can result from both fatigue failure 
and creep loading. It has been demonstrated that the 
former will lead to more rapid tissue damage than the 
latter (Thornton, Schwab, and Oxland 2007); however, it 
should be recognised that damage is likely the result of 
the combination of creep and fatigue loading. The nature 
of the relationship between these two loading modalities 
in terms of damage accrual is unknown at the current time, 
and deserves attention in future research studies.

4.8.2. Estimating tissue strength in vivo
Understanding tissue strength is a critical piece of infor-
mation in assessing MSD risk. Fortunately, there are many 
technologies that may be very helpful to estimate tissue 
strengths in vivo. An example is dual-energy X-ray absorp-
tiometry, which can provide information on bone densi-
tometry that may be extremely helpful in understanding 
the risk of vertebral end-plate fractures in the spine. Bone 
mineral content has been shown to be highly correlated 
with the ultimate strength (Biggemann, Hilweg, and 
Brinckmann 1988) and fatigue life (Gallagher et al. 2007) 
of spinal motion segments in vitro, a relationship that is 
surely present in vivo as well. This may be helpful when 
comparing demands of the job to worker capacity and 
establishing risk. Other useful imaging techniques include 
MRI and ultrasound that can help establish the dimensions 
and estimated strength of tissues important in the deter-
mination of stress.

Other methods may also be useful in aiding our 
understanding of tissue strength. For example, isometric 
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Furthermore, as mentioned above, fatigue failure theory 
would indicate that a key element of risk assessment is 
evaluation of the load experienced by an individual rel-
ative to their tissue strength, which may be highly influ-
enced by age, gender and anthropometry.

The development of new technologies holds great 
promise in helping to better quantify the physical expo-
sures of work and may prove extremely beneficial in terms 
of evaluating MSD risk from a fatigue failure perspective. 
Wireless wearable motion sensors, for example, are inno-
vative, unobtrusive devices that may be combined with 
force-sensing technologies (e.g. pressure sensing insoles 
or gloves, force plates) to obtain biomechanical loading 
estimates for joints of interest (Faber et al. 2016; Kim and 
Nussbaum 2014). Wireless electromyography systems, pres-
sure mapping systems and other miniature force and torque 
measurement products may also be useful in this regard. 
Furthermore, new video-based technologies and advanced 
digital human modelling capabilities have shown consid-
erable promise in assessing the data necessary for fatigue 
failure-based analysis (Chaffin 2005; Chen et al. 2015).

Despite recent advancements, additional research is 
needed to further improve and evaluate these emerging 
technologies, particularly for use in dynamic work envi-
ronments. While several wireless wearable motion sensor 
systems have been observed to exhibit good accuracy and 
stability in both field and laboratory settings (e.g. Bauer 
et al. 2015; Kim and Nussbaum 2013; Schall et al. 2015), 
the accuracy of these devices has been known to degrade 
when work activities involve complex, dynamic motions 
(Brodie, Walmsley, and Page 2008; Godwin, Agnew, and 
Stevenson 2009) or when measurements are taken in the 
presence of magnetically distorted fields (Schiefer et al. 
2014). Sensor fusion algorithms such as Kalman filters rep-
resent one approach to improving the accuracy of motion 
sensor devices under variable conditions (Bergamini et al. 
2014; Ligorio and Sabatini 2015). However, systematic eval-
uations of the effects of dynamic motion and magnetic 
distortion (and their interaction) on the accuracy of these 
technologies are still necessary to further improve esti-
mates of workplace exposure (e.g. Pasciuto et al. 2015). 
Moreover, evaluation of these technologies for use on 
complex body segments (such as the wrist) are needed 
to more effectively study prevalent musculoskeletal con-
ditions that may be a result of a fatigue failure process 
such as CTS.

“Efficient estimation of the physical demands of work 
remains somewhat limited by the need for multiple sen-
sors” (Schall, Fethke, and Chen 2016, 107). The creation of 
additional technologies capable of simultaneously cap-
turing several components of work would allow workers 
to move more naturally, thereby improving estimates 
of workplace exposure while further increasing the 

It is also clear that a limited number of high-stress exer-
tions, combined with sufficient rest, can lead to significant 
gains in strength of tissues, including muscle, tendons and 
ligaments. For example, Arampatzis, Karamanidis, and 
Albracht (2007) showed increased Achilles tendon stiff-
ness during a 14-week exercise protocol involving strain 
of 4.5%, but not for exercise involving strain of 3%, though 
exercise frequency and volume were equal. Kongsgaard 
et al. (2007) also demonstrated increased tendon stiffness 
(in the patellar tendon) with high-resistance load, but not 
for a light resistance regimen. These data suggest that a 
certain loading magnitude threshold must be exceeded 
to elicit an anabolic tissue response. However, the differ-
ence between conditions of high-magnitude stress that 
lead to anabolic responses and those leading to catabolic 
tissue changes appears not to be tremendously different 
(Heinemeier and Kjaer 2011). Understanding these thresh-
olds is an important research issue and poorly understood 
presently. It would be very useful to increase our under-
standing of conditions leading to optimal musculoskeletal 
tissue health compared to those that lead to progressive 
accumulation of damage.

Furthermore, we need to better understand the neg-
ative and positive impacts of loading during the tissue 
repair process. When tissue becomes damaged, the dam-
aged region becomes an area of stress concentration in 
the tissue and, therefore, vulnerable to additional fatigue 
damage even in the presence of lower magnitude loads 
(Gallagher and Heberger 2013). However, it has been 
shown that controlled loading during the healing process 
(for example, in tendons) can help to improve the synthesis 
and alignment of collagen fibres, leading to an improved 
repair outcome (Kellett 1986). Thus, tissue loading can be 
both a hindrance and a benefit in the tissue repair pro-
cess. The timing and magnitude of loading that should be 
experienced in the repair process to (1) decrease damage 
and/or (2) facilitate healing are poorly known presently 
but important to the preservation of optimum musculo-
skeletal tissue health.

4.8.5. Risk assessment in epidemiological studies
Past epidemiological studies have not examined MSD 
risk in a manner congruent with the precepts of fatigue 
failure. If MSDs are indeed the result of a fatigue failure 
process, important modifications would be needed with 
respect to how physical MSD risk factors are assessed. For 
example, it will be important to evaluate repetition as a 
function of force level experienced by participants, due to 
the highly variable impact of repetition at different force 
levels. Current tools used to assess force and repetition do 
not appear to appropriately weight the impact of repeti-
tion as force levels vary. Nor have important aspects such 
as the mean stress experienced by tissues been evaluated. 
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cost-efficiency of direct measurement (Trask et al. 2014). 
Moreover, the development of standardised, non-propri-
etary metrics and procedures for using these new tech-
nologies is needed (e.g. Faber et al. 2013; Palermo et al. 
2014). Conversion algorithms intended to relate or syn-
thesise workload estimates from various studies may also 
be useful for efficiently evaluating MSD risk and relating 
it to fatigue failure theory.

5. Summary

All materials (including biomaterials) have been demon-
strated to incur damage via the process of fatigue failure. 
Recent evidence strongly suggests that a fatigue failure 
process may be etiologically significant in the develop-
ment of MSDs. However, as of this writing, the implications 
of an underlying (and potentially causal) fatigue failure 
process in MSD development have generally not been con-
sidered in prior epidemiological studies, MSD risk assess-
ment tools or MSD prevention strategies.

If this evidence is correct, there are many important 
implications that need to be considered. These include 
understanding important interactions between MSD 
risk factors, the ability to develop improved cumulative 
loading estimates on tissues, the importance of individual 
characteristics and MSD risk and perhaps improved under-
standing of the relationship between tissue damage and 
healing. The authors hope that the concept that MSDs may 
be caused (at least in part) by a process of fatigue failure 
may provide fertile ground for research in the quest to 
reduce the pain and disability associated with these bur-
densome health conditions.

References

AAOS [American Academy of Orthopaedic Surgeons]. 2008. 
The Burden of Musculoskeletal Diseases in the United States: 
Prevalence, Societal, and Economic Cost. Executive Summary. 
Rosemont, IL: AAOS.

Andarawis-Puri, N., and E. L. Flatow. 2011. “Tendon Fatigue in 
Response to Mechanical Loading.” Journal of Musculoskeletal 
and Neuronal Interactions 11: 106–114.

Arampatzis, A., K. Karamanidis, and K. Albracht. 2007. 
“Adaptational Responses of the Human Achilles Tendon by 
Modulation of the Applied Cyclic Strain Magnitude.” Journal 
of Experimental Biology 210 (Part 15): 2743–2753.

Armstrong, T. J., and D. B. Chaffin. 1979. “Some Biomechanical 
Aspects of the Carpal Tunnel.” Journal of Biomechanics 12: 
567–570.

Ashby, M. F., H. Shercliff, and D. Cebon. 2010. Materials: 
Engineering, Science, Processing, and Design. 2nd ed. Oxford: 
Elsevier Butterworth Heinemann.

ASTM [American Society for Testing and Materials]. 2000. 
Standard Terminology Relating to Fatigue and Fracture Testing. 
ASTM Designation E1823, Vol. 03.01. West Conshoshoken, PA: 
ASTM; 1034.



14  S. GALLAGHER AND M. C. SCHALL JR

Meyer, D. L. 1991. “Misinterpretation of interaction effects: A 
reply to Rosnow and Rosenthal.” Psychological Bulletin 110: 
571–573.

Miner, M. A. 1945. “Cumulative Damage in Fatigue.” Journal of 
Applied Mechanics 67: A159–A164.

Nachemson, A. 1976. “The Lumbar Spine: An Orthopaedic 
Challenge.” Spine 1: 59–71.

Nash, C. D. 1966. Fatigue of Self-Healing Structure: A Generalized 
Theory of Fatigue Failure (ASME Publication 66-W a/BHF-3). 
New York: American Society of Mechanical Engineers.

NASA [National Aeronautics and Space Administration]. 
2001. “Space Bones.” NASA Science News. October 1, 2001. 
Accessed December 30, 2015.

NASA [National Aeronautics and Space Administration]. 2015. 
“Muscle Atrophy.” NASA Information. Accessed December 30, 
2015.

NIOSH [National Institute for Occupational Safety and 
Health]. 1997. Musculoskeletal Disorders and Workplace 
Factors: A Critical Review of Epidemiologic Evidence for 
Work-Related Musculoskeletal Disorders of the Neck, Upper 
Extremity and Low Back. Washington, DC: US Govt. Printing 
Office.

NRC-IOM [National Research Council & Institute of Medicine]. 
2001. Musculoskeletal Disorders and the Workplace: Low Back 
and Upper Extremities. Washington, DC: National Academy 
Press.

Norman, R., R. Wells, P. Neumann, J. Frank, H. Shannon, M. 
Kerr, and the Ontario Universities Back Pain Study (OUBPS) 
Group. 1998. “A Comparison of Peak Vs Cumulative Physical 
Work Exposure Risk Factors for the Reporting of Low Back 
Pain in the Automotive Industry.” Clinical Biomechanics 13: 
561–573.

Palermo, E., S. Rossi, F. Marini, F. Patanè, and P. Cappa. 2014. 
“Experimental Evaluation of Accuracy and Repeatability of 
a Novel Body-to-Sensor Calibration Procedure for Inertial 
Sensor-Based Gait Analysis.” Measurement 52: 145–155.

Palmgren, A. 1924. “Die Lebensdauer von Kugellagern.” 
Zeitschrift Des Vereins Deutscher Ingenieure 68: 339–341.

Pasciuto, I., G. Ligorio, E. Bergamini, G. Vannozzi, A. M. Sabatini, 
and A. Cappozzo. 2015. “How Angular Velocity Features and 
Different Gyroscope Noise Types Interact and Determine 
Orientation Estimation Accuracy.” Sensors 15 (9): 23983–
24001.

Peterson, R. E. 1950. “Discussion of a Century Ago concerning 
the Nature of Fatigue, and Review of Some of the Recent 
Researches concerning the Mechanism of Fatigue.” ASTM 
Bulletin 164: 50–56.

Prasartwuth, O., J. L. Taylor, and S. C. Gandevia. 2005. “Maximal 
Force, Voluntary Activation and Muscle Soreness after 
Eccentric Damage to Human Elbow Flexor Muscles.” Journal 
of Physiology 567: 337–348.

Punnett, L., L. J. Fine, W. M. Keyserling, G. D. Herrin, and D. B. 
Chaffin. 1991. “Back Disorders and Nonneutral Trunk Postures 
of Automobile Assembly Workers.” Scandinavian Journal of 
Work, Environment & Health 17: 337–346.

Punnett, L., A. Pruss-Ustun, D. I. Nelson, M. A. Fingerhut, J. L. Leigh, 
S. Tak, and S. Phillips. 2005. “Estimating the Global Burden 
of Low Back Pain Attributable to Combined Occupational 
Exposures.” American Journal of Industrial Medicine 48: 459–
469.

Roylance, D. 2001. Fatigue. Accessed December 20, 2015. http://
ocw.mit.edu/courses/materials-science-and-engineering/3-
11-mechanics-of-materials-fall-1999/modules/fatigue.pdf

Gallagher, S., W. S. Marras, A. S. Litsky, D. Burr, J. Landoll, and V. 
Matkovic. 2007. “A Comparison of Fatigue Failure Responses 
of Old versus Middle-Aged Lumbar Motion Segments in 
Simulated Flexed Lifting.” Spine 32: 1832–1839.

Gerber, H. 1874. “Bestimmung derzulässigen Spannungen in 
Eisenkonstructionen.” Zeitschrift des Bayerischen Architeckten 
und IngenieurVereins 6: 101–110.

Godwin, A., M. Agnew, and J. Stevenson. 2009. “Accuracy of 
Inertial Motion Sensors in Static, Quasistatic, and Complex 
Dynamic Motion.” Journal of Biomechanical Engineering 131 
(11): 114501.

Goodman, J. 1899. Mechanics Applied to Engineering. London: 
Longmans Green.

Harris-Adamson, C., E. A. Eisen, J. Kapellusch, A. Garg, K. T. 
Hegmann, M. S. Thiese, A. M. Dale, B. Evanoff, S. Burt, S. 
Bao, B. Silverstein, L. Merlino, F. Gerr, and D. Rempel. 2015. 
“Biomechanical Risk Factors for Carpal Tunnel Syndrome: 
A Pooled Study of 2474 Workers.” Occupational and 
Environmental Medicine 72 (1): 33–41.

Heinemeier, K. M., and M. Kjaer. 2011. “In vivo Investigation 
of Tendon Responses to Mechanical Loading.” Journal of 
Musculoskeletal and Neuronal Interaction 11 (2): 115–123.

Horton, R. 2010. “Understanding Disease, Injury, and Risk.” 
Lancet 2012 (380): 2053–2054.

Kellett, J. 1986. “Acute Soft Tissue Injuries – A Review of the 
Literature.” Medicine and Science in Sports and Exercise 18: 
489–500.

Kim, S., and M. A. Nussbaum. 2013. “Performance Evaluation 
of a Wearable Inertial Motion Capture System for Capturing 
Physical Exposures during Manual Material Handling Tasks.” 
Ergonomics 56 (2): 314–326.

Kim, S., and M. A. Nussbaum. 2014. “Evaluation of Two 
Approaches for Aligning Data Obtained from a Motion 
Capture System and an in-Shoe Pressure Measurement 
System.” Sensors 14 (9): 16994–17007.

Kongsgaard, M., S. Reitelseder, T. G. Pedersen, L. Holm, P. 
Aagaard, M. Kjaer, and S. P. Magnusson. 2007. “Region 
Specific Patellar Tendon Hypertrophy in Humans following 
Resistance Training.” Acta Physiologica 191 (2): 111–121.

Ligorio, G., and A.M. Sabatini. 2015. “A Linear Kalman Filtering-
Based Approach for 3D Orientation Estimation from Magnetic/
Inertial Sensors.” Paper presented at the Multisensor Fusion 
and Integration for Intelligent Systems (MFI), 2015 IEEE 
International Conference, San Diego, CA, 77–82.

Lipps, D. B., J. A. Ashton-Miller, and E. M. Wojtys. 2014. 
“Morphological Characteristics Help Explain the Gender 
Difference in Peak Anterior Ligament Strain during a 
Simulated Pivot Landing.” American Journal of Sports Medicine 
40 (1): 32–40.

Lipps, D. B., E. M. Wojtys, and J. A. Ashton-Miller. 2013. “Anterior 
Cruciate Ligament Fatigue Failures in Knees Subjected to 
Repeated Simulated Pivot Landings.” American Journal of 
Sports Medicine 41: 1058–1066.

Mathiassen, S. E. 2006. “Diversity and Variation in Biomechanical 
Exposure: What is it, and Why Would we like to Know?” 
Applied Ergonomics 37 (4): 419–427.

Mathiassen, S. E., T. Möller, and M. Forsman. 2003. “Variability 
in Mechanical Exposure within and between Individuals 
Performing a Highly Constrained Industrial Work Task.” 
Ergonomics 46 (8): 800–824.

Matsuishi, M., and T. Endo. 1968. “Fatigue of Metals Subjected to 
Varying Stress.” Paper presented to the Japanese Society of 
Mechanical Engineers, Fukuoka, Japan, March.

http://ocw.mit.edu/courses/materials-science-and-engineering/3-11-mechanics-of-materials-fall-1999/modules/fatigue.pdf
http://ocw.mit.edu/courses/materials-science-and-engineering/3-11-mechanics-of-materials-fall-1999/modules/fatigue.pdf
http://ocw.mit.edu/courses/materials-science-and-engineering/3-11-mechanics-of-materials-fall-1999/modules/fatigue.pdf


ERGONOMICS  15

Solomonow, M., R. V. Baratta, A. Banks, C. Freudenberger, and B. 
H. Zhou. 2003. “Flexion–Relaxation Response to Static Lumbar 
Flexion in Males and Females.” Clinical Biomechanics 18: 273–279.

Stephens, R. I., A. Fatemi, R. R. Stephens, and H. O. Fuchs. 2001. 
Metal Fatigue in Engineering. New York: John Wiley and Sons.

Thornton, G. M., and D. A. Hart. 2011. “The Interface of 
Mechanical Loading and Biological Variables as They Pertain 
to the Development of Tendinosis.” Journal Musculoskeletal 
and Neuronal Interaction 11 (2): 94–105.

Thornton, G. M., T. D. Schwab, and T. R. Oxland. 2007. “Cyclic 
Loading Causes Faster Rupture and Strain Rate than Static 
Loading in Medial Collateral Ligament at High Stress.” Clinical 
Biomechanics 22: 932–940.

Trask, C., S. E. Mathiassen, J. Wahlstrom, and M. Forsman. 2014. 
“Cost-Efficient Assessment of Biomechanical Exposure in 
Occupational Groups, Exemplified by Posture Observation 
and Inclinometry.” Scandinavian Journal of Work Environment 
& Health 40 (3): 252–265.

Wang, X. T., R. Ker, and M. Alexander. 1995. “Fatigue Rupture of 
Wallaby Tail Tendons.” The Journal of Experimental Biology 198: 
847–852.

Sarkani, L. D., and S. Lutes. 2004. Random Vibrations Analysis 
of Structural and Mechanical Systems ([Online-Ausg.] ed.). 
Amsterdam: Elsevier.

Schechtman, H., and D. L. Bader. 1997. “In vitro Fatigue of Human 
Tendons.” Journal of Biomechanics 30: 829–835.

Schall, M. C., N. B. Fethke, and H. Chen. 2016. “Evaluation of Four 
Sensor Locations for Physical Activity Assessment.” Applied 
Ergonomics 53: 103–109.

Schall Jr, M. C., N. B. Fethke, H. Chen, S. Oyama, and D. I. 
Douphrate. 2015. “Accuracy and Repeatability of an Inertial 
Measurement Unit System for Field-Based Occupational 
Studies.” Ergonomics 10 (8): 10–23.

Schiefer, C., R. P. Ellegast, I. Hermanns, T. Kraus, E. Ochsmann, 
C. Larue, and A. Plamondon. 2014. “Optimization of Inertial 
Sensor-Based Motion Capturing for Magnetically Distorted 
Field Applications.” Journal of Biomechanical Engineering 136 
(12): 121008.

Sharma, P., and N. Maffulli. 2005. “Tendon Injury and 
Tendinopathy: Healing and Repair.” Journal of Bone and Joint 
Surgery (American) 87 (1): 187–202.


	Abstract
	1. Introduction
	2. Background
	3. Evidence of a fatigue failure process in musculoskeletal tissues
	4. Implications of MSDs as a fatigue failure process
	4.1. A unifying framework for MSD risk factors
	4.2. Validated methods for assessing risk of cumulative damage
	4.3. The critical roles of stress range and mean stress on cumulative damage
	4.4. Various types of rest and musculoskeletal health
	4.5. Counting cycles in variable amplitude loading
	4.6. Individual characteristics and risk
	4.7. Maintenance of tissue homeostasis
	4.8. Research needs
	4.8.1. Improved characterisation of musculoskeletal tissue properties
	4.8.2. Estimating tissue strength in vivo
	4.8.3. Understanding dynamic properties of the musculoskeletal system
	4.8.4. Beneficial versus detrimental tissue loading
	4.8.5. Risk assessment in epidemiological studies


	5. Summary
	References



