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Several recent reviews have reported that ‘repetitive movements’ constitute a risk factor for occupational
musculoskeletal disorders in the neck, shoulder and arm regions. More variation in biomechanical exposure
is often suggested as an effective intervention in such settings. Since increasing variation using extrinsic
methods like job rotation may not always be possible in an industrial context, the intrinsic variability of
the motor system may offer an alternative opportunity to increase variation. Motor variability refers to the
natural variation in postures, movements and muscle activity observed to different extents in all tasks. The
current review discusses research appearing in motor control, sports sciences and occupational biomechanics
literature to answer whether motor variability is important to consider in an occupational context, and if yes,
whether it can be manipulated by training the worker or changing the working conditions so as to increase
biomechanical variation without jeopardizing production. The review concludes that motor variability is, in-
deed, a relevant issue in occupational health and performance and suggests a number of key issues for further

research.

© 2012 Elsevier Ltd. Open access under CC BY-NC-ND license,

1. Variation in repetitive work

In many jobs, often brought together under the term “repetitive
work”, a particular task is performed repeatedly for long periods of
time, and often in a constrained posture (Kilbom, 1994a,b). Examples
are short-cycle electronics assembly and meat-cutting. Musculoskeletal
disorders (MSD) associated with repetitive work have consistently
been identified as a significant problem, in particular with respect to
the hand-arm, shoulder and low-back regions (Bernard, 1997; Buckle
and Devereux, 2002; National Research Council, 2001; Sluiter et al,
2001; Winkel and Westgaard, 1992). Several current trends in occupa-
tional life, for instance outsourcing and standardization of task perfor-
mance, may lead to an increased occurrence of repetitive work
(Mathiassen, 2006), and hence it remains a critical and urgent issue to
identify effective interventions in these settings.

The most frequently suggested intervention against MSD caused by
repetitive work is to decrease its similarity, i.e. create more ‘variation’ in
biomechanical exposure, in the sense that the exposure time-line shows
more changes in the temporal domain (Mathiassen, 2006). This can be
achieved by introducing additional tasks into the job of the operators
that deviate from the repetitive tasks of concern, as in a job rotation
scenario, and/or by breaking up work by periods of rest (Mathiassen,
2006). These methods can be described as ‘extrinsic’ since they focus on
changing working conditions external to the individual.

The effectiveness of initiatives that introduce new tasks in the job,
like job rotation, has not yet received firm empirical support, and
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evaluations have mainly been based on subjective psychophysical mea-
sures or expert judgment (Mathiassen, 2006). Similarly, field and
semi-field studies of assembly work (Mathiassen and Winkel, 1996;
Sundelin, 1993) and office tasks (Henning et al., 1997; McLean et al.,
2001; Sundelin and Hagberg, 1989; van den Heuvel et al., 2003) could
not conclusively show that interventions focusing on changing the du-
ration or distribution of breaks in repetitive or static work had an effect
on physiological outcomes of interest like fatigue or pain. Thus, extrinsic
methods for increasing variation may not always be effective, and in
several occupational settings, such as in standardised short-cycle indus-
trial work, they may not even be feasible to the extent needed.

This opens the issue of whether another effective and viable alterna-
tive to obtain increased variation could be to employ ‘intrinsic’ sources
of exposure variation, i.e. conduct interventions with the objective of
changing the way the operator performs the task. A traditional ergo-
nomics idea for increasing intrinsic variation is to encourage workers
to voluntarily change their movement patterns and postures every
once in a while, even while repeating the same task. But this idea some-
times conflicts with the notion of ‘invariable task performance’, as stip-
ulated by standards of quality control, and hence, may not be possible to
implement in many work situations, in particular in industry.

An emerging idea to increase variation even under such constraints
focuses on ‘motor variability’, i.e. the intrinsic variability present in all
actions controlled by the sensorimotor system, including repetitive
occupational work (Madeleine, 2010; Mathiassen et al., 2003). Motor
variability could manifest in both movements and postures, and several
occupational studies have, indeed, shown that even highly controlled
repetitive tasks are associated with considerable motor variability both
in laboratory settings (e.g. (Granata et al., 1999; Hammarskjold et al.,


https://core.ac.uk/display/82225913?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.clinbiomech.2012.08.007
mailto:diasrn@hig.se
http://dx.doi.org/10.1016/j.clinbiomech.2012.08.007
http://www.sciencedirect.com/science/journal/02680033
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/

980 D. Srinivasan, S.E. Mathiassen / Clinical Biomechanics 27 (2012) 979-993

1990; Jackson et al., 2009; Madeleine et al., 2008b; van Dieen et al.,
2001)), and even more so in the field (e.g. (Christensen et al., 2000;
Fethke et al., 2007; Moller et al., 2004)). Although motor variability has
been an issue for decades in motor control research, possible applications
of theories and findings in an occupational context have remained largely
unattended to, let alone the issue of whether this intrinsic variability can
be exploited as a source of biomechanical variation without compromis-
ing work performance.

A similar interest in the character, effects and prospects of motor
variability has emerged recently in sports sciences, as discussed in a
review by Bartlett et al. (2007). The authors argue that motor vari-
ability has important implications, for instance for skills achievement
and susceptibility to injuries. Even clinicians have shown interest in
motor variability, proposing that a larger variability leads to faster
rehabilitation (Moseley and Hodges, 2006).

The present paper first summarizes basic concepts and notions re-
garding motor variability and how to measure it. It then continues by
discussing why motor variability would be important in an occupational
context. Studies are presented to show that motor variability differs
between individuals, and that motor variability is related to important
short-term outcomes of occupational relevance such as pain, fatigue
and performance. Thereafter, the possibility of manipulating motor
variability in occupational life is discussed, both in terms of individual-
ized interventions such as training and skill development and in terms
of changeable factors in the work environment and work organization
that may have an effect on motor variability. The paper concludes with
a general discussion, and identifies pertinent issues for further research.
The focus of the paper is on motor variability in repeated, cyclic tasks,
but studies of variability in non-cyclic work are also discussed if consid-
ered relevant in the context.

2. Motor variability: what is it and how can it be measured?

Motor variability addresses the variability observed at different levels
of movement execution, especially across time within individuals. Motor
variability can be assessed for several types of variables, including (a)
performance measures like end-point precision of a pointing task, overall
movement time or external force developed; (b) kinetic or kinematic
components of the movement pattern like joint angles and velocities,
joint torques etc.; (c) muscle activity and recruitment patterns of muscles
within or outside the same synergy, of different regions within the same
muscle, or among multiple motor units making up a muscle region; and,
(d) ‘coordinative’ aspects like the relative angles or velocities of different
link segments involved in a movement, or changes in the relative con-
tribution of each muscle unit or joint towards achieving the final perfor-
mance objective (Davids et al., 2006; Newell and Corcos, 1993; Stergiou,
2004).

Ideas of why motor variability occurs as an integral part of move-
ments have changed in a historical perspective. Earlier, motor variability
was often considered dysfunctional, and detrimental to task perfor-
mance. Skill acquisition was then explained as a gradual development
of ‘optimal movement patterns’ for performing a particular task. In re-
cent years, research has shown that motor variability occurs at different
control levels in movement execution, as explained below, and may
play important functional roles. In parallel, different methods have
also been developed in order to measure and interpret variability from
these different perspectives.

2.1. Motor variability as sensorimotor noise

One idea about the nature of motor variability arises from the appar-
ently stochastic behaviour of the sensorimotor control system; this is a
‘classic’ notion with a long history in motor control research. Attributed
to ‘noise’ in the sensorimotor system (Newell and Slifkin, 1998), this in-
terpretation of motor variability is usually quantified by a cycle-to-cycle
statistic of any chosen kinetic or kinematic variable, such as its standard

deviation, co-efficient of variation, inter-quartile range, or median abso-
lute deviation. More advanced metrics include geometric curve-based
techniques like the ellipse method or centroid calculation (Chau et al.,
2005).

2.2. A dynamical systems approach to motor variability

Increased application of dynamical systems theories to movement
control has led to the idea that motor variability is not just undesir-
able noise, but has a functional role in motor development and skill
acquisition (Bartlett et al., 2007). In this paradigm, skill acquisition
does not merely imply developing an adequate movement pattern,
but also developing a certain optimal variability of that pattern. This
motor variability, in turn, ensures that new motor solutions can be
explored in response to changes in external environment or internal
physiology (e.g. (Dingwell et al., 2001; Riley and Turvey, 2002)).

Optimal variability is said to lie between two limits (Stergiou et al.,
2006): variability beyond the upper limit implies that the system is too
unstable and sensitive to perturbations; variability below the lower
limit indicates that the system is too stereotypical, less likely to exhibit
exploratory behaviour, and thus less capable of adapting to perturbations.
As an example, in young children each stride is close to being similar to
preceeding strides, indicating little exploratory behaviour. Fluctuations
in gait parameters increase in healthy adults, but even further for aging
subjects and patients suffering from Huntington's disease, indicating
that their movements are poorly controlled, as shown for instance by
an increased fall frequency (Buzzi et al.,, 2003; Hausdorff et al., 1997).
Functional, chaotic variability has been quantified using several non-
linear computational methods such as sample/approximate entropy
and the Lyapunov exponent (Dingwell and Cusumano, 2000; Dingwell
and Marin, 2006; Gates and Dingwell, 2010; Stergiou, 2004; Stergiou et
al,, 2004, 2006).

2.3. Motor variability and coordination

The extent of variability in a single movement component from one
body segment may not be sufficient to evaluate the entire information
present in motor variability. Most routine movements are complex,
involving coordinated movements of multiple muscles, joints and body
parts, and interactions between different movement components are im-
portant, including how they are expressed in constituent motor variabil-
ities. For example, in an investigation of the accuracy of pistol shooting
(Arutyunyan et al., 1968), skilled marksmen were able to reduce errors
in the final pointing position of the hand by employing compensatory,
more variable movements of the arms, whereas novice marksmen were
unable to produce such adjustments and therefore exhibited more
variable end-point positions. Similarly, patients with back pain show
increased sway in standing and sitting as compared to healthy subjects
(Hodges et al., 2009; Mientjes and Frank, 1999; Mok et al., 2004) but
hold their trunks very stiffly; the healthy subjects compensate the
tendency to sway by coordinated adjustments of their trunk posture,
i.e. an increased variability in this particular part of the overall motor pat-
tern (Mok et al., 2007; van Dieen et al., 2003). Coordination variability can
be assessed using techniques like vector coding, cross correlation of time
series data and continuous relative phase analysis of angle-angle plots
(techniques reviewed in (Davids et al., 2003)).

2.4. Motor variability arising from redundant degrees of freedom

Based on the notion that motor variability arises from redundant
degrees of freedom available for performing multi-joint movements,
concepts like the Uncontrolled Manifold Hypothesis (UCM) (Schoner,
1995) and Goal Equivalent Manifold Hypothesis (GEM) (Cusumano and
Cesari, 2006) suggest to partition total motor variability into “good”
and “bad” components. While the “bad” component causes a deviation
from the final task goal or designated control variable, the “good”
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component will not have an effect on task performance but may be ben-
eficial from a musculoskeletal health perspective since it promotes var-
iation in the activity of muscles and/or muscle parts (Mathiassen,
2006). Specific algorithms have been developed to study variability sep-
arated into these components (e.g. (Domkin et al., 2002, 2005; Gates and
Dingwell, 2008)).

These different views of motor variability, and the resulting wide
array of methods for measuring it highlights the need for specifying
which aspects of motor variability to address in any particular study
and choose the metrics accordingly. Interpreting the information pro-
vided by a ‘higher’ or ‘lower’ motor variability is not a trivial issue,
and results from different studies may be difficult to compare and
compile.

3. Why is motor variability important in occupational work?
3.1. Motor variability and individual traits

The need for a more thorough understanding of motor control strat-
egies, including their associations with physiological responses, has
been emphasized in several reviews addressing work-related MSDs in
the neck-shoulder region and upper extremities (Hagberg, 1992;
Kilbom, 1994a,b; Westgaard and Winkel, 1996). The need to address
differences between individuals has been particularly emphasized.
The fact that individuals performing the same manual tasks differ signif-
icantly in their susceptibility to MSD has been attributed to differences
in their motor patterns by a number of studies (Kilbom and Persson,
1987; Madeleine et al., 2003; Veiersted et al., 1993). This notion is en-
couraged by studies, summarized in Table 1, showing that individuals
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differ in motor variability when performing the same repeated or
constrained task.

In a study of repeated short-cycle work of securing joints using
hand-held nut runners (Mathiassen et al, 2003), significant inter-
individual differences were observed in the variability of arm kinematics
and trapezius electromyography (EMG) at any particular subtask, and
subjects reacted differently in terms of motor variability to changed
task conditions. These differences were interpreted as evidence for indi-
vidualized motor control strategies. In the same study, the authors also
suggest that the pooled within-subject (cycle-to-cycle) variability of se-
lected postures, movements and muscle activity variables can be used as
operational metrics in occupational studies to measure ‘similarity’ or
‘repetitiveness’ of a cyclic task, and thus as an indicator of whether the
task allows individuals to utilize variable motor strategies. Evidence
that individuals performing the same strictly controlled tasks differ con-
siderably in muscle coordination patterns has also been found in EMG
studies of non-cyclic work (Hammarskjold et al., 1990; Kilbom et al.,
1986; Mathiassen and Winkel, 1996; Nieminen and Hameenoja, 1995;
Westgaard et al., 1993).

An association between the motor adaptation strategy adopted by an
individual and the resulting physiological responses was suggested in a
study on arm elevation in which female subjects were required to main-
tain an isometric and isoelectric contraction for 15 min (Mathiassen and
Aminoff, 1997). Individuals differed markedly in response and the
authors attributed this to individuals differing in neuromuscular adapta-
tion strategies to the required low-level contraction. Other studies con-
firm that fatigue during isometric exercise develops slower in subjects
with more variable muscle activation strategies (van Dieen et al,
1993). Thus, as a reasonable hypothesis, personal traits in motor variabil-
ity may explain the common observation of why individuals differ in

Table 1
Motor variability vs. individual traits: design and results of selected key studies.
Study Task Subjects Study design Motor variable(s)? Motor variability Results
metric(s)
(Barrettet ~ Treadmill 18+15 3 min of treadmill Gait parameters such as  CV for stride length and ~ No gender differences in variability of gait
al., 2008)  locomotion healthy locomotion at speeds of stride length & stride stride time; coefficient of ~parameters; transverse plane rotations of the
M&F 5.5 km/h (walking) and time; 3D rotations of multiple determination hip, knee and ankle joints less variable for F
8,10, 12 km/h (running); hip, knee and ankle (CMD) for joint rotations than M at the fastest speed (12 km/h)
30 s of gait data recorded  joints
(Fallaetal, Isometric 949 60 s contractions before Surface EMG from 13x5 2D centroid position of Without pain: progressive increase in EMG
2008) 90° healthy and after injection of electrode grid on the EMG amplitude map in amplitude, more in the cranial than the caudal
shoulder M&F hypertonic saline in the upper trapezius the medio-lateral and region for both M and F; with pain: similar
abduction upper trapezius cranial-caudal directions response in M, but no caudal to cranial shift in
activity with time in F
(Mathiassen Simulated 542 Secured threaded fasteners  Bilateral EMG Cycle-to-cycle SD and CV  Individuals differed systematically in the size of
etal., automotive healthy using pneumatic nut runners from upper trapezius and of mean exposure. MV, and they responded to different extents, in
2003) assembly  experienced at three locations on a rack, lower arm extensors; terms of MV, to changes in tool and location.
M&F using 2 different kinds of Inclinations of
tools; the head and
20 repeats, each lasting 20 s, right and left
of each combination of upper arm
location and tool.
(Svendsen Isometric 10410 (i) 5 s contractions at Exerted force in 3D: Amount of variability: SD  SD increased and CV decreased with
and elbow healthy 10 to 90% MVC elbow flexion and two  and CV across time; increasingforce in all three directions;
Madeleine, flexions M&F (10% increments tangential forces structure of variability: Larger SD and smaller CV for M than F; SaEn
2010) with 30 s pauses) sample entropy (SaEn) showed an inverted U shape with increasing

(ii) Ramp contractions
from 5 to 50% MVC;
30 s duration in
total

(iii) contraction at 20%
MVC until
exhaustion

force; complexity higher in males than
females;

M - male subjects, F - female subjects, MVC - maximum voluntary contraction, SD - standard deviation, CV - coefficient of variation, MV - motor variability.

2 Only those variables that are used in subsequent variability analyses are reported here.
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physiological responses even when performing the same standardized
repetitive tasks (e.g. (Christensen, 1986; de Looze et al., 2009; Habes et
al., 1985; Mathiassen and Winkel, 1996)).

Gender and age have been suggested to be determinants of motor
variability. In a study of isotonic elbow flexion endurance (Svendsen
and Madeleine, 2010), the produced force varied less around the target
force in women than in men. This was attributed to gender differences in
control and compensatory mechanisms. In a study on experimental
shoulder pain (Falla et al., 2008), females were not able to redistribute
their shoulder muscle activity as much as males, and eventually,
women also reported higher perceived pain than men. In another study
of treadmill locomotion at 4 different speeds (Barrett et al, 2008),
women were found to exhibit lower variabilities of hip, knee and ankle
joint rotations than men when running at the fastest speed in the exper-
iment (12 km/h). Age-related differences in motor variability have been
reported in gait (Hollman et al., 2007; Menz et al., 2003) and in postural
stability (Huxhold et al., 2006; Maylor and Wing, 1996).

Thus, individuals differ in motor strategies while performing repeti-
tive tasks. These differences are also expressed in the extent of motor
variability, and some evidence suggests that motor variability has a bear-
ing on acute physiological responses. While a core question is whether
these inter-individual differences in motor variability could prospective-
ly explain why some people are more susceptible to MSDs caused by
occupational repetitive tasks than others (Mathiassen et al., 2003), a
more answerable question is whether motor variability shows any asso-
ciation with occupationally relevant short-term variables describing
pain, fatigue and performance.

3.2. Motor variability and pain

The following section reviews evidence for an association between
motor variability and pain. While the possible role of motor variability
as a determinant of the occurrence, recurrence and chronicity of pain
may be of particular interest in a preventive occupational context, the
reversed relationship - pain influencing motor variability - may be of
interest in the context of proper task performance.

Studies of motor variability and pain are summarized in Table 2. In a
simulated cutting task (Madeleine et al, 2008a), acute experimental
pain increased arm movement variability, allegedly because alternative
motor solutions were explored to reduce pain, while chronic pain was as-
sociated with reduced motor variability, suggested to reflect an attempt
to avoid painful movements and postures. In a companion study of the
effects of experience on motor variability among butchers (Madeleine
et al,, 2008b), motor variability increased during the first six months of
employment. Kinematic motor variability was also higher among experi-
enced butchers in a no-pain group than in a group of experienced
butchers with pain. ‘More variable motor strategies’ were proposed as a
protective factor against the development of work-related MSDs.

In a subsequent field study of butchers (Madeleine and Madsen,
2009), motor variability during a deboning process was found to vary
with neck-shoulder discomfort as well as experience. More work expe-
rience was associated with less variability but increased complexity of
the head-shoulder displacement pattern, while neck-shoulder discom-
fort was associated with less motor variability using both linear and
non-linear estimation methods.

The notion of long-term pain conditions being associated with less
motor variability has been supported by a number of clinical studies. In
subjects with unilateral knee injury (Georgoulis et al., 2006), the injured
knee exhibited less motor variability during gait than the non-injured
knee of the same subject. Similar results of reduced variability in an in-
jured limb when compared to the non-injured limb were reported in an-
other study of subjects with unilateral patellofemoral pain (Heiderscheit
etal., 2002), and in children with spastic hemiplegic cerebral palsy (Jeng
etal, 1996). In arecent study on trunk kinematics in gait (van den Hoorn
et al,, 2012), people with low back pain exhibited reduced trunk move-
ment variability during gait in comparison to a control group with no

pain. Subjects with patellofemoral pain showed less less variability in
lower-extremity coordination than matched controls (Hamill et al.,
1999), and in a sitting postural control study (Sondergaard et al.,
2010), the magnitude of variabilities in centre-of-pressure (COP) dis-
placement and lumbar curvatures were found to increase with increas-
ing discomfort, while the structure of the variabilities changed:
discomfort led to larger but more regular deviations from the mean sit-
ting posture.

In studies of repetitive reaching performed until exhaustion by sub-
jects with and without chronic neck-shoulder pain (Lomond and Cote,
2010, 2011), both subject groups exhibited a decrease in relative arm
movement variability during continued performance of the task. But the
pain group also exhibited a decrease in the shoulder range of motion,
and hence an increase in ‘relative variability’ (variability normalized by
the range of motion) about the shoulder joint. Thus, the pain group,
which had some difficulty in controlling shoulder movements (authors'
interpretation from observations of larger relative variability) and also
showed shorter endurance times than the no-pain group, seemed to
accomplish the task with a larger contribution of movements in non-
painful joints (e.g. trunk movements), allegedly in an attempt to mini-
mize pain.

While these studies can not, due to their cross-sectional design,
explain whether decreased variability was a cause or an effect of pain
or injury, a study by Heiderscheit (2000) lends support to the hypothe-
sis that decreased variability is a result of subjects in pain constraining
their movements within tighter boundaries so that pain can be reduced;
in that study gait variability in a pain group increased to almost that of a
healthy group when pain was temporarily reduced by the application of
patella taping. Supporting this notion, (Gallagher et al., 2011) concluded
that changes in COP displacement variability observed in chronic
low-back pain patients were the result of an adaptive response to
pain, rather than being a factor causing pain. They based their case on
the observation that there was no difference in postural control strategy
(in terms of shifts in COP location) between individuals that eventually
developed transient low back pain during 2 h of prolonged standing
and individuals who did not develop any pain.

While pain-protective adaptations may be useful in the short term,
they often persist when pain has disappeared (Sterling et al., 2001),
thus indicating an inability of the motor system to recapture its flexibil-
ity (Lomond and Cote, 2010). In line with this notion of a negative effect
of too little motor variability, Moseley and Hodges showed that subjects
with more motor variability recovered more effectively from experi-
mental low back pain than those with less variability (Moseley and
Hodges, 2006).

Thus, both experimental pain and short-term discomfort develop-
ing during the performance of a specific task seem to be associated
with an increase in motor variability, probably to find motor solutions
that can reduce pain. On the other hand, persisting pain seems to be
associated with diminished motor variability, probably because sub-
jects have learned to avoid painful motor solutions or because it be-
comes more difficult to control painful joints. More stereotypical
motor solutions may be preferred in chronic pain over other possible
alternatives of performing the same task, even if they imply a less op-
timal performance (Cote et al., 2005).

While, thus, pain has an effect on motor variability, evidence also
suggests that the size of motor variability in a healthy subject has a bear-
ing on the prognosis for contracting pain. This is expressed in the
‘variability-overuse hypothesis’ proposed by sports biomechanists
(reviewed in (Bartlett et al., 2007)), and feeds the notion in occupational
health that biomechanical variation decreases the risk of developing
MSDs. If movements are repeated more identically, it would be more
likely that the same soft tissues receive large doses of exposure. In-
creased movement and posture variability would therefore modify
tissue loads from repetition to repetition, distribute stresses more equally
among tissues, and thus reduce the cumulative load on any particular
tissue. The idea that a “large” motor variability may be a protective factor
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Table 2
Motor variability vs. pain: design and results of selected key studies.
Study Task Subjects Study design Motor variable(s)*  Motor variability metric(s) Results
(Georgoulis ~ Walking on 10 subjects with 2 min walks at 120% and 80% Flexion/extension Approximate entropy (ApEn) Injured knee showed
etal, treadmill complete of comfortable speed; ~80 (sagittal) knee significantly smaller ApEn
2006) unilateral rupture  strides collected at each angular values than normal knee at both
of the anterior speed displacements speeds
cruciate ligament
in the knee
(Hamill et al., Running on Subjects with 10 runs on a force platform at Thigh, leg and foot  Trial-to-trial SD of continuous Variability of CRP coupling in
1999) treadmill patello-femoral 3 different running speeds: kinematics relative phase (CRP) between pain group was decreased com-
pain and 2.5 m/s, 3 m/s and 3.5 m/s; segments calculated from phase pared to control group at all
controls plots of joint angles running speeds, both in the
swing and stance stride phases
(Heiderscheit Running on 8 healthy Fand 20 s running at a fixed Stride length SD of stride length and stride PFP patients showed higher
etal., treadmill 8 Fsubjects with  (2.68 m/s) and preferred and duration; duration for first 15 strides at stride length variability than
2002) unilateral speeds 3D bilateral each speed; coordination controls, and a thigh-leg rotation
patello-femoral thigh, leg variability of inter-segment cou- variability at heel-strike which
pain (PFP) and foot pling measured through vector ~ was lower in the injured limb and
kinematics; coding higher in the uninjured limb than
among controls
(Lomond and Repetitive 16 chronic Horizontal reaching at Whole body centre  Cycle-to-cycle SD relative to av- Arm RoM increased and arm
Cote, 2010, reaching in neck-shoulder  shoulder height at 1 Hz until of mass (COM); erage range of motion (RoM) for variability decreased with
2011) standing pain patients, exhaustion RMS EMG of each kinematic variable; and fatigue in the control group. In
and 16 control shoulder muscles; relative to average RMS EMG the pain group COM movement
subjects Arm movement increased and shoulder move-
kinematics ment decreased; arm motor
variability increased while COM
variability decreased.
Pain group showed decreased
EMG variability compared to
control group
(Madeleine Deboning task 18 M subjects in  Six normal 35-50 s work Head-shoulder, Amount of variability: With experience, variability
and conducted ina  groups with cycles recorded shoulder-hip and cycle-to-cycle SD & CV decreased but complexity
Madsen, slaughter-house high/low elbow-hip Complexity: sample entropy &  increased; with pain, variability
2009) experience and displacements approximate entropy and complexity of head-shoulder
with/without decreased but variability and
neck-shoulder complexity of elbow-hip dis-
pain placement increased
(Madeleine  Simulated meat Group 1: 12 F Group 1: 3 bouts of 3 min Cycle time; Cycle-to-cycle SD Group 1: cycle-time variability
etal, cutting with less than work with 5 min rest in EMG amplitude decreased, posture & movement
2008b) 1 month between, recorded during the ratio of active vs. variability increased with expe-
experience 1st and 6th month of inactive periods for rience; 6 subjects developed pain
Group 2: 20 M employment in fish/poultry 4 shoulder muscles; and 6 did not, in 6 months; pain
with no industry Trunk and arm caused increase in variability of
experience & Group 2: one 3 min work kinematics initial arm position but decreased
6 M experienced session trunk movement variability
butchers Group 2: experienced workers
showed higher kinematic vari-
ability than novices, but smaller
EMG ratio variability
(Madeleine Simulated meat Group 1: 20 Group 1: 3 min of work Cycle time; Cycle-to-cycle SD Cycle time variability increased
etal, cutting healthy subjects  followed by experimental EMG amplitude with both chronic and
2008a) Group 2: 12 pain induction and 3 min of  ratio of active vs. experimental pain; kinematic

butchers with
chronic neck-

work in painful condition
Group 2: 3 bouts of 3 min

shoulder painand work with 5 min rest in
6 controls between

(butchers with

no pain)

Control: 40 movements;
experiment: 70 movements
while a painful stimulus was
delivered to the abdominal
muscles; followed by 70
pain-free movement

(Moseley and Arm flexion/
Hodges, extension,
2006) seated

7 +9 healthy
M&F

inactive periods for
4 shoulder muscles;
Trunk and arm
kinematics

EMG from right
shoulder (anterior
and posterior
deltoids) and
abdominal muscles
(right obliquus
externus)

Timing SD of the onset of activity
in the abdominal muscles relative
to shoulder muscles

variability increased with
experimental pain but was
decreased in chronic pain patients

13 "resolvers” showed an
increased variability at start of
pain condition relative to the
control condition, which then
decreased with time, recovering
to control level at the start of
the no-pain condition; for 3
"non-resolvers, variability at
start of pain condition increased
relative to control, but then

(continued on next page)



984

Table 2 (continued)
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Study Task Subjects Study design Motor variable(s)®  Motor variability metric(s) Results
decreased to below control by
the end of the pain; variability
did not recover during the fol-
lowing pain-free condition
(Sondergaard Prolonged 9 healthy M ~90 min sitting; divided in18 body centre of SD and sample entropy of COP  SD (but not mean) of COP and
et al., sitting equidistant intervals for pressure (COP); displacements and lumbar cur-  lumbar curvature correlated
2010) analysis lumbar curvature vature in each 5 min analysis positively with discomfort rat-
interval ings; COP and lumbar curvature
sample entropies of both corre-
lated negatively with discomfort
(van den Treadmill 12 healthy & 13 3 min treadmill walking at 12 Gait parameters Stride-to-stride variability of the Gait parameters did not vary
Hoorn et walking chronic speeds, from 0.5 to 1.72 m/s, such as stride length trunk, pelvis and thorax between groups; pain group
al., 2012) low-back pain at increments of 0.11 m/s. & stride time; joint  rotations computed as the had smaller stride-to-stride vari-
subjects rotations of pelvis, = median of deviations from the  ability in trunk rotation, and

thorax and trunk

mean; relationships between

more correlation between pelvis

pelvis and thorax variability and thorax rotation variabilities
assessed by Pearson correlations than the no-pain group

M - male subjects, F - female subjects, MVC - maximum voluntary contraction, SD - standard deviation, CV - coefficient of variation, MV - motor variability, RMS - root mean

square.

2 Only those variables that are used in subsequent variability analyses are reported here.

in preventing chronic MSDs has been proposed in (Mathiassen et al.,
2003), and supported in (Cote, 2012; Madeleine et al., 2008a,b).

3.3. Motor variability and fatigue

Similar to pain, fatigue is an undesirable short-term outcome in occu-
pational settings. Besides being of interest in its own right, muscle fatigue
is cited as an adverse physiological response that could be a precursor to
chronic MSD (Rempel et al., 1992). As discussed below, more motor var-
iability may imply a slower development of fatigue, and/or reflect adap-
tation strategies that can relieve the load on fatiguing tissues (studies
summarized in Table 3). Thus, as with motor variability and pain, an asso-
ciation between motor variability and fatigue is probably bi-directional.

Some studies claim that a re-organization of motor strategies during
a fatiguing task occurs for the purpose of preserving performance. For in-
stance, in a study of repetitive load lifting (Sparto et al.,, 1997), decreased
range of motion at distal joints such as the knee and hip was compensat-
ed by increased trunk motion, in order to preserve lifting performance.
Similarly, in another study of repetitive reaching, subjects were observed
to evolve compensatory strategies to reduce load on the fatigued shoul-
der, such as decreasing shoulder abduction angles, and shifting the
centre of gravity of the body laterally towards the non-reaching arm,
such that task performance was still maintained (Fuller et al.,, 2009). In
a repetitive reaching study (Fuller et al., 2011), cycle-to-cycle variability
of the shoulder and elbow joints and the centre of mass (COM) average
position increased with fatigue, but such that the increased variabilities
were not associated with any deterioration in performance. Even in
cross-country skiing (Cignetti et al., 2009) a positive linear correlation
has been found between the extent of fatigue and movement variability.

(Fuller et al., 2011) proposed that in the presence of fatigue, similar to
the effects of acute pain, there is a rapid search for a new movement solu-
tion so that task performance can be preserved and that this is evidenced
by increased variabilities, both at the local site of fatigue as well as for the
whole body. Evidence suggesting that changes in motor patterns may
help in preserving performance during a fatiguing task has also been
reported in repetitive throwing (Forestier and Nougier, 1998; Huffenus
et al., 2006), hammering tasks (Cote et al., 2005, 2008), and repeated
elbow flexion/extension for tracking a target (Selen et al., 2007).

In contrast to the above studies, a decrease in tracking performance
with fatigue was reported in another study of a similar task (Huysmans
et al,, 2008), and negative effects of fatigue has been documented even
on the precision on target of repetitive pointing movements (Missenard
et al,, 2008). The conflicting results in different studies regarding the ef-
fect of fatigue on task performance may be explained by those effects

being task specific, and/or by differences in individual capacity to alter
movement patterns in response to fatigue (discussed in (Bosch et al.,
2011)). Skill may be one personal factor influencing the ability of the
motor system to adjust to fatigue; with fatigue, expert table tennis
players were found to maintain performance during fatigue by using
compensatory adjustments to movement patterns whereas recreational
players were unable to do so (Aune et al., 2008).

As with pain, the temporal relationship between development of
fatigue and changed motor variability is an issue of debate. A study of
repeated knee extentions (Skurvydas et al,, 2010) suggests that motor
variability in the non-fatigued state may predict the ability to perform
prolonged work: a larger torque variability at baseline was associated
with slower development of muscle fatigue. A complementary line of
studies support this ‘protective’ role of motor variability in showing that
the muscular system has the capability to produce sustained force in an
isometric and isotonic contractions by using variable spatio-temporal
muscle recruitment patterns, and that recruitment variability has a bear-
ing on endurance times during both sustained and intermittent isometric
contractions of the corresponding muscles. This has been observed in
both trunk (van Dieen et al., 1993, 2009) and shoulder muscles (Falla
and Farina, 2007; Farina et al., 2008; Palmerud et al., 1998).

3.4. Motor variability and performance

The relationship between performance and movement variability
has been particularly addressed in sports sciences, including studies
devoted to basketball, dart throwing and pistol shooting (reviewed
in (Bartlett et al., 2007)). Studies focussing on associations between
motor variability and performance are summarized in Table 4.

In a study of an aiming task (Balasubramaniam et al., 2000), partici-
pants were equipped with a hand-held laser pointer to point at a target,
but the hand was made immobile and subjects had to stay aligned with
the target by controlling their trunk posture to stand still for prolonged
periods of time. Posture variations in the task-relevant direction were se-
lectively inhibited, while posture variability in other directions increased.
The authors suggested that a certain minimum amount of posture vari-
ability was required to maintain balance, and that the subjects chose a
structure of this variability that did not compromise performance. That
some postural variability is necessary to maintain balance in quiet stand-
ing has been confirmed in studies of both healthy subjects and Parkinson
patients (Riccio, 1993; Schieppati et al., 1994). In a study of repetitive
lifting (Mirka and Marras, 1993), muscle activity levels of the right and
left erector spinae varied significantly between repeated lifts, but the
changes were coordinated so that the external torque produced by the
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Motor variability
metric(s)

Results

Study Task Subjects  Study design Motor variable(s)?
(Cignetti et Cross-country 444 Skied till exhaustion at a constant speed  Kinematics of
al., 2009) skiing on healthy and slope corresponding to 90% maximal knee, hip, shoulder
treadmill M&F oxygen uptake and elbow
(Fallaand  Isometric 5+4 Elevation at 20% MVC for 6 min with and Surface EMG from
Farina, shoulder healthy without 2 s interruptions every 30 s by  a 13x5 electrode
2007) elevation M&F increases of exertion to 25% MVC. grid on the upper
trapezius muscle
(Farina et Isometric 90° 11 Abduction until exhaustion Surface EMG from
al, 2008) arm abduction healthy a 13 x5 electrode
M grid on the upper
trapezius muscle
(Fuller et Repetitive 8+6 Pointingat 1 Hz between two targets whole body
al, 2011) pointing healthy placed at shoulder level until kinematics;
M&F  considerable perceived fatigue Upper trapezius
surface EMG
(Huysmans Manual target 11 2 min computer mouse tracking task End-point precision
etal, pursuit healthy immediately before and after fatiguing in tracking a
2008) F wrist extensions moving target
(Selen et Manual 10 Four 2 min tracking trials, followed by 4 Distance totarget
al, 2007) tracking task; healthy sessions comprising a 10 min upper arm in tracking cycle
horizontal subjects fatiguing protocol and 2 min tracking;
elbow flexion/ followed finally by four 2 min tracking
extension trials
(Skurvydas Isokinetic 11 Extensions performed 2 min, 60 min, Maximal isokinetic
etal., knee healthy 24 h and 14 days after 10 x12 repetitions knee extensor
2010) extension at M of eccentric knee extensions (EE) torque;
30°/s intended to result in soreness. Knee angle
(van Dieen Isoelectric 12 30 min contractions at 2% and 5% MVC  Surface EMG from
etal, trunk healthy  with EMG feedback from one electrode 3 locations on the
2009) extension subjects site; subjects instructed to maintain con- left and right lum
stant level of activation bar extensors
(van Dieen Isometric 7 Contraction at 70% MVC for 4 s followed Surface EMG from
etal, trunk healthy by 2 s of rest; performed until exhaustion several locations
1993) extension subjects over the erector

spinae muscle

“Stride-to-stride” SD;
Lyapunov exponent

Centroid position of
EMG RMS map at
30 s intervals

Entropy and
time-related shifts of
the centre of gravity
(CoG) in the EMG
RMS map

Cycle-to-cycle
variability of average

joint positions and

body centre of mass
(CoOM)

SD of distance to

target

SD of distance to
target averaged over
tracking cycle time

SD and autocorrelation
coefficient of repeated
torque exertions

CV of EMG amplitude

CV of EMG amplitude

Larger variability and randomness observed
with fatigue

Centroid shifted in the cranial direction
during variable but not during constant force
contractions; MVC was reduced after constant
force contractions but not after variable.

At exhaustion, entropy had decreased and
CoG moved in the cranial direction.

Extent of shift in CoG correlated positively
with endurance time;

CoG shift correlated negatively to both initial
and final entropy

Variability of end-point position remained
unchanged with fatigue; variability of joint po-
sitions and COM changed before signs of trape-
zius muscle fatigue occurred and variability of
the shoulder and elbow increased with fatigue.
Variability in COM average position was
unchanged in the direction of movement, but
increased in the 2 orthogonal directions

SD of distance to target was increased after
fatigue

Kinematic variability increased due to fatigue;
subjects changed control strategy to maintain
performance

Higher torque SD associated with less fatigue
(less decrease in maximal torque)

Lower CV at the feedback electrode than at
other EMG locations. Larger decrease in EMG
mean power frequency at the feedback site
and its ipsilateral sites than at other locations
at both 2% and 5% contractions

Subjects with high endurance showed more
variability and more shifts in EMG activity
between different muscle parts

M - male subjects, F - female subjects, MVC - maximum voluntary contraction, SD - standard deviation, CV - coefficient of variation, MV - motor variability, RMS - root mean square.
2 Only those variables that are used in subsequent variability analyses are reported here.

muscles together was relatively constant. Hence, the series of lifts was
performed according to instructions, and the variability in individual
muscle activities had little effect on net spinal compression.

These observations on motor behaviour have led to the theory of
‘compensatory variability’, i.e. that skilled and consistent performance
is not accomplished by fixed and stereotyped movements but by a
motor strategy adjusting variability in one parameter by compensatory
variability in other parameters (Bootsma and Vanwieringen, 1990).

In two different studies of basketball shooting (Button et al., 2003;
Robins et al., 2006), elbow-wrist coordination variability between throws
was shown to be greatest towards the end of the shooting action, i.e. at
the time of the ball release, when one would otherwise expect coordina-
tion to be most consistent. However, this movement variability did not
have an adverse effect on the ball release parameters. Studies on pistol
aiming, ball throwing and dart throwing (Arutyunyan et al.,, 1969; Kudo
et al,, 2000; Muller and Loosch, 1999) suggest that compensatory move-
ment variability may actually be required to maintain a consistent target

performance. Also, these studies suggest that motor learning during skill
development may involve a gradual increase in this compensatory vari-
ability, specific to the trained task. Thus, the relationship between motor
variability and performance is closely connected to motor learning. It
has been proposed that an optimal strategy when facing an unknown
movement is to allow for a generally “large” motor variability in the be-
ginning, and then preferentially correct those deviations that interfere
with task goals, while allowing more variability in redundant or
task-irrelevant directions (Todorov and Jordan, 2002).

These changes in motor strategy while performing a particular
task are possible because of the availability of redundant degrees of
freedom in coordinated, multi-joint movements, allowing, in princi-
ple, many possible ways of realizing a task with the same target per-
formance. Theories like the Uncontrolled Manifold Hypothesis (UCM)
(Scholz and Schoner, 1999) suggest that successful task performance
is then achieved, not by selecting a single possible solution, but by
selecting a less controlled task sub-space within which movement
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D. Srinivasan, S.E. Mathiassen / Clinical Biomechanics 27 (2012) 979-993

Motor variability metric(s)

Results

Study Task Subjects  Study design Motor variable(s)?
(Balasubramaniam Controlled 646 Align a laser pointer and keep  Body centre of pressure (COP)
et al., 2000) stand-still healthy standing still for 30 s. Target  displacements in the AP and
M&F oriented in: ML directions
Plane parallel to the coronal
plane of the
body (Medio-Lateral ML);
Plane perpendicular to
the coronal plane
(Anterio-Posterior AP);
30 trials recorded in
each condition
(Button et al., Basketball 6 30 attempts to shoot the ball ~ Shoulder, elbow and
2003) shooting  healthy through the ring without wrist kinematics;
Fof dif touching the rim Ball release parame
ferent ters such as release
skill height and
levels performance
(Gates and Repeated 14 Repeated sawing movements  Arm movement kinematics;
Dingwell, 2008) simulated healthy at 15% of pushing/pulling MVC, EMG from 9 muscles
sawing subjects at approximately 1 Hz until in the shoulder, upper
exhaustion arm and lower arm;
Push/pull force in
sawing
(Mirka and Repetitive 5 Isometric bending to 5 and 40° EMG from 10 trunk muscles
Marras, 1993) bending healthy forward flexion, isokinetic (right and left erector spinae,
M bending at angular velocity of latissimus dorsi, rectus
20°/s and Isoinertial bending at abdominis, internal and
angular acceleration of 40°/s%; external obliques); spinal
10 repetitions of each task loads estimated from muscle
condition activities in a biomechanical
model
(Valero-Cuevas et  Index 5+3 Task consisted of: a hold phase Finger force & Intra-muscular
al., 2009) finger healthy of4 sat2 N, aslowly varying EMG from 7 muscles acting
tapping M&F phase of force for 10 s and on the index finger

another hold phase of 10 s

For COP displacements:
RMS variability;

Entropy;

Recurrence Quantification
Analysis (RQA); &

Average Mutual Information
(AMI)

Shot-to-shot SD of elbow dis-
placement; angle-angle plots
to determine variability in
elbow-wrist coordination
(cross correlation ratios within
each shot, and shot-to-shot SD
of correlation)

Cycle-to-cycle SD of movement
speed, distance and timing er-
rors; Goal Equivalent Manifold
(GEM) analysis for movement
distance and speed

SD of EMG amplitude and spinal
loads

Temporal change of variance in
muscle coordination patterns
projected on to task-relevant (3
degrees-of-freedom; DOF) and
task-irrelevant (4DOF) subspaces

ML and AP sways were indepen-
dent in both target directions.
With target in ML direction, RMS
variability of ML sway decreased
while AP sway increased and was
more recurrent, deterministic,
complex and stationary than
sway in the ML direction. The
inverse was found with target in
AP direction.

Performance improved with
skill; elbow angle variability
was not affected while elbow-
wrist coordination variability
decreased with increased skill
Elbow displacement variability
was minimal at the start of the
shot and at the time of ball
release; coordination variability
of elbow-wrist was maximal at
the time of ball release

Subjects maintained overall
performance.

However, speed errors and
timing errors were corrected
more often

when subjects were fatigued;
Deviations perpendicular to
the GEM were corrected more
often than those aligned with
the GEM

Variability of anterio-posterior
and lateral shears similar to the
variabilities in trunk muscle ac-
tivities; individual muscle vari-
abilities were significant, but
compressive force variability was
very small; the sum of the right
and left primary extensor muscle
activities was correlated to the
external torque

Variability consistently smaller
in the task-relevant than in the
task-irrelevant movement
direction

M - male subjects, F - female subjects, MVC - maximum voluntary contraction, SD - standard deviation, CV - coefficient of variation, MV - motor variability, RMS - root mean square.

2 Only those variables that are used in subsequent variability analyses are reported here.

variability will have little effect on performance, whereas variations
orthogonal to this sub-space would be detrimental to performance
and are therefore strictly controlled (Latash et al., 2002). This idea
of partitioning total movement variability into two components has
been used to investigate biological principles of movement organiza-
tion and coordination in complex tasks such as bimanual pointing
(Domkin et al., 2002), control of whole body movements (Reisman
et al., 2002), multi-finger force production (Latash et al., 2002) and
pistol shooting (Scholz et al., 2000).

Recently, partitioning of total movement variability into two com-
ponents has been used in a study of fatigue effects on task performance
in simulated repetitive sawing (Gates and Dingwell, 2008). Using a
principle similar to UCM called the goal-equivalent manifold (GEM) hy-
pothesis, subjects were observed to correct speed and timing errors in
sawing more often when they were fatigued, but deviations important
to production were corrected more often than those not affecting

performance. So subjects did alter their movement patterns with fa-
tigue, but speed and timing errors did not differ between baseline and
fatigue. Subjects apparently managed to maintain the task goals of
speed and timing by selectively correcting those fatigue effects on
movements that would otherwise have led to errors. This ‘minimum in-
tervention’ principle of motor control, implying that deviations from av-
erage behaviour are corrected only when they interfere with task goals
(Todorov, 2004), was recently supported by another study of a
finger-force production task using intra-muscular EMG recordings
from all seven index finger muscles (Valero-Cuevas et al., 2009).

Motor variability thus plays a key role in preserving task performance
in the face of perturbations, either through compensatory control strate-
gies or by selective stabilization of some movement degrees of freedom.
In understanding these control mechanisms, methods like UCM and
GEM offer information that is not provided by analyses only reporting
an overall size of motor variability.
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4. Can motor variability be manipulated?
4.1. Personal factors

4.1.1. Motor variability and training

As reviewed in the previous sections, several studies suggest that
motor variability differs systematically between individuals. These differ-
ences seem to have significant effects on fatigue, pain and performance
during repetitive work, and may, as a reasonable hypothesis, even be
predictive of the individual's susceptibility to MSD. Thus, a crucial issue
of interest to occupational health and performance is whether it is possi-
ble to train or educate the individual to perform his/her work with a
proper motor variability.

This possibility has been tested mainly in the shoulder region, partly
because MSDs from repetitive work are highly prevalent there
(Nordander et al,, 2009), and partly because this region is likely to
show a particularly flexible motor control, considering that it comprises
several muscles and muscle subdivisions with partially overlapping bio-
mechanical roles (Jensen and Westgaard, 1997; Mathiassen and Winkel,
1990, 1996; Palmerud et al., 1995, 1998). This motor redundancy has
motivated studies investigating whether people can voluntarily redis-
tribute muscle activity without compromising task performance. In one
study, subjects maintained the arm in an isometric, abducted position
while receiving feed-back on the EMG amplitude of the descending
part of the trapezius muscle (Palmerud et al.,, 1995). When instructed
to reduce that amplitude but still keep the isometric posture, subjects
managed to lower trapezius EMG by 22-47%. The target posture was
maintained by redistributing activity to the rhomboids and transverse
part of trapezius (Palmerud et al., 1998).

In a similar approach, recent studies have investigated whether it is
possible selectively activate different neuromuscular compartments
within the trapezius muscle using biofeedback techniques. When sub-
jects were trained for 1 h with biofeedback on the EMG amplitude of
four anatomical subdivisions within the trapezius muscle (Holtermann
et al, 2008), 11 out of 15 subjects learned to selectively activate at
least one of the four muscle subdivisions. Whether this ability persisted
without the biofeedback was not addressed. In a study of breaks in com-
puter work (Samani et al., 2010) (Table 5), a more sophisticated active
biofeedback technique based on trapezius activity obtained from
multi-channel EMG was shown to lead to increased spatial variability
of trapezius muscle activation.

These findings suggest that different subdivisions of the human
trapezius muscle can be independently activated by voluntary com-
mand, and thus encourage the prospects of using specific ‘training’
protocols to pursue desired motor control characteristics. However,
to our knowledge, no studies have investigated whether kinematic
motor variability can be changed by specific training in a sustainable
manner.

4.1.2. Motor variability and experience

The previous section discussed whether training can lead to a volun-
tary increase in motor variability during task performance in the short
term. Several studies (Table 6) suggest that long-term experience or
‘skill development’ in performing specific tasks or movements may be
associated with the development of more variable motor strategies.

In a study of repeated lifting exertions, experienced manual material
handlers exhibited increased within-subject variability of spinal loads
when compared to inexperienced subjects (Granata et al., 1999). This
observation was contrary to the authors' hypothesis that increased spi-
nal load variability was harmful as it represented a greater probability of
the spinal load exceeding maximum tissue tolerance. The authors con-
cluded that the relationship between variability and injury risk required
further investigation. Experienced workers have been found to exhibit
higher motor variability than novices in studies of simulated cutting,
and in that study, as mentioned above, the authors suggested increased

motor variability to be a protective strategy against disorders
(Madeleine et al., 2008a,b).

Some studies have investigated the relationship between motor var-
iability and skills in sports, with practical implications for performance
assessment and training protocols. In basketball shooting (Button et
al., 2003), movement variability in a free-throw was examined as a
function of skill level. Although the elbow-wrist angle relationship
was more consistent in skilled athletes, there was no decrease in the
elbow angle variability with skill. In contrast, the variability in kinemat-
ic time series of hip and ankle joint variables were found to increase
with skill level during race walking (Preatoni et al.,, 2010).

In a study of basketball shooting (Robins et al., 2006), the relationship
between coordination variability and skill was shown to be U shaped.
Novices and experts exhibited similar magnitudes of variability at the
shoulder joint at the time of ball release, which was significantly greater
than that of intermediate subjects. However, the increase in shoulder
joint variability was accompanied by increased compensatory control
in the expert players (cf. Section 3.4), but no evidence of such compen-
satory control was found in novices. The authors claim that the variabil-
ity of novices is less functionally related to performance, since it is
explained either by neuromotor noise or by the subject exploring solu-
tions to the task, whereas similar levels of variability in experts is a func-
tional variability needed to maintain performance. Their observations
are in line with another study of ball throwing (Kudo et al., 2000),
which showed that ball release parameters were complementarily coor-
dinated, and the degree of coordination increased as a function of prac-
tice. Similar results were also reported by a study of the triple jump
(Wilson et al., 2008).

Thus several studies suggest that motor variability changes as a
natural part of skill development in repetitive tasks. However, none
of these studies specifically trained motor variability, and so the
issue of whether motor variability can be manipulated by informed
training programs, and how, in that case, such a program should be
designed, remains unresolved.

4.2. Factors at work

The previous section reviewed some studies supporting that it might
be possible to manipulate motor variability at the individual level by
personalized training programs and skill development. Another poten-
tial way of influencing motor variability in repetitive occupational work
would be to intentionally manipulate factors at work that would influ-
ence motor variability without interfering with production. This opens
the question of which factors affect motor variability among those
accessible to interventions such as work-station design, weights of
tools and components, precision requirements, work pace, cognitive
demands associated with work tasks, and spatial and temporal autono-
my in task performance.

Studies of the effects of occupational factors on motor variability are
summarized in Table 7. The basic pacing principle in a repetitive assem-
bly task has been shown to influence the temporal movement strategy,
line-paced work surprisingly being more variable than more autono-
mous pacing principles (Dempsey et al., 2010). The effect of work
pace on motor variability and fatigue development was also studied
by in light manual assembly work (Bosch et al,, 2011). While a faster
work pace did not lead to a more variable cycle time, it led to larger var-
iability in some kinematic variables. However, this was accompanied by
more errors in production. In a study of butchers performing repetitive
meat cutting work (Christensen et al., 2000), workers were classified as
being either ‘slow’ or ‘fast’ depending on their work cycle times. Repre-
sentative samples of EMG from the forearm muscles indicated that
there was a trend for the fast group to have higher variability than the
slower group, but the difference was not statistically significant.

In a study of people walking at 5 different walking speeds (60-140%
of each individual's preferred walking speed) (Dingwell and Marin,
2006), kinematic motor variability in gait increased at both slower
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Table 5
Motor variability vs. training: design and results of selected key studies.
Study Task Subjects Study design Motor Motor variability Results
variable(s)?® metric(s)

(Samani Computer 13 10 min computer mouse work sessions,
etal, work healthy interrupted by bio-feedback driven ‘active’
2010) subjects (isometric exercise) or ‘passive’ (relaxation)

pauses, or not interrupted (control).

Surface EMG
from a 13x5
electrode grid on entropy of EMG
the upper trape
zius muscle

Centre of gravity ~ Active pauses in response to biofeedback

(CoG) changes and associated with higher entropy (increased PeSaEn)
of RMS maps and CoG shift in the cranial direction
than in passive or control conditions, signifying
more heterogenous coordination of the trapezius
muscle,

But PeSaEn of each individual channel decreased in
response to active pauses, implying more homog-
enous temporal activation within each subdivision
of the trapezius

RMS maps
Permuted Sample
Entropy (PeSaEn)
for 0.5 s long
non-overlapping
EMG epochs

M - male subjects, F - female subjects, MVC - maximum voluntary contraction, SD - standard deviation, CV - coefficient of variation, MV - motor variability, RMS - root mean square.

2 Only those variables that are used in subsequent variability analyses are reported here.

and higher speeds when compared to the preferred walking speed,
whereas local dynamic stability was found to be ‘better’ at slower
than higher speeds, as indicated by lower values of short-term and
long-term finite-time Lyapunov exponents. In similar studies of the
structure of variability in human walking and running as a function of
speed (Jordan and Newell, 2008; Jordan et al, 2007), the authors
reported a U shaped curve for so called “long-range correlations” in
gait patterns as a function of movement speed, with the minimum at
the preferred movement speed. This minimum long-range correlation
was interpreted by the authors as each stride being minimally
influenced by the strides preceeding it, and hence gait at the preferred
speed as being more adaptable to perturbations than when walking at
other speeds. Thus, some studies are available to suggest that work
pace is a determinant of motor variability, even if several questions as
to the structure of this dependency are still unsettled.

Table 6
Motor variability vs. skill/experience: design and results of selected key studies.

The effects of coginitive loads on motor variability has been investi-
gated in a number of studies of gait and posture control. Thus, in a recent
study (Montero-Odasso et al., 2012), the effect of performing a simulta-
neous cognitive task on gait cycle variability was assessed in both control
subjects and patients with mild cognitive impairment. Cycle-to-cycle
variability in stride-duration increased in the presence of a concurrent
cognitive task, and variability was significantly influenced by the com-
plexity of this cognitive task, both in controls and among the patients.
An earlier study (Hollman et al., 2007) reported similar results; i.e. that
the stride-to-stride variability in gait velocity increased when healthy
subjects performed a cognitive task when walking. In a posture control
study (Huxhold et al.,, 2006) of still standing, a mild cognitive task de-
creased body centre of pressure (COP) displacements. Increasing the
complexity of the concurrent cognitive task however increased posture
variability, and this effect was more pronounced in older adults. While

Study Task Subjects Study design

Motor variable(s)*

Motor variability Results
metric(s)

(Granata Repetitive 12 healthy M,

etal, lifting including 5 ex-  of task asymmetry (sagittally

1999) perienced manu- symmetric, 60° skewed to the right), 2 lumbar trunk; 3D spinal
al material lifting velocities (preferred & faster
handlers and 7 speed); 10 repetitions of lifting in each and anterio-posterior (AP)
novices combination of task conditions
(Preatoni Race 44+4M&F Walking on a 15 m walkway in the

etal, walking  competitive race laboratory; 20 trials analysed

2 box weights (13.6, 27.3 kg), 2 levels Sagittal, lateral and twisting
kinematics and moments of the SD

compressive forces, and lateral
shears

Hip, knee and ankle
joint angles & Ground

Cycle-to-cycle Variability in sagittal trunk moment
and spinal loads in all 3 dimensions
increased with experience (effects of
work factors on variability described

in Table 7)

Sample entropy  Hip and ankle joints and vertical

ground reaction forces showed higher

2010) walkers at dif- reaction forces in vertical sample entropy in the more skilled
ferent skill levels and anterior-posterior group compared with the less skilled
directions group
(Robins  Basketball 10 novice, 10 30 trials from each of 3 shooting Arm movement kinematics Shot-to-shot SD  Shoulder angle variability exhibited a
etal, shooting intermediate and distances: 4.25, 5.25 and 6.25 m of shoulder, U shaped function of skill-high in both
2006) 10 expert elbow and wrist novices and experts, low in interme-
basketball angles at the diate players. Among experts only ac-
players time of ball companied by increased ‘functional’
release compensatory control and better per-
formance; shoulder angle variability at
the time of ball release increased with
increase in shooting distance in expert
players but not in intermediates or
novices
(Wilson  Triple 5 expert triple 10 triple jump trials after a warm up 3D kinematics of stance leg Vector coding Coordination variability of the
etal, jump jumpers with session ankle, knee and hip joints of techniques to ankle-knee and knee-hip couplings of
2008) varying levels of and swing leg knee and hip quantify the stance leg exhibited a U shape
skill during the hop-step transition coordination function of skill level: variability was
variability high in the least skilled and most

skilled participants, and low in the in-
termediate level participants

M - male subjects, F - female subjects, MVC - maximum voluntary contraction, SD - standard deviation, CV - coefficient of variation, MV - motor variability.

2 Only those variables that are used in subsequent variability analyses are reported here.
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these studies indicate that cognitive demands on top of a repetitive task
might influence motor variability, we are not aware of any studies of ef-
fects on motor variability of occupationally relevant combinations of
cognitive and biomechanical demands. Also, the influence of other rele-
vant mental stressors, such as time pressure or anxiety, is not known at
present.

Additional factors at work that might influence motor variability have
scarcely been investigated. In studies of repetitive lifting exertions, the
magnitude of the load and the symmetry of the lifting conditions
(sagittally symmetrical lift vs. lift skewed 60° to the right) have been
found to influence the variabilities of lifting kinetics, kinematics as well
as spinal load variability (Granata et al., 1999; Mirka and Baker, 1996).

Factors such as precision requirements and work-station design have, to
our knowledge, not been subject to research so-far.

5. Discussion
5.1. Motor variability in an occupational context

Motor variability has been of focal interest to neuroscience researchers
for almost a century, including its sources, effects and implications to
sensorimotor control mechanisms. However, the awareness of possible
physiological benefits of variable motor patterns, and the interest in
finding practicable ways of capitalizing on intrinsic movement variability

Table 7
Motor variability vs. occupational factors: design and results of selected key studies.

Study Task Subjects Study design Motor variable(s)? Motor variability Results

metric(s)

(Christensen Meat 48 M meat Meat cutting during an 8 h work  Surface EMG from extensor  Cycle-to-cycle SD of Fast group showed trends of
etal, cutting cutters shift and flexor carpi radialis of the mean EMG amplitude  higher variability in both the
2000) 6 “fast” and 6 “slow” workers arm holding the knife flexor carpi radialis and the

identified based on cycle times extensor carpi radialis than the
during cutting and observed for slow group, but the difference was
~7 cycles at the beginning, middle not statistically significant

and end of the work day

(Dingwell Treadmill 11 healthy Walking for 3 min at 60%, 80%, 3D kinematics from a single  Stride-to-stride SD; SD increased both for slow and fast
and walking subjects 100%, 120% and 140% of preferred marker on vertebra T1 short-term and speeds when compared to the
Marin, walking speed long-term Lyapunov preferred walking speed
2006) exponents Local dynamic stability was better

(Granata et  Repetitive 12 healthy M, 2 box weights (13.6, 27.3 kg), 2

al, 1999) lifting including 5 ex- levels of task asymmetry
perienced (sagittally symmetric, 60° skewed
manual materi- to the right), 2 lifting velocities
al handlers and (preferred & faster speed); 10
7 novices repetitions of lifting in each
combination of task conditions
(Jordan and  Treadmill 11 healthy F 12 min walking sessions at 80%,
Newell, walking 90%, 100%, 110% and 120% of
2008; preferred speed
Jordan et
al,, 2007)
(Mirka and  Repetitive 7 healthy M Repetitive lifting in sagittally
Baker, lifting symmetric postures at 7 load levels acceleration of lumbar trunk
1996) (from 4.5 to 31.5 kg) and 3

coupling levels (poor, fair, good);
3 min of lifting with 4 lifts per
minute performed for each task
combination

Sagittal, lateral and twisting
kinematics and moments of
the lumbar trunk; 3D spinal
compressive forces, and
lateral and anterio-posterior
(AP) shears

Vertical ground reaction force
registrations giving Step length, gait variables;
Step interval, Stride length;

Stride Interval, Force impulse

Angular position, velocity &

in sagittal, coronal and
transverse planes;
biomechanical model used to
compute L5/S1 joint torque

(smaller values of short- and
long-term Lyapunov exponents) at
slower than faster speeds
Cycle-to-cycle SD Trunk kinematic variability:
Sagittal extension velocity and
acceleration decreased with
increased box weight but twisting
velocity & acceleration and lateral
acceleration became more variable
with task asymmetry; cariability
of trunk moments: Task
asymmetry and increased box
weight had no effect on variability
in sagittal and lateral moment,
while variability increased in the
transverse plane moment;
variability of spinal loads:
Compressive loads and AP shear
variabilities increased with box
weight; AP shear variability in-
creased with task asymmetry;
lifting velocity did not affect trunk
moment or spinal load variabilities
(effects of experience on variability
described in Table 6)
Cycle-to-cycle CV of Variability of stride interval, stride
length, step interval, step length
long-term correlations  and impulse decreased with
using alpha values from speed; alpha DFA values of all gait
Detrended Fluctuation  parameters showed a U shaped
Analysis (DFA) function with speed, the minimum
(indicating enhanced stability and
adaptability) falling near the pre
ferred speed

Cycle-to-cycle SD and
CV of peak kinetic and
kinematic parameters

Variability of peak velocity and
acceleration in the sagittal plane
and peak joint torque increased
with increasing load; coupling did
not affect the magnitude of
variability

M - male subjects, F - female subjects, MVC - maximum voluntary contraction, SD - standard deviation, CV - coefficient of variation, MV - motor variability.

2 Only those variables that are used in subsequent variability analyses are reported here.
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without compromising the quality of task performance has grown in both
occupational, sports science and motor control literature only within the
last decade.

This development has coincided with the recent agreement by both
research and legislating bodies that disorders caused by repetitive work
are a major issue in occupational life, and epidemiological evidence that
increased exposure variation might be beneficial to musculo-skeletal
health. Thus, within the last decade, a number of complementary re-
search efforts in ergonomics, physiology and motor control, some of
which explicitly devoted to occupational issues, have increased the
understanding of the relevance and possible contributions of motor var-
iability to health in working life (Bosch et al., 2011; Cote et al., 2005,
2008; Dempsey et al., 2010; Madeleine, 2010; Madeleine and Madsen,
2009; Madeleine et al., 2008a,b; Mathiassen, 2006; Mathiassen et al.,
2003). We claim that the current standings of knowledge on the deter-
minants and effects of motor variability, as reviewed in the preceding
sections of the paper, give a firm and encouraging basis for a continued
focus on motor variability in an occupational context.

Although the reviewed studies suggest that there is a good potential
for utlizing motor variability to obtain benefits to health and performance
in occupational work involving repetitive tasks, a majority of the studies
have appeared in the areas of motor control research, sports sciences and
rehabilitation. Thus, their results, while encouraging, need be confirmed
in studies specifically devoted to tasks and conditions occurring in occu-
pational life. In addition, several issues in motor variability research of
relevance to occupational life have only been partially addressed till
date or have yet to be addressed. Some of these issues are identified
and discussed in more detail below.

5.2. How can motor variability be measured in occupational tasks?

A number of issues pertinent to occupational factors have not so far
been investigated properly because of the absence of sophisticated
methods to quantify and interpret motor variability in occupational set-
tings. Studies of variability in repetitive tasks in the ergonomics literature
have used relatively primitive variables for quantification, such as stan-
dard deviations of the postures of single body segments (Mathiassen,
2006). In contrast, motor control research has developed several highly
refined methods to analyse motor variability. For example, methods to
study coordination variability between multiple body segments involved
in a certain task, or methods for modeling relationships between variabil-
ity in single task components and variability in overall task performance
offer the opportunity to analyse motor variability using motor control
theories such as the minimum intervention principle, the principle of
compensatory control and the variability-overuse hypothesis. However,
these methods have so-far only been applied in controlled experiments
on simple tasks conducted in lab settings. Bridging this disconnect be-
tween research methods available in the motor control literature and
methods currently applied in occupational research might lead to
wider understanding and more informed interpretion of motor variabil-
ity from perspectives of high relevance to occupational health and
performance.

Also, as pointed out in Section 2, the wide variety of methods
available for representing motor variability implies that comparing
results from different studies may not be straight-forward. For
instance, motor variability quantified as cycle-to-cycle standard de-
viation has been shown to provide a different information than esti-
mates of complexity/stability obtained from non-linear analysis
methods such as Lyapunov exponents (Dingwell and Marin, 2006;
Jordan and Newell, 2008; Sondergaard et al., 2010). The exact re-
search question on variability in a specific study may motivate differ-
ent analysis techniques to be used in each case, and the pros and cons
of each analysis method should be contemplated, including how to
properly interpret the obtained data in the context of relevant out-
comes in occupational studies. At the same time, this methods devel-
opment need take place with due consideration to the need for

metrics that are commonly accepted by the research community; a
standardized set of metrics would greatly facilitate comparison and
compilations of studies.

5.3. Do individuals differ in motor variability during occupational work?

This review has clearly shown that individuals do differ in motor var-
iability while performing a specific task, and even that some personal
characteristics may be determinants of this variability. Individual differ-
ences can be expected since the motor control repertoire depends on
anatomical and physiological factors known to differ between individ-
uals, such as muscle strength, muscle morphology, endurance, sensory
capacities, and clinical conditions.

An important issue in an occupational context is, however, whether a
difference between individuals when performing one specific task is
consistent across (occupational) tasks; ie. are some individuals “re-
peaters” who consistently show a low motor variability in cyclic tasks,
while others are “replacers” who, for some reason, utilize the flexibility
of the motor system to a greater extent when performing stereotyped
tasks? As suggested in previous studies (Cote, 2012; Madeleine, 2010;
Mathiassen et al., 2003), and in Section 5.5 below, a reasonable hypoth-
esis would, in that case, be that “repeaters” are more at risk for develop-
ing MSD than “replacers”.

An additonal interesting issue to pursue, for the purpose of identi-
fying individuals that may then be particularly prone to MSDs, is pos-
sible determinants of motor variability, such as gender (Svendsen and
Madeleine, 2010), age, motor development during childhood, or
physical activity level.

5.4. What are the relationships between motor variability, fatigue and
performance in occupational tasks?

Section 3.3 pointed out that motor variability could play a significant
functional role in preventing, delaying or alleviating fatigue. Other studies
reviewed in the same section also indicate that movement reorganization,
characterised by increased motor variability, may help in maintaining
optimal task performance, especially in the presence of fatigue. This raises
an unresolved cause-effect issue; i.e. whether changes in motor variability
occur proactively to counteract expected negative effects of fatigue, or as a
reaction to an effect that has already set in. If the latter is true, it is still an
open issue whether the changes in motor variability are an active attempt
to preserve performance despite the presence of fatigue or a sign of the
motor system failing to resist decreases in performance caused by fatigue.
Research in this direction, to understand the complex relationships be-
tween fatigue, performance and motor variability, and how such relation-
ships change along the time-course of performing repetitive tasks, would
hold important implications for the design of jobs, both from the perspec-
tives of MSD risks (Section 5.5) as well as from a production standpoint.

5.5. What are the relationships between motor variability and MSD?

As a sensible hypothesis, low motor variability may lead to overuse of
tissues involved in producing stereotypical movements, and thus a de-
velopment of chronic symptoms with time. Symptoms may be explained
by peripheral adaptations associated with MSDs such as reduced
capillary-to-fibre ratio and mitochondrial disturbance (Cote, 2012), and
significant degradation of information representation in the somatosen-
sory cortex as revealed by cortical mapping studies (Byl et al., 1997). For
muscles, this notion of overuse is compatible with the Cinderella recruit-
ment hypothesis (Hagg, 1991), stating that certain low-threshold motor
units will be continuously active even at a very low overall activation of
the muscle containing those motor units, and that loads need be trans-
ferred to other muscle (parts) for these motor units to recover.

Within a specific muscle, transfer of load between motor units has
been shown to be possible, as expressed by the concept of motor unit ro-
tation (Sale, 1987), i.e. that fatigued low-threshold motor units are
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substituted by higher-threshold motor units and then back-substituted
by the original units in a cyclical fashion during long-term contractions.
Studies have shown that such motor unit rotation can be stimulated by
small changes in muscle activity levels, and this phenomenon has been
suggested to play an important protective role for motor units in postural
muscles required to perform prolonged low-level work (Westgaard and
de Luca, 1999, 2001). While motor unit rotation would alleviate the neg-
ative effects of a strict Cinderella recruitment, it is still a matter of debate
which external and, possibly, personal factors that determine the motor
unit recruitment principle in occupationally relevant tasks.

While the notion of kinetic and kinematic variation leading to
neurophysiological benefits is widely accepted, it needs to be con-
firmed in epidemiological field studies of repetitive work. Only one
study has, to our knowledge, demonstrated that operators - in
case, assembly workers - performing their work with more variation
than others were also less at risk for developing MSD (Kilbom and
Persson, 1987).

As shown in Section 3.2, pain has been associated with lower motor
variability, but whether lower motor variability is a risk factor for pain
development or if pain decreases motor variability has been debated
in the literature. A further development of methods of variability analy-
sis stemming from the dynamic systems approach may prove useful in
the detection and diagnosis of injuries and painful conditions, and also
help in resolving the cause-effect relationship (Hamill et al., 1999). Fur-
ther development of research in this direction may open up ways to use
changes in motor variability not only as an outcome metric accompany-
ing a painful condition, but also as information contributing to under-
standing the underlying causes of pain.

5.6. Which factors at work influence motor variability, and can they be
manipulated so as to change variability to any significant extent?

While the effect of work pace, magnitude of loads and, to some ex-
tent, cognitive demands on spatial and temporal motor variability has
been investigated for occupational tasks, no concerted effort has until
now been devoted to whether motor variability is influenced by other
factors that can reasonably be manipulated in occupational settings.
Systematic investigations into the effects on motor variability of fac-
tors such as precision requirements, work station design, spatial and
temporal autonomy in task performance, and different combinations
of biomechanical and mental loads are needed to understand wheth-
er it is feasible to introduce more motor variability by manipulating
such elements in work tasks or work organisation, yet without inter-
fering with production.

The importance of variability analysis has also been recognized in
posture and motion simulation for the purpose of predicting the out-
put and ergonomics quality of production systems. Temporal
cycle-to-cycle variability is a well-known determinant of loss time
on an assembly line (Wild, 1975), while variability between and
within subjects in movement patterns is only gradually being ac-
cepted as an equally important component when predicting system
performance. Quoting from (Perez and Nussbaum, 2006), “A design-
er with information on average movements can make rough esti-
mates of performance and injury risk and assess whether other
work environment objects could obstruct or constrain movements.
But a designer with variability envelopes for movements can gener-
ate estimates of probability functions and thereby determine the
proportion of individuals that would be constrained in their perfor-
mance or at a risk of musculoskeletal injuries. In this context,
varaibility analysis and modeling can maximise the effectiveness of
task deisgn by accommodating a range of individuals”.

In conclusion, we claim that available literature in the fields of motor
control, sports and occupational biomechanics gives a firm support for
motor variablity being an important issue in occupational life and thus
in occupational research. There is, however, a great need for studies of

motor variability justified specifically by occupational needs, and we sug-
gest a future research agenda to focus particularly on the following issues:

* Methods for measuring motor variability adapted to the needs and
conditions of occupational research.

* Magnitude of motor variability in occupational tasks and the effect
of occupationally relevant factors that could be expected to influence
motor variability (e.g. work pace, precision demands, mental load).
Relationships between motor variability in occupational tasks and
occupationally relevant outcomes (e.g. fatigue, pain, performance).
Relationships between motor variability in occupational tasks and
changeable personal factors (e.g. experience, specific training).
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