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Abstract
The working population is getting older. Workers must adapt to changing conditions to respond
to the efforts required by the tasks they have to perform. In this laboratory-based study, we
investigated the capacities of motor adaptation as a function of age and work pace. Two phases
were identified in the task performed: a collection phase, involving dominant use of the lower
limbs; and an assembly phase, involving bi-manual motor skills. Results showed that senior
workers were mainly limited during the collection phase, whereas they had less difficulty
completing the assembly phase. However, senior workers did increase the vertical force applied
while assembling parts, whatever the work pace. In younger and middle-aged subjects, vertical
force was increased only for the faster pace. Older workers could adapt to perform repetitive
tasks under different time constraints, but adaptation required greater effort than for younger
workers. These results point towards a higher risk of developing musculoskeletal disorders
among seniors.
Keywords: age, work pace, motor adaptation.
Highlights




Aging and work pace are two factors affecting workers’ motor adaptations used to perform
the required work.
All three age groups of workers were able to adapt their output to the two imposed work
paces.
Motor adaptation was more difficult to achieve for older workers when movement
involved more the lower limbs in the task.

Introduction
As in most European countries, the working population in France is ageing. Two facts have led
older workers to remain at work for longer. First, the current sociodemographic situation shows
that the segment of population between 55 and 65 years of age is growing due to the high birth
rate from 1945 to 1974. And second, reforms to public policies related to funding for retirement
pensions have postponed the age of retirement (DARES 2011).
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However, a person’s health status, including physiological and psychological systems, changes
as age progresses (Seitsamo and Klockars 1997, Kowalski-Trakofler et al. 2005). For example,
in terms of functional capacities, the knee extensors have been observed to lose strength in
seniors and tendon extensive properties is known to decrease with age (Kubo et al. 2007,
Viitasalo et al. 1985). Older employees also produce less muscular force than younger ones
(Mathiowetz et al. 1985, De Zwart et al. 1995, Broersen et al 1996, Reilly et al. 1997, Ilmarinen
1997, Robertson and Tracy 1998, Ilmarinen 2001, Macaluso and De Vito 2004). These
differences could be due to several factors: sarcopenia, changes in excitation-contraction
coupling, modifications to the tendons and bones, and changes in nerve control (Macaluso and
De Vito 2004, Narici and Maffulli 2010). These changes in force production with age
nonetheless depend on the group of muscles analysed. Thus, the strength of the lower limbs
appears to be more affected by age than that of the upper limbs (Viitasalo et al. 1985, Lynch et
al. 1999, Narici and Maffulli 2010). This difference is linked to preferential atrophy of the
lower limb muscles (Doherty 2003, Janssen et al. 2000, Mascaluso and De Vito 2004, Narici
and Maffulli, 2010). In the long-term, this atrophy may cause older people to adopt a sedentary
lifestyle. The upper limbs are more preserved as a great proportion of daily manual activities
involves these muscle groups (Kornatz et al. 2005, Narici and Maffulli 2010).

These physiological data illustrate older workers the potential embrittlement. It can explain
why they are more likely to develop musculoskeletal disorders than younger workers (Kim et
al. 2010). In addition, although most older employees still seem fit enough to continue their
work, the fact that they require longer to recover after working and sustained effort cannot be
ignored (Kiss et al. 2008, Cote et al 2014). Moreover, the burden of years of work can be seen
in how functional capacities evolve. Indeed, several studies have shown a strong correlation
between the increase in age-related mobility problems and deterioration of hip and knee joints
due to occupational exposure (Maetzel et al. 1997, Rossignol et al. 2005, Werner et al. 2011).
This general trend for fragility in older workers must nonetheless be moderated by the itinerary
of the individual concerned. This life course brings into play many independent factors such as
lifestyle, education, practicing physical exercises, socioeconomic status, stress, and so on.

However, age is not the only factor that should be taken into account when analysing workrelated efforts. For example, it is just as important to evaluate whether the physical demands
required by the workplace do not exceed the employee’s physical capacities (Okunribido et al.
2011). The influence of the physical load, in combination or not with age-related effects, may
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be revealed by the employee’s motor adaptation capacities when performing tasks. This
adaptation therefore requires a modification of the motor resultant represented by voluntary
movement. Indeed, a number of questions must be solved by the central nervous system to
compute a voluntary movement. The movement should appropriately meet the expected goal
and the context in which it must be accomplished. The notion of internal models emerged as a
possible system to mimic the hypothetical paths that the brain uses to determine and produce
the appropriate move (Wolpert et al. 1998). Two types of internal model can be distinguished:
the inverse model calculates the appropriate command to put the body into the desired articular
configuration; and the forward model, which predicts the body’s reactions to the command
given via a system of efferent copies of motor commands (Miall and Wolpert 1996, Wolpert
and Kawato 1998, Todorov 2004). The decision to perform a movement is made based on a
compromise between the cost and the risk after taking in a large amount of both internal and
external sensorial and cognitive information (Wolpert and Landy 2012).

When performing work on an assembly line, the motor adaptation required to correctly
complete a task is continually present. Performing a repetitive movement to meet production
objectives despite the environmental hazards at the moment of execution represents an
additional constraint for all workers (Kilbom 1994). However, the time constraint often
involved in repetitive work becomes particularly penalising for older employees (Derriennic et
al. 1990, Molinié 2003, Volkoff et al. 2010). Xu et al. (2014) also observed that female workers
of different ages were capable of working at a set pace with no difference in timing of hand
movements. These authors assumed that older participants had to work closer to their physical
limits. Indeed, compared to younger workers, older workers showed more effort in adaptation
to maintain the same motion strategies in response to muscle fatigue (Qin et al., 2014a, 2014b).
Moreover, time constraints can limit intra-individual variability in the motor responses
observed, even for spatially and temporally constraining tasks (Madeleine et al. 2003,
Mathiassen et al. 2004, Möller et al. 2004, Madeleine et al. 2008, Dempsey et al. 2010).
Nevertheless, this variability could be beneficial in protecting the health of ageing workers.

In this paper, we present the results of a controlled laboratory study in which three groups of
subjects of different ages performed a standardised task at two predetermined paces. The
objective was to assess the effect of age on the motor adaptation capacities of employees to a
repetitive work performed at two different imposed paces. Two kinds of adaptation were
analysed during the repetitive task performed. One focused more on adaptations to whole-body
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movement, whereas the other focused more on adaptations to upper limb movements. Our
hypothesis was that older workers can adapt, but that adaptations become more difficult when
pace increases. Moreover, the difficulty adapting should be more apparent for whole-body
movement than for upper limb movement.

Method
Participants
Sixty-five right-handed men voluntarily agreed to participate in the experiment. Subjects were
recruited based on two criteria. First, the subjects had to fall into one of the following three age
groups: junior (J), 30 to 35 years old; middle-aged (M), 45 to 50 years old, and senior (S), 60 to
65 years old. The characteristics of the three age groups are presented in Table 1. Secondly, all
subjects had to have worked or be still working in what is considered a “physically demanding”
job to ensure homogenous evolution of functional capacities. All participants provided a
complete description of their work activities throughout their professional lives. In all cases,
during a large part of their careers, they either had to carry loads, or work in awkward postures
performing construction or carpentry work, or working in a mechanical workshop. Participants
were recruited either through a temporary employment agency or responded to small ads
published in local papers. Participant’s functional capacities were assessed before the
experiment through flexibility tests, dexterity (based on the Purdue pegboard test (Desrosier et
al. 1995)), speed of upper limb movement, and analysis of the muscular force of the upper and
lower limbs. At the end of the assessment, subjects were familiarised with the task they would
have to perform during the experiment by completing 10 assemblies as fast as possible. All
subjects gave their free and informed consent for participation in this study, the protocol for
which was approved by the Consultative Committee for the Protection of Subjects in
Biomedical Research (institutional ethics committee).

Procedure
Subjects were asked to perform a repetitive mounting task during two 20-minute work sessions,
at two different work paces. The conditions in which the mounting was performed were similar
to those found on an assembly line. Three activity phases were identified in each mounting
cycle (figure 1a):
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1-

A moving phase: this phase involving movement from the base part dispenser to the

assembly station work at the beginning of the mounting cycle, and from the assembly station
to the dispenser at the end of the cycle.
2-

A collecting phase: during this phase component parts – a handle and two nuts – were

collected. Parts were stored under the assembly table. This phase was a motor task involving
more predominantly the lower limbs.
3-

An assembly phase: during this phase a handle was fixed to a base by screwing two nuts

onto two threaded rods (figure 1b). This phase was performed on the assembly table. It
corresponded to a motor task mainly involving the upper limbs.
Subjects were instructed to collect the exact number of component parts (one handle and two
screws) for each of the mounting cycles and not to take parts in advance for subsequent tasks.
No instructions were given as to how to proceed when collecting or assembling the component
parts, it was simply specified that the assembly had to be entirely completed on the assembly
table. The assembly could not be completed during the journey back to the dispenser. The base
dispenser and assembly table were spaced 3 m apart. The height of the assembly table was
adjusted based on each subject’s anthropometric proportions.

Of the three activity phases identified above, only collection and assembly were quantitatively
analysed. The starts and ends of these two phases were determined using identifiable events on
displacements of the anteroposterior and lateral “sacrum” joint centre (figure 2). The start of
the collection phase was marked by triggering vertical descent of the sacrum. This moment was
taken as zero for the time analysis, allowing synchronisation of all the mounting cycles to allow
data comparison between trials and between subjects. The collection phase was further divided
into three consecutive periods: i) flexion of the subject to reach for separate parts, identified by
the vertical descent of the sacrum; ii) collection of the parts from their respective reservoirs; iii)
extension of the subject as they returned to a standing position. The collection phase was
considered completed when the sacrum returned to a position close to its initial vertical
position, before stabilising at a plateau level. The assembly phase began at this same moment
and ended when the subject withdrew the fully assembled component from the assembly table
and began their half turn to return towards the supply site. This event was characterised by a
rightwards (positive peak in figure 2) or leftwards lateral displacement of the sacrum,
depending on whether the subject pivoted on their right or left foot.
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The two work sessions were performed on two successive mornings, one for each prescribed
work pace. The pace of work was defined as “comfortable” or “rapid”. The comfortable pace
required completion of one mounting cycle every 25 s, i.e., a maximum of 49 assemblies to be
performed over 20 minutes. The rapid pace required one mounting cycle every 20 s, i.e., a
maximum of 60 assemblies to be completed over 20 minutes. To prevent any order effect, the
order in which the two work paces were performed was assigned randomly ensuring that, for
each age class, as many subjects started with the comfortable work pace as with the rapid work
pace. When the instructions were presented, subjects were made particularly aware of the
importance of maintaining the pace of work. If they failed to comply with this condition, they
were reminded of it during the experiment. The rate was imposed by the base dispenser. The
experiment was designed to provide the subject with real-time information on their progress
with respect to the prescribed work pace, and to allow them to correct it if necessary. The base
dispenser was divided into four identifiable parts (figure 1a). This setup was used to verify
whether the subject kept to the work pace as they deposited the assembled part into the same
region of the dispenser after it had performed a full rotation. It was also used to calculate any
delay, either caught up or accumulated, if the subject was unable to maintain the pace. The
comfortable work pace was defined based on pre-tests involving ten subjects aged 22 to 55 who
had to perform as many mounting cycles as possible in 20 minutes. The average time observed
was consistent with the 22 s per assembly cycle determined by “Method Time Measurement”
(MTM). MTM is an engineering tool used to calculate cycle times for industrial assembly
tasks. Therefore, the comfortable work pace was defined as 25 s, and the rapid rate as 20 s,
which corresponds to a 20% increase in pace.

Apparatus
For each mounting cycle, the forces and moments exerted on the floor were recorded using an
AMTI® force plate, and those exerted on the assembly table were recorded using an ATI®
sensor positioned under the assembly table. All the dynamic signals were recorded at a
frequency of 200 Hz. The displacements of 37 passive markers - placed on subjects in relation
to anatomical landmarks - were simultaneously measured at a frequency of 50 Hz using a
Vicon 460® optoelectronic system. To perform the kinematic analysis, 14 body segments (2
feet, 2 legs, 2 thighs, the pelvis, the abdomen, the thorax, 2 arms, 2 forearms and the head) and
the joint centres corresponding to the links between these different segments were
reconstructed using Hanavan’s (1964) biomechanical model of inverse dynamics. This model
was developed using recordings of marker displacements combined with 67 anthropometric
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measurements on subjects and dynamic measurements (force plates placed on the floor and
under the table). The model was used to calculate the Euler angles of flexion-extension for the
ankle, knee, hip and shoulder joints, as well as the abduction-adduction of the hips and
shoulders. These angles were calculated according to the recommendations made by the
International Society of Biomechanics (Wu & Cavanagh, 1995, Wu et al., 2002). For each
subject, the angles analysed were determined by calculating the difference between the angle
measured at the instant studied (collection or assembly phase) and that measured on a reference
posture. The reference posture corresponded to subjects standing with their feet aligned
vertically below the hips, with a straight back. Upper limbs were aligned along the body with
the palms of the hands facing the outer thighs. The reference posture was recorded before
starting each work session. Ankle flexion increase corresponded to inclination of the anterior
face of the leg towards the instep. Knee flexion increase was defined as closing in of the
posterior face of the leg towards the posterior face of the thigh. Hip flexion increase
corresponded to inclination of the anterior face of the trunk towards the anterior face of the
thigh. Shoulder flexion increase was defined as raising the anterior part of the arm in the
sagittal plane. For hip and shoulder joints, abduction increase corresponded to displacement of
the member outside the median plane of the body, in the frontal plane.

Statistical analysis
Variables were recorded during each mounting cycle performed by each subject at the two
work paces. The delay was compared to the prescribed time to determine the subject’s capacity
to adapt to the work pace. The duration of both collection and assembly phases was measured.
The amplitude, speed and lower limb angles were measured for flexion and extension
movements performed during the collection phase. The upper limb angles and vertical force
were measured during the assembly phase. Statistical analysis of each of these variables was
based on multi-level linear models fitted using maximum likelihood, to analyse three random
effects: between-subject, between-subject x work pace, and within subject. The following
factors were also analysed to determine their influence: age group, pace, and their interactions;
they were considered fixed effects. The approximate normal distribution of random effects was
verified on histograms of the residuals. Based on these descriptions, log transformation was
performed on some variables. The parameters estimated by this model were: the variance of
three random effects, the effect of age group during the tests at “comfortable” pace, the effect
of work pace (rapid vs. comfortable) in the youngest age group and the two interaction
parameters. The interaction parameters represented the difference in effect due to work pace in

7

the middle-aged vs. junior and in the older vs. junior groups. The threshold for statistical
significance was set at p<0.05.
The first analysis explored whether senior group can adapt to the prescribed work pace. For
each pace, and for all subjects in each age group, the mean values of the time spent to complete
a full mounting cycle according to the mounting cycle number were calculated. The second
block of analyses explored variables characterising the collection phase (vertical displacement
and velocity of the sacrum joint, flexion and abduction angles for knee and hip joints) for each
age group and pace, and their interactions. The third block of analyses explored the variables
characterising the assembly phase (vertical force exerted on the assembly table and flexion and
abduction angles for the shoulder joints) for each age group and pace, and their interactions.

Results
Keeping up with the prescribed work pace
At the comfortable pace, 5 junior, 8 middle-aged and 9 senior subjects temporarily lagged
behind the prescribed pace. However, whatever the age group, the delays were always wholly
caught up before the end of the work session. The other subjects maintained the pace
continually without loss of rhythm (figure 3, top).

At the rapid pace, only 3 young and 4 middle-aged subjects were able to maintain the work
pace without lagging. Occasional, but compensated, delays were recorded for 15 young, 12
middle-aged and 9 seniors subjects. In contrast, 2 young, 5 middle-aged and 9 older subjects
fell behind at the beginning of the session but were able to stabilise the work rhythm at the pace
required latter. Juniors and middle-aged subjects acquired and maintained the work rhythm
after less than 5 mounting cycles, while seniors subjects needed at least fifteen parts assembled
to get there. One middle-aged and 5 seniors subjects continually fell behind during the full 20minute work session (figure 3, bottom).

Performing the mounting cycle
Collection phase
Two very distinct groups of measurements were observed when inspecting the model residuals
for both downward vertical sacrum displacement and sacrum velocity (figure 4). For 88% of
the data, downward sacrum amplitude of greater than 0.25 m was observed, with knee angular
flexion amplitudes exceeding 70°, and flexion speed greater than 0.3 m.s-1. For the remaining
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12% of data, downward sacrum amplitude was less than 0.25 m, knee flexion amplitudes were
lower than 70°, and flexion speed lower than 0.3 m.s-1. This second data group, with little or no
knee flexion was composed of: 23% young, 11% middle-aged and 66% senior subjects. No
differences between the two groups were observed in terms of weight, height, or back
flexibility measurements. Thus, the two groups clearly identify two ways in which component
parts can be collected. Consequently, for the collection phase, it was decided to restrict analysis
to the replicates in which the knees were flexed; this did not result in exclusion of any
individual subjects, since none of them performed this type of collection throughout the period
of their work session.

Table 2 presents the statistical analysis of the variables measured during the collection phase.
The first six columns show the means (standard deviation) calculated over all trials for all
subjects grouped by age group and work pace. The latest three columns present the statistical
significance of the two main effects (age group and pace, respectively) and their interaction. No
effect was observed for hip flexion. However, significant interactions were identified for all the
other variables for the different age groups, indicating that the increase in pace had a significant
effect on these parameters. These results show that, at both work paces, seniors subjects were
significantly slower and showed less lower limb flexion than the two other groups. Also, all age
groups showed a decrease in collection time with the increase in pace even though the effect
was less pronounced for senior subjects than for other groups. No significant variation in values
between the beginning and the end of the 20-minute work was observed for any of the variables
at either pace (data not shown).

Assembly phase
Data from the assembly phase were homogeneously distributed. Therefore, no data were
excluded from the statistical processing for this phase. Table 3 shows the results of the
statistical analysis for the same variables as measured in the collection phase; the structure is
the same as in Table 2. No interaction was observed for the duration of assembly or the vertical
force applied on the table during assembly. In addition, no significant difference was observed
for the duration of assembly for the different age groups at either of the work paces studied.
Thus, for all groups, the duration of assembly was significantly shorter when the pace
increased. In contrast, differences were observed for the vertical force applied to the assembly
table. This force increased significantly with advancing age and as the work pace increase.
Increasing the pace led to a similar increase in force applied for all age groups. Thus, senior
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subjects always applied more vertical force on the table than subjects in other groups, whatever
the pace. Interestingly, an interaction between age and pace was observed for all upper joint
angles, but no clear pattern emerged from these data.
The postural analysis of the lower limbs (sacrum position and hip, knee and ankle joint angles)
showed no significant differences when analysed as a function of age group or work pace; and
no interaction was observed for these measurements(data not shown in Table 3).

Discussion
The aim of the present study was to assess the effect of age on motor adaptation capacities
when performing a repetitive task under two imposed work paces. This task comprised a phase
during which component parts stored on the floor were collected followed by an assembly
phase performed on an assembly table. The collection phase addressed the question of
adaptation during large-amplitude movements mainly involving the lower limbs. The assembly
phase was more focused on adaptation of fine movements of the upper limbs. In this context,
adaptability is considered as the capacity to modify, within a complex environment, the
response dedicated to a motor task in response to changes to parameters which are internal or
external to the subject.

The younger age group in our study were not as young as in many studies of interest to age.
However, as explained by Ilmarinen (2001) in his review of studies involving ageing workers,
an adult can be considered physiologically “young” until the age of 30. The trend for declining
functional capacities can become critical after the next 15 to 20 years if the physical demands
of the work performed remain the same. Therefore, we assumed that the functional capacities
of our young group were close to those generally described in the literature for people aged less
than 30. The results from our tests of functional capacities endorsed this conclusion
(Desbrosses and Meyer, 2012). Moreover, little information is available about the 30- to 35–
year-old group, even though this age is considered to precede a turning point in functional
capacities.

Capacity to adapt to the task
When the task was performed at a comfortable work pace, all subjects could execute it as
prescribed. In this condition, the external constraints can be considered to be the same as those
found on a factory production line when no additional events disturb production. All subjects,
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regardless of age, were able to adapt their motor capacity to the requirements of the task. Thus,
they were able to adapt the pace, amplitude and speed of movements required to collect and
assemble component parts. However, the youngest group were better able to maintain a
constant pace than the two older groups.

Adapting the rhythm of work to the fast work pace was difficult for all age groups. Only 7 of
the 65 participants were able to maintain the pace throughout the duration of the test. Most of
the remaining subjects managed to adapt to the pace demanded with only a few lapses of
rhythm, which they always made up. The delays observed were often due to incidents such as
dropping a nut when starting to screw it onto the threaded rods. In addition, the oldest subjects
were less capable of increasing the speed at which parts were collected. Adaptation of motor
capacities to the fast pace appeared to require more time with age.

A small number of subjects, mainly older individuals, were unable to adapt to the faster pace.
Limitations to adaptability were generally related to motor difficulties observed during
collection of the parts stored on the floor, and these difficulties were further reinforced by the
increase of the work pace. It therefore appears that the age-related difficulties to adapt are
closely linked to use of the lower limbs in the task.

Motor capacities adaptation and lower limbs
The way the supply bins were arranged on the floor required subjects to use their whole body
when collecting component parts. Our experimental set up was deliberately non-ergonomic, but
unfortunately still reflects some real-life industrial work stations. Squatting to pick up loads is
generally acknowledged as the correct technique to reduce the risk of back injury (Chaffin
1987, Mc Gill et al. 1996, Fathallah et al. 1998, Chaffin et al.1999). However, this technique
also involves considerable movement of the trunk and requires a whole-body upwards thrust to
return to the upright position. Therefore, it represents a greater physiological effort than
stooping (Kumar 1984). The quadriceps have been shown to be extensively involved in
performing the squat technique (Trafimow et al. 1993).
In our study, the speeds of flexing and extending the lower limbs were found to decrease with
age. Loss of efficiency of the lower limb muscles with ageing has been previously described
(Macaluso and De Vito 2004). This loss of efficiency already appears significant for older
subjects, who are nonetheless led to remain active for longer. Reduced production of muscular
force at the knee joint was observed for the senior group in our study, as described in our
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previous publication (Desbrosses and Meyer 2012). This reduced force affected the kinematics
of large-amplitude rapid movements. These results match those described in the review by
Duchateau et al. (2006), and the loss of efficiency increases as the pace accelerates. Even so,
senior subjects can still adapt to a faster pace. Thus, they can increase flexion and extension
speeds to follow the rapid pace. However, their overall speed remains slower than that
measured for younger subjects.

Fatigue does not appear to be an explanatory factor of this study. Indeed, no variation in speed
was measured over the 20-minute tests, whatever the age group or pace. The most significant
problem faced by the senior group seems to be a loss of capacity to link actions. Thus, older
subjects could no longer use the time spent squatting as a means for adaptation. Younger
subjects, in contrast, could minimise the time spent squatting to collect component parts by
linking flexion and extension in one movement. However, with increasing age, it becomes
more difficult to reduce this time. This observation can be explained by the fact that force
production is more affected during rapid movements than during slow movements (Duchateau
et al. 2006). Therefore, it seems that younger subjects have sufficient potential strength to
“smooth” the three actions of “flexion – taking parts – extension” into a single movement as the
work pace increased. Conversely, the reduction of muscular strength with increasing age
accentuated the dissociation of these actions into distinct movements during collection of parts.

The major constraint imposed on the lower limbs by the squat appears to be avoided by using a
stooping technique (Trafimov et al. 1993). However, stooping still demands significant effort
from the back muscles (van Dieën et al. 1999, Zhang et al. 2000, Bazrgari et al. 2007). Thus,
squatting was the mode most often used by our population to collect parts from the floor.
Nonetheless, we observed that senior subjects systematically reduced the pelvis lowering
distance. From our observations it is impossible to report a passage from squatting to stooping,
unlike with the fatigue induced by the tasks observed by Trafimov et al. (1993). Indeed, the
amplitude of knee flexion in older subjects in this study was within the range defining a squat
(Whitney 1958, Burgess-Limerick and Abernethy 1997).

Squatting was thus used most in our study. Perhaps this observation can be correlated with the
extensive campaigns aiming to prevent back pain. Nonetheless, when no recommendation was
given to participants, a small percentage of subjects stooped to collect parts. Interestingly, the
population using a stooping technique was mostly composed of senior subjects. We do not have
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information on the reasons why subjects chose to use one technique or the other. In addition,
we cannot explain why they varied from one to the other during a work session. However, these
habits or changes were independent of the subjects’ back flexibility, height or weight.

Fluctuations between squatting and stooping were also observed by Burgess-Limerick et al.
(2001) in young subjects. For these authors, the transition from one technique to the other
appeared to be part of a compromise between the biomechanical advantages of the two
techniques, and the influence of lifting height on this compromise. However, in our study
lifting height was constant as parts were always placed on the floor; it was therefore not a
determinant factor. In addition, stooping did not appear to be systematically linked to a desire
to save time. Indeed, for subjects using both techniques, changing from one to the other was not
always linked to increase pace. Since stooping was mainly observed with senior subjects, loss
of strength and action speed of the different lower limb muscles emerges as the dominant
hypothesis explaining its use.

Motor capacities adaptation and upper limbs
The second phase analysed in this study was the assembly of the component parts following
their collection. This phase is more linked to fine motor skills. The upper limbs are involved in
completing a task requiring manual dexterity, while the lower limbs are used to regulate
postural balance. As expected, the posture of the lower limbs, strongly conditioned by the
arrangement of the workstation, was not modified by age or work pace. Similarly, although
statistical differences for shoulder angles were observed, their amplitude variations were low
and they were difficult to interpret.

In relation to upper limb motricity, both gross (Mathiowetz et al. 1985) and fine (Desrosier et
al. 1995) dexterity are known to diminish after age 60. During tests performed to assess the
functional capacities of the subjects participating in this study (Desbrosses and Meyer 2012),
we observed a reduction in fine dexterity comparable to that described by Desrosier et al.
(1995). Nonetheless, during assembly, this reduction did not appear to be a major obstacle to
completing the task. In fact, at both work paces, all age groups completed the assembly within
similar time frames. In addition, the loss of fine dexterity did not appear to interfere with the
adaptation process, as all subjects reduced the duration of this phase to a similar extent when
the pace increased.
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However, as the fine movements of the fingers could not be recorded during the experiment, it
is not possible to determine whether or how age affected the method used to adapt the way
parts were assembled. Adaptability of all subjects to the pace could be supported by the fact
that senior subjects preserved muscular force in their upper limbs, with the same fatigability as
for younger subjects (Macaluso and De Vito 2004, Duchateau et al. 2006). However, the
similar speeds recorded for older subjects and the youngest subjects during the assembly phase
contrasted with results reported by Cole et al. (2010). This apparent discrepancy could be
explained by the fact that our seniors group was younger than theirs. Indeed, the senior
participants in our study had only recently retired or were still at work, and the strength in their
upper limbs was similar to that measured for the younger groups (Desbrosses and Meyer.
2012). In addition, we must keep in mind that the fine motor skills observed here concerned
essentially engaging nuts on threaded rods. This task accounts only for a part of the assembly
phase, with a much larger proportion of time spent screwing the nuts into the end position,
which requires less fine motor skill.

Nevertheless, while seniors participants were able to adapt their assembly time to meet the
required pace, they always applied more force during assembly than the youngest subjects.
Increased grip force with age when handling objects between two fingers has been well
documented (Cole 1991, Cole et al. 1999, Parikh and Cole. 2012). Part of the explanation given
by these authors was that it increases the safety margin to avoid dropping the object when
holding it still or moving it. This adaptation would compensate the lack of sensitivity due to
advancing age. Motor coordination between grip force and the vertical acceleration of an object
is not affected by advancing age (Gilles and Wing 2003). However, several factors may be
causally related to the increase of grip force. The way in which an object is gripped and
manipulated can differ with age, and may modify the level of force in the grasp (Cole et al.
2010). A lack of well-coordinated synergy between fingers has been observed for older
subjects, and was linked to an increase in force (Olafsdottir et al. 2007). Another effect is
increased lateral wrist speed, which is also known to increase the force applied (Werremeyer
and Cole 1997).

We also need to take into account the fact that the assembly tasks in our study combined work
by both hands. It is therefore difficult to attribute the increase of vertical force exerted on the
table to the action of one hand or the other. The increasing force may either result from greater
pressure exerted by the hand stabilising the object on the table, or from stronger force from the
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hand screwing the nuts to final position, or from a combination of the two. Regardless of its
origin, the overall force increased with age and work pace. Thus, increasing the pace augments
the force used. The two adaptation processes were combined by senior subjects who increased
constraints and efforts when performing the required movements over long shifts. This
increased use of force in seniors is another factor explaining why older workers are more
susceptible to develop musculoskeletal disorders.

In conclusion, most subjects in the three age groups studied could adapt their motor capacity to
comply with an increased work pace when performing a prescribed repetitive task. However,
adaptation in older subjects was less effective than in younger subjects, with older subjects
taking longer to implement the increased pace, and some failing completely. Different types of
adaptation can be distinguished. Some appear to be related to the time constraints imposed by
the work pace. For example, this was observed during collection of the component parts by the
reduction in the amplitude of lower limb flexion; when assembling the parts, it was illustrated
by the increase in vertical force applied by the hands. Other adaptations appear to be more
specifically linked to the change of physical capacities with age. For instance, younger subjects
were better able to increase the speed of lower limb movement, whereas older subjects further
increased the vertical force applied when assembling parts. Although older subjects were
capable of performing the assemblies under the different imposed conditions, increasing the
work pace exacerbated their motor limitations. These limitations were particularly present
when movements performed mainly involved the lower limbs. In contrast, tasks involving the
upper limbs were less exclusive to older subjects being capable of performing them at the same
speed as younger subjects. The motor adaptations observed provide us with a better
understanding of the additional efforts required from workers when responding to an increased
work pace, whatever their age. However, in our task, assembling parts can be considered as the
core of the work performed, as it required certain skills. In contrast, collecting parts is an
ordinary action required to complete the assembly. Thus, senior workers were still able to
perform the core of the task correctly. If the workstation had been more ergonomically
designed, they would have had less difficulty completing the prescribed task. This knowledge
could be helpful in maintaining an older working population in conditions which help protect
their health.

15

References
Bazrgari B., Shirazi-Adl A. and Arjmand N. (2007) Analysis of squat and stoop dynamic
liftings: muscle forces and internal spinal loads. Eur Spine J. 16, 5, 687–699
Broersen J.P.J., De Zwart B.C.H., van Dijk F.J.H, Meijman T.F. and van Veldhoven (1996)
Health complaints and working conditions experienced in relation to work and age. Occup. and
Environmental Medecine 53, 51-57
Burgess-Limerick R. and Abernethy B. (1997) Toward a quantitative definition of manual
lifting postures. Human Factors 39 (1), 141-148
Burgess-Limerick R., Shemmell J., Barry B.K., Carson R.G. and Abernethy B. (2001)
Spontaneous transitions in the coordination of a whole body task. Human Movement Science
20, 4–5, 549–562
Chaffin D.B. (1987) Manual materials handling and the biomechanical basis for prevention of
low-back pain in industry - An overview. American Industrial Hygiene Association Journal 48,
12, 989-996
Chaffin D.B. (1999) Manual material-handeling limits. In : Chaffin D.B., Andersson G.B.J.,
Martin B.J., Occupational Biomechanics (3rd Ed Wiley) 315-354
Cole K.J. (1991) Grasp force control in older adults. J Mot Behav. 23, 4, 251-8
Cole K.J., Rotella D.L. and Harper J.G. (1999) Mechanisms for age-related changes of fingertip
forces during precision gripping and lifting in adults. J Neurosci. 19, 8, 3238-47
Cole K.J., Cook K.M., Hynes S.M. and Darling W.G. (2010) Slowing of dexterous
manipulation in old age: force and kinematic findings from the “nut-and-rod” task. Exp Brain
Res 201, 239–247
Cote M.P., Kenny A., Dussetschleger J. and Farr D. (2014) Reference values for physical
performance measures in the aging working population. Human Factors 56, 1, 228–242
DARES (2011) Emplois des seniors, Synthèse des principales données sur l’emploi des seniors,
Document d’études, 164, 99p
De Zwart BCH, Frings-Dresen MHW and van Dijk FJH (1995) Physical workload and the
ageing worker: a review of the literature. Int Arch Occup Environ Health 68, 1-12
Dempsey P. G., Mathiassen S. E., Jackson J. A. and O’brien N.V. (2010) Influence of three
principles of pacing on the temporal organization of work during cyclic assembly and
disassembly tasks. Ergonomics 53, 11, 1347-1358
Derriennic F., Touranchet A. and Volkoff S. (1990) Age, Travail, Santé. Etudes sur les salariés
âgés de 37 à 52 ans – Enquête ESTEV 1990. Les éditions INSERM, 440 p
Desbrosses K. and Meyer J.P. (2012) Vieillissement et évolutions des capacités fonctionnelles 32ème congrès national de Médecine et Santé au Travail - Clermont-Ferrand - 05-08 Juin 2012

16

Desrosiers J., Hebert R., Bravo G. and Dutil E. (1995) The Purdue Pegboard Test: Normative
data for people aged 60 and over. Disability and Rehabilitation 17, 5, 217-224
Doherty T.J. (2003) Aging and sarcopenia. Journal of Applied Physiology 95, 1717-1727
Duchateau, J., Klass, M. and Baudry S. (2006) Évolution et adaptations à l'entraînement du
système neuromusculaire au cours du vieillissement. Science & Sports 21, 4, 199–203
Fathallah F.A., Marras W.S. and Parnianpour M. (1998) The Role of Complex, Simultaneous
Trunk Motions in the Risk of Occupation‐Related Low Back Disorders. Spine 23, 9, 1035-1042
Gilles M.A. and Wing A.M., (2003) Age-Related Changes in Grip Force and Dynamics of
Hand Movement. J; of Motor Behavior 35, 79-85
Hanavan, E.P. (1964) A mathematical model of the human body. A.F. Base Ohio; Aero
Medical Research Laboratories Technical Report. 73p
Ilmarinen J. (1997) Aging and work – coping with strengths and weakness. Scand J Work
Environ Health 23, 3-5
Ilmarinen J. (2001) Aging workers. Occup Environ Med 58, 546-552
Janssen I., Heymsfield S.B., Wang Z.M., Ross R. (2000) Skeletal muscle mass and distribution
in 468 men and women aged 18-88 yr. Journal of Applied Physiology 89, 81-88
Kilbom A. (1994) Repetitive work of the upper extremity: Part II – the scientific basis
(knowledge base) for the guide. International Journal of Industrial Ergonomics 14, 59-56
Kim S., Lockhart T.and Nam C.S. (2010) Leg strength comparison between younger and
middle-age adults. International Journal of Industrial Ergonomics 40, 315-320
Kiss P., De Meester and M., Braeckman L. (2008) Differences between younger and older
workers in the need for recovery after work. Int Arch Occup Environ Health 81, 311–320
Kornatz K.W., Christou E.A. and Enoka R.M. (2005) Practice reduce motor unit discharge
variability in a hand muscle and improves manual dexterity in old adults. J Appl Physiol 98,
2072-2080
Kowalski-Trakofler K.M., Steiner L.J. and Schwerha D.J. (2005) Safety considerations for the
aging workforce, Safety Science 43, 779–793
Kubo K., Ishida Y., Komuro T., Tsunoda N., Kanehisa H. and Fukunaga T. (2007) Age-related
differences in the force generation capabilities and tendon extensibilities of knee extensors and
plantar flexors in men. J Gerontol A Biol Sci Med Sci 62, 11, 1252-1258
Kumar S. (1984) The physiological cost of three different methods of lifting in sagittal and
lateral planes. Ergonomics 27, 4, 425-433

17

Lynch N.A., Metter E.J., Lindle R.S., Fozard J.L., Tobin J.D., Roy T.A., Fleg J.L. and Hurley
B.F. (1999) Muscle quality. I. Age-associated differences between arm and leg muscle groups.
J Appl Physiol 86, 188-194
Macaluso, A. and De Vito, G. (2004) Muscle strength, power and adaptations to resistance
training in older people. European Journal of Applied Physiology 91, 4, 450-472
Macgill S.M., Norman R.W. and Cholewicki J. (1996) A simple polynomial that predicts lowback compression during complex 3-D tasks. Ergonomics 39, 9, 1107-1118
Madeleine P., Lundager B., Voigt M. and Arendt-Nielsen L. (2003) Standardized low-load
repetitive work : evidence of different motor control strategies between workers and a reference
group. Applied Ergonomics 34, 533-542
Madeleine P., Voigt M.and Mathiassen S.E. (2008) The size of cycle-to-cycle variability in
biomechanical exposure among butchers performing a standardized cutting task. Ergonomics
51, 7, 1078-1095
Maetzel A, Mäkelä M, Hawker Gand Bombardier C. (1997) Osteoarthritis of the hip and knee
and mechanical occupational exposure- a systematic overview of the evidence. J Rheumatol.
24, 8, 1599-607
Mathiassen S.E., Möller T.and Forsman M. (2003) Variability in mechanical exposure within
and between individuals performing a highly constrained work task. Ergonomics 46, 8, 800824
Mathiowetz V., Kashman N., Volland G., Weber K., Dowe M. and Rogers S. (1985) Grip and
pinch strength: Normative data for adults. Archi. Phys. Med. and Rehab. 66, 2, 69-74
Miall R.C. and Wolpert D.M. (1996) Forward Models for Physiological Motor Control. Neural
Networks 9, 8, 1265–1279
Molinié F. (2003) Âge et conditions de travail dans l’union européenne. Fondation Européenne
pour l’amélioration des conditions de travail 178 p
Möller T., Mathiassen S.E., Franzon H. and Kihlberg S. (2004) Job enlargement and
mechanical exposure variability in cyclic assembly work. Ergonomics 41, 1, 19-40
Narici M.V. and Muffulli N. (2010) Sarcopenia: characteristics, mechanisms and functional
significance. British Medical Bulletin 95, 139-159
Okunribidoa O., Wynna T. and Lewisb D. (2011) Are older workers at greater risk of
musculoskeletal disorders in the workplace than young workers? – A literature review,
Occupational Ergonomics 10, 53–68
Olafsdottir H., Zhang W., Zatsiorsky V.M. and Latash M.L. (2007) Age-related changes in
multifinger synergies in accurate moment of force production tasks. J Appl Physiol 102, 1490–
1501

18

Parikh P.J. and Cole K.J. (2012) Handling objects in old age: forces and moments acting on the
object. J. Appl. Physiol. 112, 1095–1104
Qin, J., Lin, J.-H., Buchholz, B. and Xu, X. (2014a) Shoulder muscle fatigue development in
young and older female adults during repetitive manual tasks. Ergonomics 57, 8, 1201-1212
Qin, J., Lin, J.-H., Faber, G. S., Buchholz, B. and Xu, X. (2014b) Upper extremity kinematic
and kinetic adaptations during a fatiguing repetitive task. Journal of Electromyography and
Kinesiology, 24, 404-411

Reilly T., Waterhouse J. and Arkinson G. (1997) Aging, rhythm of physical performance, and
adjustment to changes in the sleep-activity cycle, Occup and Environ Med 54, 812-816
Robertson A. and Tracy C.S. (1998) Health and productivity of older workers. Scand. J. Work
Environ Health 24, 2, 85-97
Rossignol M., Leclerc A., Allaert F.A., Rozenberg S., Valat J.P., Avouac B., Coste P., Litvak
E. and Hilliquin P. (2005) Primary osteoarthritis of hip, knee, and hand in relation to
occupational exposure. Occup Environ Med 62, 772–777
Seitsamo J. and Klockars M. (1997) Aging and changes in health. Scand J Work Environ
Health 23, suppl 1, 27-35
Todorov E. (2004) Optimality principles in sensorimotor control (review). Nat Neuroscience 7,
9, 907-915
Trafimow J.H., Schipplein O.D., Novak G.J. and Anderson G.B.J. (1993) The effects of
quadriceps fatigue on the technique of lifting. Spine 18, 3, 364-367
van Dieën J.H., Hoozemans M.J.M. and Toussaint H.M. (1999) Stoop or squat: a review of
biomechanical studies on lifting technique. Clinical Biomechanics 14, 685-696
Viitasalo J.T., Era P., Leskinen A.L. and Heikkinen E. (1985) Muscular strength profiles and
anthropometry in random samples of men aged 31–35, 51–55 and 71–75 years. Ergonomics 28,
11, 1563-1574
Volkoff S., Buisset C. and Mardon C. (2010) Does intense time pressure at work make older
worker more vulnerable? A statistical analysis based on a French survey “SVP50”. Applied
Ergonomics 41, 754-762
Volkoff S. and Pueyo V. (2005) How do elderly workers face tight time constraints?
International Congress Series 1280, 17-22
Werner R.A., Gell N., Hartigan A., Wiggermann N. and Keyserling M. (2011) Risk Factors for
Hip Problems Among Assembly Plant Workers. J Occup Rehabil 21, 84–89
Werremeyer M.M. and Cole K.J. (1997) Wrist action affects precision grip force. J
Neurophysiol. 78, 1, 271-80

19

Whitney R.J. (1958) The strength of the lifting action in man. Ergonomics 1, 2, 101-128
Wolpert D.M. and Landy M.S. (2012) Motor control is decision-making. Current Opinion in
Neurobiology 22, 996–1003
Wolpert D.M. and Kawato M. (1998) Multiple paired forward and inverse models for motor
control. Neural Networks 11, 1317–1329
Wolpert D.M., Miall R.C. and Kawato M. (1998) Internal models in the cerebellum. Trends in
cognitive sciences 2, 9, 338-347
Wu G., Siegler S., Allard P., Kirtley C., Leardini A., Rosenbaum D., Whittle M., D’lima D.D.,
Cristofolini L., Witte H., Schmid O. and Stokes I. (2002) ISB recommendation on definitions
of joint coordinate system of various joints for the reporting of human joint motion—part I:
ankle, hip, and spine. J Biomech. 35, 543-548
Wu G. and Cavanagh P.R. (1995) ISB recommendations for standardization in the reporting of
kinematic data. J Biomech. 28, 1257-1261
Xu, X., Qin, J., Zhang, T., and Lin, J.-H. (2014) The effect of age on the hand movement time
during machine paced assembly tasks for female workers. International Journal of Industrial
Ergonomics, 44, 148-152
Zhang X., Nussbaum M.A. and Chaffin D.B. (2000) Back lift versus leg lift: an index and
visualization of dynamic lifting strategies. J. of Biomechanics 33, 777-782

20

Vicon system

Base dispenser

Assembly
table

Force
plates

a)
Stock of spare parts

Assembly

b)
Figure 1: Experimental set-up
a) Work station: three activity phases were identified during each mounting cycle: i) a moving
phase between the base dispenser and the assembly table before and after collecting and
assembling the parts; ii) a collecting phase where the subject grasped a handle and two nuts in
the stock of component parts; iii) an assembly phase performed on the assembly table, where
the subject assembled the parts. The base dispenser was divided into four identifiable parts so
that subjects could check their conformity with the pace and calculate possible delays.
b) Assembly: (left) parts before assembly: a base composed of a wooden block into which two
threaded rods are inserted, a handle and two nuts; (right) the assembled parts. Assembly
consisted in placing the handle on the threaded rods and fixing it with the two nuts.

21

Figure 2: Example of lateral (green line) and vertical (blue line) sacrum displacement during a
mounting cycle recorded for a senior subject working at the comfortable pace. Data recording
started when the subject walked towards the assembly table and stopped when he stepped off
the ground force plate after completing the assembly. To compare trials between subjects and
for the same subject, data were synchronized with a characteristic event corresponding to the
beginning of the downward vertical sacrum displacement (at the blue line separating A from
B). Three activity phases of the test can be identified from the curves: A) the moving phase; B)
the collection phase and C) the assembly phase.
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Figure 3: Mean capacity for Junior (blue), Middle-age (red) and Senior (green) groups to
conform to the comfortable or rapid paces imposed for the task. The base dispenser was set up
to control how well the subject groups worked in rhythm. The delay is calculated from the
mean value for all the subjects from a single age-group, the time required to complete a full
mounting cycle (moving phase + collection phase + assembly phase). The expected response is
a plateau value equal to 0. If subjects persistently perform more slowly than the pace required,
the curve rises. If they catch up, the curve drops. If the work rhythm stabilises to correspond to
the imposed pace the curve reaches a plateau.
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Vertical sacrum displacement

Vertical sacrum velocity

Figure 4: Distribution of vertical sacrum displacement and vertical sacrum velocity values
measured for all data. The split into two groups of the data can be observed from the graphs.
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Subject characteristics
Number of subjects
Age (years)

Junior
Middle-aged
Senior
20
22
23
32.6
47.1
61.8
(30-35)
(45-50)
(60-65)
Body Mass (kg)
74.9
78.1
81.2
(53-103)
(60-110)
(62-106)
Height (m)
1.77
1.74
1.74
(1.55-1.87)
(1.63-1.91)
(1.65-1.88)
Body Mass Index
23.91
29.39
29.82
(22.06-29.45) (22.58-30.15) (22.77-29.99)
Table 1: Mean (range) characteristics for the three subject groups.
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Comfortable pace
Rapid pace
p values
interJunior Middle Senior Junior Middle Senior between between
age
pace
action
-aged
-aged
t-collection
3.44
3.90
3.99
3.16
3.49
3.80
0.04 < 0.001 < 0.001
(s)
(0.76)
(1.26) (1.05) (0.66) (1.08) (1.06)
a-flexion
0.52
0.49
0.46
0.49
0.47
0.45
0.02 < 0.001 < 0.001
(m)
(0.08)
(0.08) (0.09) (0.07) (0.08) (0.08)
v-flexion
0.54
0.47
0.42
0.54
0.50
0.46 < 0.001
0.90 < 0.001
(m.s-²)
(0.11)
(0.09) (0.08) (0.10) (0.10) (0.09)
t-squat (s)
1.08
1.38
1.35
0.93
1.19
1.33
0.24 < 0.001 < 0.001
(0.65)
(1.11) (0.91) (0.54) (0.95) (0.93)
v-extension
0.45
0.40
0.36
0.47
0.43
0.38 < 0.001 < 0.001
0.08
(m.s-²)
(0.11)
(0.09) (0.09) (0.10) (0.09) (0.09)
F-right knee 121.11 116.53 111.87 120.70 119.84 110.68
0.007
0.004 < 0.001
(°)
(10.59) (13.21) (17.65) (11.62) (10.64) (15.35)
F-left knee
111.72 113.27 104.96 112.46 110.33 104.35
0.005
0.91 < 0.001
(°)
(14.36) (14.67) (15.62) (10.81) (14.66) (13.17)
F-right hip
134.34 146.46 143.52 146.20 133.19 144.72
0.09 < 0.001 < 0.001
(°)
(31.78) (24.72) (28.53) (24.49) (29.56) (28.31)
F-left hip (°) 144.68 150.33 141.57 144.86 149.67 143.57
0.38
0.35
0.69
(22.58) (22.91) (25.99) (21.47) (21.30) (25.34)
A-right hip
17.59
3.30
7.61
15.76
21.06
17.07
0.02
0.07 < 0.001
(°)
(29.35) (36.09) (31.49) (22.56) (23.22) (25.09)
A-left hip (°)
15.54
-5.90
6.10
23.37
20.85
13.94 < 0.001 < 0.001 < 0.001
(29.81) (36.56) (31.13) (21.68) (21.69) (24.17)
Table 2: collection phase data statistical analysis: only data with sacrum vertical down
amplitude higher than 0.25 m and a flexion velocity higher than 0.3 m.s-1 were retained for this
analysis. Mean values (sd) of all the tests for each group of subjects obtained for each variable
considered during each pace. t = time; a = amplitude, v = velocity; F = flexion; A = Abduction.
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Comfortable pace
Rapid pace
p values
Junior Middle- Senior
Junior
Middle- Senior
between between interaged
aged
age
pace
action
t-assembly
12.7
12.0
12.8
11.4
10.7
11.3
0.08 < 0.001
0.92
(s)
(2.5)
(2.8)
(2.8)
(2.6)
(2.8)
(3.1)
Vertical
22.11
23.30
28.00
22.54
26.46
31.46
0.002 < 0.001
0.08
force (N)
(6.11)
(8.73)
(8.91)
(7.68)
(9.48) (10.71)
F-right
25.00
25.95
33.44
27.43
30.06
35.88
0.02 < 0.001 < 0.001
shoulder (°) (12.52) (12.43) (14.60) (10.97) (12.88) (12.81)
F-left
23.84
23.55
32.70
29.32
29.49
34.25
0.02 < 0.001 < 0.001
shoulder (°) (10.95) (10.39) (12.45) (11.14) (11.12) (12.37)
A-right
2.65
5.88
5.70
2.42
4.97
4.04
0.32
0.42 < 0.001
shoulder (°)
(8.01) (10.02)
(7.94) (10.04)
(8.77) (10.57)
A- left
10.89
13.87
10.24
12.04
11.40
12.70
0.20 < 0.001 < 0.001
shoulder (°)
(8.77)
(9.17)
(6.46)
(9.24)
(9.23)
(7.80)
Table 3: assembly phase data statistical analysis: mean values (sd) for all tests performed with
each group of subjects obtained for each variable considered during each pace. t = time; F =
flexion; A = abduction.
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