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Temporal leeway: can it help to reduce biomechanical load for older workers performing repetitive light assembly tasks?
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Current industrial production systems allow assembly of customised products which include additional elements distinguishing them from a reference model. This customisation can result in significant additional time constraints which compel workers to complete their tasks faster, which may pose problems for older workers. The objective of this laboratory study was to investigate the impact of restrictive or flexible pacing during assembly of customised products among groups of younger and older participants. The data gathered were used to analyse cycle-time, assembly performance, muscular load, and kinematic adaptations. The flexible pacing condition was found to improve production performance, increasing customised assembly cycle-time and reducing biomechanical load, for both young and older participants. However, as the task required fine manual dexterity, older participants were subjected to a higher biomechanical load, even in the flexible pacing scenario. These results should encourage assembly-line designers to allow flexible time constraints as much as possible and to be particularly attentive to the needs of older workers.

Highlights:

Temporal leeway reduces biomechanical load (muscular and kinematic).

A flexible pacing rhythm improves work performance.

Even with flexible pacing, older participants present higher levels of muscular activity than younger participants.

INTRODUCTION

Today, monotonous assembly-line work remains very common in some industrial sectors, such as the automobile industry [START_REF] Landau | Musculoskeletal disorders in assembly jobs in the automotive industry with special reference to age management aspects[END_REF], meat cutting industry [START_REF] Tappin | Musculoskeletal Disorders in Meat Processing: A review of the literature for the New Zealand meat processing industry[END_REF], or the manufacture of domestic appliances [START_REF] Aublet-Cuvelier | The dynamic course of musculoskeletal disorders in an assembly line factory[END_REF]. For operators, this type of organisation entails highly repetitive movements and significant time constraints. In Europe, two-thirds of workers indicate that for at least one-quarter of their working time they perform repetitive movements of the hand or arm [START_REF] Parent-Thirion | Fifth European Working Conditions Survey -Overview report[END_REF]. Exposure to this type of repetitive movement is associated with a high risk of developing musculoskeletal disorders (MSD) in the upper limbs [START_REF] Da Costa | Risk factors for work-related musculoskeletal disorders: A systematic review of recent longitudinal studies[END_REF].

Current industrial production systems are increasingly flexible. This flexibility is reflected, among other things, by the assembly on the same assembly-line of standard and customised products. Customised products differ from a reference model by the existence of optional procedures requiring the placement of supplementary components or the performance of additional tasks during assembly. A fixed pacing approach would require workers to accelerate their work rhythm to include these customised assemblies within the same cycletime as that established for the reference model. An increase in work pace has been shown to be associated with increased muscular activity [START_REF] Bosch | The effect of work pace on workload, motor variability and fatigue during simulated light assembly work[END_REF][START_REF] Escorpizo | The effects of cycle time on the physical demands of a repetitive pick-and-place task[END_REF][START_REF] Gooyers | The impact of an increase in work rate on task demands for a simulated industrial hand tool assembly task[END_REF][START_REF] Luger | Influence of Work Pace on Upper Extremity Kinematics and Muscle Activity in a Short-Cycle Repetitive Pick-and-Place Task[END_REF][START_REF] Mathiassen | Physiological comparison of three interventions in light assembly work: reduced work pace, increased break allowance and shortened working days[END_REF] and decreased amplitude and structure of motor and movement variability [START_REF] Luger | Influence of Work Pace on Upper Extremity Kinematics and Muscle Activity in a Short-Cycle Repetitive Pick-and-Place Task[END_REF]Srinivasan et al., 2015b). Furthermore, decreased required accuracy was found to result in increased motor variability, whereas increased pace combined with decreased task accuracy simultaneously led to a decrease in motor variability (Srinivasan et al., 2015a). In addition, the increase in work pace could also result in decreased physical rest between tasks [START_REF] Escorpizo | The effects of cycle time on the physical demands of a repetitive pick-and-place task[END_REF], leading to decreased performance levels [START_REF] Bosch | The effect of work pace on workload, motor variability and fatigue during simulated light assembly work[END_REF]. However, the effect of temporal leeway has not yet been specifically studied in relation to the question of age. To deal with the time constraints imposed by the need to produce variants of the reference model on the same assembly-line, more flexible pacing should allow the additional activity to be distributed over several cycles. This approach would allow workers to perform customised assembly in optimal conditions. Previous studies comparing more or less flexible pacing mainly focused on the effects on the work-time-per-cycle and the recovery time [START_REF] Carrasquillo | Effect of cycle to cycle task variations in mixed-model assembly lines on workers' upper body and lower back exertions and recovery time: A simulated assembly study[END_REF][START_REF] Dempsey | Influence of three principles of pacing on the temporal organisation of work during cyclic assembly and disassembly tasks[END_REF], or the quality of assembly and load exerted on joints, as estimated using simulation software [START_REF] Carrasquillo | Effect of cycle to cycle task variations in mixed-model assembly lines on workers' upper body and lower back exertions and recovery time: A simulated assembly study[END_REF]. Thus, the effects of a flexible pacing system on measured muscular activities or kinematic adaptations have yet to be investigated.

Although monotonous assembly-line work is constraining for all workers, it is particularly so for older workers, and is often a cause for complaint in this segment of the working population [START_REF] Landau | Musculoskeletal disorders in assembly jobs in the automotive industry with special reference to age management aspects[END_REF]. Today, this situation represents a particularly sensitive point as the proportion of ageing workers in Europe (and elsewhere) is growing steadily [START_REF] Ilmarinen | Promoting active ageing in the workplace[END_REF]. In France, the proportion of the working population aged between 55 and 64 has risen from 38% to 52% over the last ten years (INSEE, 2018). With advancing age, the functional capacities of the locomotor system decrease. This decrease is strongest in very old people, but it can also be observed in the oldest workers, and particularly affects muscular strength [START_REF] Kubo | Agerelated differences in the force generation capabilities and tendon extensibilities of knee extensors and plantar flexors in men. The journals of gerontology[END_REF][START_REF] Mathiowetz | Grip and pinch strength: normative data for adults[END_REF][START_REF] Viitasalo | Muscular strength profiles and anthropometry in random samples of men aged 31-35, 51-55 and 71-75 years[END_REF], tendon elasticity [START_REF] Gajdosik | Influence of age on length and passive elastic stiffness characteristics of the calf muscle-tendon unit of women[END_REF][START_REF] Kubo | Agerelated differences in the force generation capabilities and tendon extensibilities of knee extensors and plantar flexors in men. The journals of gerontology[END_REF], joint amplitude [START_REF] Stubbs | Normative data on joint ranges of motion of 25-to 54-year-old males[END_REF], speed of movement [START_REF] Cooke | Kinematics of arm movements in elderly humans[END_REF] and even manual dexterity [START_REF] Desrosiers | The Purdue Pegboard Test: normative data for people aged 60 and over[END_REF]. These changes to the locomotor system, associated with repeated demands on the same joints, make age a significant factor in the risk of developing MSD [START_REF] Roquelaure | Risk factors for upper-extremity musculoskeletal disorders in the working population[END_REF].

Age-associated effects were observed on the biomechanical load on the upper limbs during light assembly or repetitive computing tasks. These effects can notably result in higher activity levels in older participants for some muscles, such as the trapezius, the extensor digitorum communis, the neck extensors, the infraspinatus and the deltoid muscles (Computing tasks): [START_REF] References Alkjaer | Effect of aging on performance, muscle activation and perceived stress during mentally demanding computer tasks[END_REF][START_REF] Hsiao | The effect of aging on muscle activation and postural control pattern for young and older computer users[END_REF][START_REF] Laursen | Shoulder muscle activity in young and older people during a computer mouse task[END_REF][START_REF] Laursen | Performance and muscle activity during computer mouse tasks in young and elderly adults[END_REF]Qin et al., 2014a). It must also be highlighted that other studies reported no significant age-related differences in levels of muscular loads or kinematic responses [START_REF] Chaparro | The impact of age on computer input device use: Psychophysical and physiological measures[END_REF][START_REF] Christensen | Muscle activity and fatigue in the shoulder muscles of assembly-plant employees[END_REF][START_REF] Jiang | Effects of age on muscle activity and upper body kinematics during a repetitive forearm supination task[END_REF]. Age-related effects were also observed in kinematic or postural adaptations of the upper limb when performing a computing task. The oldest participants presented different adaptations compared to the youngest, in particular with regard to the level of scapular elevation (Qin et al., 2014b), angle of the neck, shoulders, elbow and wrist [START_REF] Hsiao | The effect of aging on muscle activation and postural control pattern for young and older computer users[END_REF]. Finally, and more broadly, increasing age was linked to differences relative to younger participants when engaging back movements and movement of the lower limbs during repetitive tasks involving manual handling [START_REF] Boocock | Age-related differences do affect postural kinematics and joint kinetics during repetitive lifting[END_REF][START_REF] Gilles | Motor adaptation capacity as a function of age in carrying out a repetitive assembly task at imposed work paces[END_REF][START_REF] Gilles | Grasping an object at floor-level: Is movement strategy a matter of age?[END_REF]). These differences were particularly observed in terms of amplitude and speed of flexion of the lower limbs.

The stringent time constraints which characterise monotonous assembly-line work are also particularly difficult for ageing workers to comply with. Indeed, as indicated by [START_REF] Xu | The effect of age on the hand movement time during machine paced assembly tasks for female workers[END_REF] in their laboratory study on a simulated light assembly task, for older workers, completion of machine-paced repetitive assembly tasks probably places them at almost their physical limit when performing movements. In the field of ergonomics, time constraints were observed to limit the implementation of leeway [START_REF] Roquelaure | Promoting a Shared Representation of Workers' Activities to Improve Integrated Prevention of Work-Related Musculoskeletal Disorders[END_REF]. However, time flexibility allows ageing workers to adopt strategies to adjust to production issues like temporary acceleration of the work rhythm [START_REF] Volkoff | Does intense time pressure at work make older employees more vulnerable? A statistical analysis based on a French survey "SVP50[END_REF][START_REF] Volkoff | How do elderly workers face tight time constraints[END_REF]. In an automobile manufacturing plant, [START_REF] Gaudart | Conditions for maintaining ageing operators at work -a case study conducted at an automobile manufacturing plant[END_REF] observed the strategies developed by older workers (who changed their operating modes) when seeking to reduce the physical load. These three last studies aimed to identify regularity and protective strategies applied when performing the work, thus making it possible to avoid situations where ageing workers might encounter difficulty because of their reduced functional capacities. More generally, these strategies preserve workers' health by avoiding, in particular, the onset of MSD.

The objective of this laboratory-based study was to assess, for two different age-groups, the effects of two pacing rhythms. To do so, participants performed a light repetitive assembly task with or without flexibility in the cycle duration. Both reference assemblies and customised assemblies were performed; the latter included supplementary operations requiring additional assembly time compared to the reference assembly. It was hypothesised that, during customised assemblies, flexibility of the delivery system would both improve assembly performance and reduce biomechanical load, in particular for older workers. This article presents only the results related to the effect on customised assemblies, the higher time constraints of which could be specifically compensated for by the flexible pacing.

METHODS

Participants

Fourteen young participants (YP) (25-30-years-old) and 14 older participants (OP) (55-60years-old) volunteered for this study. All participants were male, right-handed and had professional experience involving manual work. To avoid gender effects and to limit the number of participants needed for the experiment, we chose to recruit only male participants. The mean age for YP was 27.9-years-old (± 1.5); for OP it was 57.8-years-old (± 1.7). Their mean height was 180 cm (± 8) and 174 cm (± 5), their mean weight was 89.0 kg (± 16.8) and 81.4 kg (±15.5) and their body mass index was 27.5 kg.m-² (± 4.4) and 26.7 kg.m-² (± 4.2) for YP and OP, respectively. All participants gave written informed consent before taking part in this study, the protocol for which was approved by the local ethics committee (CPP EST-III 2012-A00930-43).

Description of the task

Participants were asked to perform a repetitive assembly task simulating an industrial process. Participants had to take a "block", place parts in their allotted positions, apply pressure to the block, then remove the parts and eliminate the block (Figures 1 and2). This task was developed so that both types of movement of the dominant upper limb would be performed by participants: 1) low-amplitude movements requiring little strength but precise placement and removal of the parts, 2) larger amplitude movements combined with static force when the pressure was applied to the block. In this article, we focus only on the placement and removal of the parts (Figure 3).

When performing the task, participants were standing in front of the workstation (Figure 1), which consisted of a supply-rail for the blocks, located to the left, and an evacuation-rail, located on the right. A base on which to position the block was located in the centre of the workstation, directly in front of participants. Six parts, of different shapes and dimensions, were laid out on a support in front of the base. A grip with which to exert pressure on the block was placed behind the base. A computer screen placed at participants' eye-level provided the information necessary for completing the task. The height of the work table was adjusted based on the participants' anthropometric measurements such that the upper part of the block-support was the same as their elbow-ground height.

Insert Figure 1

As they performed the task, participants were asked to perform either reference assemblies or customised assemblies. During a reference assembly, participants started the cycle by taking a block from the supply-rail with their left hand (Figure 1). They placed the block on the base and their left hand on a presence sensor. They were told not to use this hand until they needed to take a block for the subsequent cycle. With their right hand, they successively placed the first five parts, initially found in their support (Figure 2A). The parts had to be specifically positioned in a defined order from part 1 (on the right) to part 5 (on the left). Once the parts had been placed (Figure 2B), participants applied pressure to the block using the grip with their right hand. The force applied to the grip, lasting 2 s, corresponded to around 20% of the participant's maximal strength (recorded before performing the task). A screen-display allowed participants to verify the level of strength to be applied. Then, the five parts had to be removed and successively stored in reverse order to their placement. Finally, the participants placed the block in the evacuation-rail to terminate the cycle.

During a customised assembly, two additional constraints were imposed. First, a sixth part had to be placed (Figure 2C). In addition, the force applied using the grip lasted 3 s rather than the 2 s required for the reference assembly. These customised assemblies allowed the introduction of a higher time constraint. The theoretical cycle-time necessary to perform an assembly was calculated using the method time measurement (MTM) method [START_REF] Karger | La mesure rationnelle du travail MTM et système de temps prédéterminés[END_REF]. It was 22.2 s for a reference assembly and 24.9 s for a customised assembly. The MTM100 base was used for these calculations. Participants were notified three cycles in advance of the arrival of a customised assembly by a vocal message and a visual cue on the screen. When taking the block on which to perform the customised assembly from the supplyrail, the vocal and visual information were repeated. Of all the assembly tasks, 15% (i.e., 20 blocks) were customised. The customised assemblies were randomly positioned in the series of 136 assemblies, taking care that any two customised assemblies were separated by at least three cycles. Their order of appearance was the same for all participants.

Insert Figure 2

Conditions in which the task was performed

Each participant had to perform the assembly task under two different supply conditions to produce an identical product, thus 136 blocks were assembled over a total of 50 minutes:

In the constrained condition (CC), a block was delivered every 22.2 s in the supply-rail (= theoretical cycle-time for a reference block). Participants then had 2 s to take this block and start the assembly cycle. If the block had not been taken within the allotted time, it was ejected from the supply-rail and a production penalty was applied. Participants were instructed to only take a block from the supply-rail after the block from the previous cycle had been deposited on the evacuation-rail.

In the flexible condition (FC), supply was not paced at 22.2 s. Participants could accelerate or slow down without incurring production penalties, but only over three consecutive cycles. Any assembly which lasted 2 s more than or less than the theoretical cycle duration (22.2 s) was considered advance or delay. If participants accumulated an advance during three consecutive cycles, they then had to wait for the supply system to provide the subsequent block. The length of the wait corresponded to the advance accumulated. If participants accumulated a delay during a cycle, the block present on the supply-rail was not systematically ejected after 2 s as in the CC. Ejection of the block only occurred if participants were still behind after three consecutive cycles, in which case a production penalty was applied. Information on the advance or delay, and on the number of consecutive assemblies performed with advance or delay, was indicated on the screen. Flexibility was limited to three consecutive cycles to ensure that all participants completed the same number of production units in the two pace conditions (136 assemblies in 50 minutes in both CC and in FC). Another important point was that participants were not permitted to accumulate delays (and attempt to recover from them) over long periods.

The order in which the two conditions for task-completion (CC and FC) were applied was determined randomly for each of the 14 younger participants. This order was reproduced for the 14 OP. A 10-minute rest was allowed between each condition.

In order to be sure that participants were comfortable with the experimental conditions, the day before the experiment was performed, they were asked to come to the laboratory to familiarise themselves with the task. Initially, the familiarisation was performed without time constraints (no cycle-time set) and participants only performed reference assemblies. Participants were nevertheless incited to maintain a rapid rhythm. This initial familiarisation was considered satisfactory when participants completed assembly of a series of 10 consecutive blocks within a stable cycle-time close to or shorter than 22.2 s (the theoretical cycle-time set for the protocol). Participants then completed two 15-minute assembly periods to familiarise themselves with the two task-completion conditions (CC and FC).

Measurements and analyses

Assembly durations and production penalties

The real duration of each assembly was recorded, between the time when the block was taken from the supply-rail until it was placed on the evacuation-rail. The number of production penalties (blocks ejected from the supply-rail) was also recorded for each condition.

Electromyographic (EMG) data

A surface EMG system (Cometa, Wave Plus™) was used to record the activity of six superficial muscles on the right side: the flexor digitorum superficialis (FDS), the extensor digitorum communis (EC), the biceps brachii (BB), the triceps brachii (TB), the medial part of the deltoid (MD) and the upper part of the trapezius (UT). These six muscles were chosen to observe the overall biomechanical load for the upper limb. All these muscles could be involved in MSD occurrence (FDS in carpal tunnel syndrome; EC in epicondylitis; BB, TB and MD in rotator cuff syndrome; UT in trapezius myalgia). Two electrodes (BlueSensor N-00-S, Ambu) were placed for each muscle, on shaved skin. They were aligned along the axis of the muscle fibres with an inter-electrode distance of 2 cm. The skin-electrode impedance was less than 5 kΩ. Electrodes were placed according to the recommendations published by SENIAM [START_REF] Hermens | SENIAM 5 -The state of the art on sensors and sensor placement procedures for surface electromyography : a proposal for sensor placement procedures[END_REF] and [START_REF] Zipp | Recommendations for the Standardization of Lead Positions in Surface Electromyography*[END_REF]. The signals, sampled at 2000 Hz and amplified (x1000), were filtered by band-pass (10-500 Hz). The Root Mean Square (RMS) value was then calculated for each of the EMG signals over 100-ms sliding windows with a 0.5-ms step. The starts and ends of data acquisition were automatically recorded by sensors placed under the block. Before the experiment, the maximal voluntary activity was determined successively for each muscle by performing two voluntary maximal isometric contractions, each lasting 5 seconds. A 2-minute rest period was allowed between the two contractions. The highest RMS value was retained to normalise (as a %) the EMG signals recorded during the assembly task. Maximal isometric contractions were measured for each subject and the different muscle groups as follows. For the FDS and the EDC muscles, the subject was seated with his forearm resting horizontally on a support. The subject's upper arm remained in a vertical position and his hand was unsupported. The palm of the subject's hand faced the floor. A non-elastic strap was placed around his hand at the metacarpal-phalangeal joints. For the FDS muscle, the subject was asked to perform a maximal wrist and finger flexion and, for the EDC muscle, he had to perform a maximal wrist and finger extension. For the BIC and TRI muscles, the subject was seated with his forearm in a horizontal position and elbow flexed at 90° to the horizontal, with his wrist in a neutral position and his hand unsupported. A non-elastic strap was placed around his wrist perpendicular to his forearm. For the BIC muscle, the subject was asked to perform a maximal elbow flexion and, for the triceps muscle, a maximal elbow extension. For the DEL muscle, the subject sat with his elbow flexed to 90° and his shoulder abducted to 45°. A non-elastic strap was attached to the floor behind the subject and passed just over his elbow joint, perpendicular to the arm. The subject was asked to perform a maximal shoulder flexion. For the UT muscle, the subject stood with arms vertical and holding a handle with both hands. The handle was attached to the floor with a non-elastic strap adjusted in length so that the subject would have to exerted a shrug effort by pulling the handle up vertically. To estimate the muscle activity during the task, the amplitude of probability density function (APDF) was used to determine the 10 th , 50 th and 90 th percentiles of the RMS values (indicated as p10, p50 and p90, respectively). Muscle load is classically investigated using these parameters, and consequently the results here are comparable with those of previous studies. These three descriptors were analysed as the five parts were placed and removed from the block (Figure 3). A mean value of these two contributions was then calculated. For custom assemblies, only the placement and removal of the first five parts was analysed.
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Kinematic data

Kinematic data were recorded using an optoelectronic system (Vicon 460®). They were used to model the postures adopted and movements made by the participants. 3D modelling of each control was computed with Motion Inspector® software. Modelling was based on three combined models: i) an anthropometric model using 67 anthropometric measurements for each participant [START_REF] Hanavan | A Mathematical Model of the Human Body[END_REF]; ii) an inverse dynamic model using the forces and moments exerted at ground-level, as recorded using an AMTI®-type force plate, and the forces and moments exerted on the assembly table, recorded using an ATI® 3D sensor. All dynamic signals were recorded at a frequency of 200 Hz; iii) a kinematic model using the displacement of 39 passive markers -placed on the participant relative to selected anatomical landmarksmeasured at a frequency of 50 Hz. These three combined models were used to compute 14 body segments (two feet, two legs, two thighs, one pelvis, one abdomen, one thorax, two arms, two forearms, and one head) and to reconstruct joint centres corresponding to the joints linking the different segments. The Euler angles were calculated from the joint centres constructed from the models above, and in line with the recommendations of the International Society of Biomechanics [START_REF] Wu | ISB recommendations for standardization in the reporting of kinematic data[END_REF][START_REF] Wu | ISB recommendation on definitions of joint coordinate system of various joints for the reporting of human joint motion-part I: ankle, hip, and spine[END_REF]. First, participants' overall posture was assessed to check whether participants modified their posture with a potential effect on movements performed according to the factors we investigated (age, pace, conditions). checked. When performing assemblies, relative positions of joint centres between the right and the left sides of each participant's body were examined. The gap between both ankles, both knees, both hips and both shoulders were determined. Additional analyses were focused on the parameters of movement of the upper right arm: the maximal speeds and amplitudes of anteroposterior and vertical displacements of the wrist, the flexion-extension angles of the shoulder and elbow and the abduction-adduction angles of the shoulder. These parameters were studied for two phases: placement of the parts on the block; and removal of the same parts (Figure 3). For customised assemblies, like for the EMG data, movements required for the 6 th part were not analysed. For each of the phases studied (placement and removal of parts), only the movements corresponding to the displacement of the parts are presented in the results. Movements of the empty hand, between two displacements of parts, were not considered.

Statistical analyses

The production penalties were statistically analysed using "participant" as a random effect in a Poisson regression; the number of penalties per participant was the factor to be explained, and the age-group (YP, OP) and assembly conditions (CC, CF) were explanatory factors. The threshold for statistical significance was p < 0.05.

The variables characterising the assembly durations, muscular activity and kinematic data were fitted to a mixed linear model taking the participant as random effect and the age-group, assembly conditions, type of assembly (reference or custom) and all the 2nd-and 3rd-order interactions between these three factors as fixed effects. These analyses were performed on 20 (number of blocks) x 2 (conditions) x 28 subjects = 1120 data points. The hypotheses relating to residual normality for these models were verified by inspection of the graph representing the residual distributions. Following this inspection logarithmic transformations were applied to the values of the assembly durations and EMG signals. The statistical inferences were based on a series of predefined contrasts produced by the model which associated a p-value for significance with each of the contrasts. As the model included all the interactions, these contrasts were defined using the three independent variables considered. The contrast could be between participants (e.g. YP versus OP in the CC condition during customised assembly) or for the same participant (e.g. CC versus FC for younger participants during customised assembly). For the cycle duration and EMG and kinematic data, a contrast was considered significant at p < 0.05. No correction for multiplicity was applied. All statistical analyses were performed using Stata software (versions 12 and 13).

RESULTS

As indicated in the introduction, only results relating to customised assemblies are presented in this article. Because of the additional operations necessary during these assemblies, they appeared more relevant to assess the effects of constrained pacing compared to a more flexible pacing approach.

Duration of custom assembly cycles

The durations of the customised assemblies for each age-group (YP versus OP) and the assembly conditions (CC versus FC) are presented in Table 1.

For both age-groups considered, the duration of customised assembly was significantly longer for the FC than for the CC condition (p < 0.001).

The duration of custom assembly cycles was significantly shorter for YP than for OP only in the CC condition (p < 0.001). No age-linked effect was observed in the flexible condition.
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Production penalties

The distribution of participants (expressed as a %) as a function of the number of penalties applied and the age-group (YP versus OP) and the assembly conditions (CC versus FC) are presented in Table 2. No interaction between factors was observed, but a significant effect (p < 0.05) was observed individually for the "Condition" and "Age" factors.
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Muscular activity

The estimations derived from the model for the values of the 10th, 50th and 90th percentiles (upper limit of the 95% confidence interval) for the muscles studied in this investigation are presented in Figure 4 as a function of age (YP, OP) and assembly condition (CC, FC).

For both assembly conditions (CC or FC), the values of the 10th, 50th and 90th percentiles for the FDS, BB and UT muscles were significantly greater in OP than in YP (p < 0.05).

For both age-groups (YP, OP), FC was associated with a significant (p < 0.05) reduction in the 10th, 50th and 90th percentiles for all the muscles studied except for the trapezius. Indeed, for the latter, the 10th percentile in YP and OP, and the 50th percentile in OP alone was significantly (p < 0.05) higher in the FC than in the CC conditions.

Insert Figure 4 3.4. Kinematic data

Overall posture

There was no significant difference between the two age-groups nor between the conditions in which the task was performed when examining positioning of participants during the assembly activity. Participants showed a tendency (p = 0.05) to place the right-hand upper half of the body slightly forward compared to the left-hand side (~ 50 ± 10 mm), and this advance was associated with a slight elevation of the right shoulder relative to the left (~ 10 ± 5 mm). This slight systematic asymmetry was coherent with the displacements of the upper right limb required to perform the task.

Maximal speed of the right wrist

Statistical analyses of the data related to the speed of displacement of the right wrist are summarised in Figure 5.

The age effect was not systematic. Thus, when moving the wrist according to the anteroposterior axis, the speed was significantly faster (p < 0.001) for YP compared to OP when placing parts, but only in the CC condition. In contrast, it was significantly slower (p < 0.001) for YP compared to OP when removing parts, in both CC and FC conditions. For movements in the vertical axis, only placement of parts presented a significantly higher speed (p < 0.001) for YP compared to OP in both assembly conditions. Once again, no Age-Condition interaction was observed.

For the two age-groups, the results showed significant (p < 0.001) reductions in maximal anteroposterior and vertical speeds between the CC and FC conditions as well as during the placement and removal of parts.
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Amplitude of displacement of the right wrist

The configurations of the workstation imposed a very constrained movement in terms of trajectories and a very low amplitude of displacements (on average 128 mm anteroposterior and 100 mm vertical, Table 3).

In general, the movement amplitude was significantly higher (p < 0.001) for OP compared to YP in the anteroposterior axis, but the opposite was observed for the vertical axis.

When comparing CC and FC, no significant differences in anteroposterior and vertical displacement amplitudes for the right wrist were observed.
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Joint amplitudes of the upper right limb

The joint amplitudes for the shoulder and elbow were monitored during movement of parts from their storage containers towards the block and their removal, from the block towards the containers (Figure 6).
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The flexion amplitude for the right shoulder in YP was significantly (p < 0.001) greater than that for OP during placement of parts. In contrast, during removal of parts, the flexion amplitude observed for YP was significantly (p < 0.001) smaller than that measured for OP. During placement of parts, the abduction amplitude for the shoulder and the flexion amplitude for the elbow in OP was significantly (p < 0.001) greater than those measured for YP. During removal of the parts, no significant differences were observed for these amplitudes between the two age-groups. These results were observed both in the CC and in the FC conditions.

Between CC and FC, no significant variations in joint amplitudes were observed whether during placement or removal of parts.

DISCUSSION

The present study was related to the impact of temporal leeway on biomechanical loads in an ageing workforce. During the completion of customised assemblies, this study aimed to characterise the effects of age and a more or less flexible pacing system on work performance, muscular constraints and kinematic adaptations. The results supported our initial hypothesis that flexible pacing improved work performance and reduced biomechanical load during this type of customised assembly. This flexibility was observed to be beneficial for all participants, not just older participants.

Experimental context

The task was designed as a light repetitive assembly task similar to those commonly observed in the industrial sector. It had to be possible for both young and older participants to perform relatively easily (i.e., during 50-minute periods). This condition required us to determine a cycle-time using the MTM method [START_REF] Karger | La mesure rationnelle du travail MTM et système de temps prédéterminés[END_REF]. This method is commonly used in industry to calculate cycle-times and has already been used in research investigating repetitive work [START_REF] Bosch | The effect of work pace on workload, motor variability and fatigue during simulated light assembly work[END_REF][START_REF] Dempsey | Influence of three principles of pacing on the temporal organisation of work during cyclic assembly and disassembly tasks[END_REF][START_REF] Mathiassen | Physiological comparison of three interventions in light assembly work: reduced work pace, increased break allowance and shortened working days[END_REF]. The customised assemblies studied here represented a marked time constraint in the CC assembly conditions as they had to be performed within the same time-frame as reference assemblies. It therefore appeared relevant to study the potential effect of the flexible condition. The MTM pace selected was MTM100 even though, in industry, the pace is currently more often MTM110 or MTM120. However, for this laboratory study, all subjects had to be able to successfully complete the assemblies without an excessively long familiarisation time. We expected that application of MTM100 would facilitate achievement of this goal for older participants in particular.

The assembly task proposed in this protocol could be broken down into different actions (Figure 3). Nevertheless, we chose to focus mainly on the sequences involving placement and removal of the small parts as these steps were the most difficult to perform, in particular for OP. Indeed, placement and removal of the small-sized parts mainly required fine motor control of the fingers, and this type of motor control is known to decline with age [START_REF] Desrosiers | The Purdue Pegboard Test: normative data for people aged 60 and over[END_REF]. The age-range for the OP group is not that old compared to the general population. However, this age-group corresponded to a growing population of older workers now employed in industrial companies in Europe. The functional capacities (e.g. muscular strength, dexterity, etc.) of these older workers have already started to decrease [START_REF] Desrosiers | The Purdue Pegboard Test: normative data for people aged 60 and over[END_REF][START_REF] Mathiowetz | Grip and pinch strength: normative data for adults[END_REF], and this decrease may be inconvenient in specific situations. Finally, it is also important to underline that our supply system in the more flexible conditions varied the duration of the assembly without altering overall productivity at the end of the 50minute period (production of 136 assemblies). This aspect is essential for companies who wish to prevent the onset of MSD while nevertheless maintaining their productivity levels.

Age-linked effects with a restrictive rhythm

In the CC condition, participants had to perform customised assemblies within 22.2 s (cycletime imposed by the protocol), whereas the theoretical cycle-time for customised blocks was 24.9 s. This condition therefore set a high time constraint, and the assembly time and number of penalties incurred was higher for OP compared to YP in these conditions.

These results corroborated previous reports on computer tasks performed under temporal constraints [START_REF] References Alkjaer | Effect of aging on performance, muscle activation and perceived stress during mentally demanding computer tasks[END_REF][START_REF] Laursen | Performance and muscle activity during computer mouse tasks in young and elderly adults[END_REF], and highlighted the increased difficulty of this type of task for older workers.

The intensity of the muscular activities observed in the present study was entirely comparable to those presented in other studies reporting on light repetitive work in the industrial sector [START_REF] Balogh | Increasing the degree of automation in a production system: Consequences for the physical workload[END_REF][START_REF] Jensen | Shoulder Muscle Load and Muscle Fatigue among Industrial Sewing-Machine Operators[END_REF][START_REF] Nordander | Gender differences in workers with identical repetitive industrial tasks: exposure and musculoskeletal disorders[END_REF][START_REF] Veiersted | Electromyographic evaluation of muscular work pattern as a predictor of trapezius myalgia[END_REF]. The levels of activity of the FDS, BB and UT muscles were higher for OP than for YP. Although the differences were not significant, similar trends were observed for the EC, TB and MD muscles. These results confirm those presented in other studies reporting higher levels of muscular activity in older participants compared to younger participants, in particular for the trapezius muscle during repetitive assembly tasks (Qin et al., 2014a). Other authors also reported similar observations for the neck extensor muscles [START_REF] Laursen | Shoulder muscle activity in young and older people during a computer mouse task[END_REF], carpal or finger extensor muscles [START_REF] Hsiao | The effect of aging on muscle activation and postural control pattern for young and older computer users[END_REF][START_REF] Laursen | Performance and muscle activity during computer mouse tasks in young and elderly adults[END_REF] and deltoid muscles [START_REF] Laursen | Shoulder muscle activity in young and older people during a computer mouse task[END_REF] when participants performed tasks involving on-screen work. The marked time constraint associated with the CC condition, the decrease in manual skills with increasing age which is associated with an increase in the strength necessary for grasping [START_REF] Gilles | Age-related changes in grip force and dynamics of hand movement[END_REF][START_REF] Kinoshita | A comparison of prehension force control in young and elderly individuals[END_REF], and the drop in dexterity [START_REF] Desrosiers | The Purdue Pegboard Test: normative data for people aged 60 and over[END_REF] could all be contributing factors in the higher muscular activities observed for OP compared to YP when completing a light repetitive assembly task.

The different kinematic parameters used to analyse movements during task performance produced complex results. Thus, the anteroposterior and vertical speeds of the right wrist were higher for YP compared to OP when placing parts. In contrast, during removal of parts, a faster anteroposterior speed was measured for OP than for YP and no difference in vertical speed was observed between the two groups. Similarly, shoulder flexion was higher in YP than OP during placement of parts, but higher in OP during removal of parts. The two trajectories, transporting a part away from oneself or bringing it closer, are therefore not equivalent in terms of movement control. These results are in agreement with the model of posture-based motion planning developed by Rosenbaum and co-authors [START_REF] Bosga | Deliberate control of continuous motor performance[END_REF][START_REF] Rosenbaum | Planning reaching and grasping movements: theoretical premises and practical implications[END_REF][START_REF] Rosenbaum | Remembered positions: stored locations or stored postures?[END_REF]. Our results highlight the importance of the final posture in motor control when performing a task requiring controlled displacement of the upper limb. Nevertheless, these results also point out the contributions of the experimental conditions and the age factor. In our protocol, a marked time constraint was imposed in the CC assembly condition. This time constraint was combined with a high demand for precision when placing and removing parts, a context which appeared more problematic for OP than for YP. This conclusion is supported by the higher number of penalties observed for OP compared to YP. In addition, the penalties were often incurred following difficulties placing parts in the corresponding slots, mainly during their placement on the block.

The high time constraint in the CC condition, associated with decreased manual dexterity and the age-related increase in strength necessary for grasping an object are the main elements explaining the increased muscle exertion observed for OP compared to YP. Particularly for OP, these two difficulties of time and dexterity can place higher constraints on participants with respect to their physical capacity. The adaptations implemented were more difficult for older participants to apply as they required them to work closer to their maximum capacity [START_REF] Xu | The effect of age on the hand movement time during machine paced assembly tasks for female workers[END_REF].

Effects linked to leeway afforded by a flexible rhythm

Allowing temporal leeway provides flexibility in task-completion. In this condition, the production penalties were strongly reduced and reached low levels for both OP and YP.

In the FC assembly condition, a reduction in anteroposterior and vertical speeds of the right wrist was observed for both OP and YP, and no significant difference was observed between OP and YP for the amplitude of movement of the right wrist or for the joint angles measured. In addition, the flexible condition reduced the time constraint by extending the mean duration of customised assemblies both for YP and OP. Indeed, the duration of assembly no longer presented a difference between age-groups in this condition. However, the longer assembly duration in the flexible condition did not impact the overall production rate when the two pacing conditions were compared. With reference to the work of [START_REF] Dempsey | Influence of three principles of pacing on the temporal organisation of work during cyclic assembly and disassembly tasks[END_REF] and [START_REF] Carrasquillo | Effect of cycle to cycle task variations in mixed-model assembly lines on workers' upper body and lower back exertions and recovery time: A simulated assembly study[END_REF], this slowing down was very probably associated with a reduction in "off" time in the flexible condition compared to the constrained condition (this parameter was not measured in the current study). "Off" times correspond to periods of waiting without movement between two assemblies. If this time was reduced, the flexible pacing would allow a more fluid work rhythm with fewer discontinuities in rhythm than the constrained condition. This fluid work rhythm could also be the reason for the reduction in the number of production penalties in the flexible condition compared to the constrained condition.

With regard to muscular loads, our results indicated that -even when performing a very light task -the flexible rhythm allowed a small, but significant, reduction in activity of all the muscles studied, with the exception of the UT muscle for which the activity increased slightly in the flexible rhythm condition compared to the constrained rhythm condition. This overall reduction in muscle activity was observed for both OP and YP. Nevertheless, in the flexible condition, muscular activity remained higher for OP than for YP. The reductions in muscular activity could be explained by the increase in time taken to complete assemblies and the reduction in the speed at which movements were executed. Indeed, a reduction in the work pace could be associated with a reduction in muscular activity [START_REF] Gooyers | The impact of an increase in work rate on task demands for a simulated industrial hand tool assembly task[END_REF][START_REF] Mathiassen | Physiological comparison of three interventions in light assembly work: reduced work pace, increased break allowance and shortened working days[END_REF], and the flexible condition was effectively associated with reduced overall muscle activity. Consequently, the increase in static load on the right trapezius observed for both young and older participants was somewhat unexpected as previous studies reported an increase in the activity of the trapezius muscle as a result of an increase in work rhythm [START_REF] Laursen | Effect of speed and precision demands on human shoulder muscle electromyography during a repetitive task[END_REF][START_REF] Mathiassen | Physiological comparison of three interventions in light assembly work: reduced work pace, increased break allowance and shortened working days[END_REF]. In our study, the increase observed in the flexible condition could be linked to the higher mental workload [START_REF] Lundberg | Psychophysiological stress and EMG activity of the trapezius muscle[END_REF][START_REF] Waersted | Attention-related muscle activity in different body regions during VDU work with minimal physical activity[END_REF] as participants had complementary information relating to their advance or delay compared to the theoretical cycle-time. The fact that only three consecutive cycles were allowed to regulate production rhythm may have contributed to this increase in mental workload; if participants had been allowed to "spread" their production over a higher number of cycles the mental workload might have remained stable. However, this hypothesis could not be verified.

Relevance to designers

Modern assembly-line designs are mainly focused on production criteria. One of the objectives of this study was to sensitise designers to the importance of including human factors, and in particular, those related to operators' age when designing assembly lines. Previously, a production line allowed the assembly of a limited number of references. Today, in contrast, assembly lines must be compatible with the assembly of a very large number of products presenting a variable number of differences. Starting from a reference product, the designer must consider the assembly of all the other customised products. The reference product is generally the simplest to assemble, or the most frequently assembled on the line. It can thus be considered to represent the average assembly time. If customised products are simpler to assemble than the reference product, operators have a chance for a rest. However, in some modes of organisation, such as lean manufacturing, the designer will seek to eliminate these non-value-added periods. In contrast, if the customised products require additional operations compared to the reference product, the assembly time will be longer. This scenario was retained for the present study. A very constrained process without temporal leeway will require operators to adopt an accelerated working rhythm. This acceleration can be particularly constraining for older workers who have weaker functional capacities than younger workers. In our study, when operators made customised assemblies in the constrained mode, they were required to adopt a pace slightly higher than MTM110. This pace is far from rare on modern assembly lines, where a pace of MTM120 is frequently observed. One of the possibilities of regulation for the designer is to allow operators to create "buffer stocks", but their introduction depends on several elements. In particular, the dimensions of the product assembled are a decisive factor. If the dimensions are large, the implementation of buffer stocks will require large spaces, which are not always compatible with what is available. Thus, for example in automobile construction, no buffer stocks can be created. As a result, operators must systematically perform all their scheduled operations on each vehicle in their dedicated work zone. If they encounter difficulties during assembly, operators can call on a colleague for help, or in extreme situations ask for the line to be stopped. These interventions have a significant impact on production, particularly if the line has to be stopped. The notion of penalty was retained for this study as a parallel to these situations. Our results underline the benefit of introducing temporal leeway into production. When leeway was allowed, all the participants, in particular older participants, presented less significant biomechanical solicitation. In addition, in terms of production, the number of penalties was reduced. Designers should therefore take the importance of temporal leeway into consideration when designing assembly lines. This leeway allows all workers, including older workers, to comfortably deal with the array of products assembled while guaranteeing an identical production rate.

Limitations of the study

This study was performed in a laboratory on a limited cohort of participants, and in particular the voluntary older participants were all in relatively good perceived health (data collected but not presented here). The type of work described when recruiting participants may have discouraged some older people whose health may have been affected by years of repetitive work. In addition, exclusion from the study of two older participants, for health reasons or because they were unable to perform the task at the required pace, may have contributed to a "healthy worker" effect. In addition, even though a familiarisation phase was included in the protocol, the study did not address the question of experience, which is known to play a significant role, in particular in the motor strategies implemented [START_REF] Madeleine | Standardized low-load repetitive work: evidence of different motor control strategies between experienced workers and a reference group[END_REF]. Thus, direct transposition of these results to an assembly-line should be considered carefully.

The differences in muscular load and joint amplitudes observed associated with the "age" factor, although statistically significant, were related to small values. Thus, it is important to be careful when interpreting the results and their relevance from a physiological point of view. Nevertheless, the very high inter-and intra-participant homogeneity observed for the two age-groups and the two conditions gives weight to these observations. In addition, it is important to remember that the muscular activity and movements performed by participants were themselves of low amplitude. Thus, the differences observed supported reports that older people adopt a different motor strategy compared to younger people when executing the same task [START_REF] Gilles | Grasping an object at floor-level: Is movement strategy a matter of age?[END_REF]. These variations in strategy could either originate from agerelated modifications to functional capacities, or be the result of optimisation for the successful completion of a task through controlled movements, or a combination of both. However, the results available here cannot clarify this point.

EMG normalisation related to maximal voluntary contractions (MVC) may explain the reported differences between YP and OP. As suggested by other authors [START_REF] Mathiassen | Normalization of surface EMG amplitude from the upper trapezius muscle in ergonomic studies -A review[END_REF], normalisation to submaximal voluntary contractions would be more appropriate for some muscle groups. We chose to normalise EMG to MVC to allow comparison of the results to those of other studies investigating light tasks (computer tasks, light assembly tasks) which took the age effect into account [START_REF] References Alkjaer | Effect of aging on performance, muscle activation and perceived stress during mentally demanding computer tasks[END_REF][START_REF] Hsiao | The effect of aging on muscle activation and postural control pattern for young and older computer users[END_REF][START_REF] Laursen | Shoulder muscle activity in young and older people during a computer mouse task[END_REF][START_REF] Laursen | Performance and muscle activity during computer mouse tasks in young and elderly adults[END_REF]). An additional advantage of using MVC is that it allows the differences observed between YP and OP to be compared to the maximal solicitation level.

CONCLUSION

Even if it is important to consider the results carefully, they suggest that allowing temporal leeway, at an equivalent production rate, could help decrease biomechanical loads while simultaneously contributing to preserving the health of all workers, whatever their age. Indeed, activity in most of the muscles studied was observed to be significantly reduced in the flexible working conditions. Similarly, movements were performed at a slower speed and possibly with greater fluidity. Finally, overall work performance was also higher in the flexible conditions, especially for the oldest segment of the working population. It is nevertheless important to remain aware that the task investigated required fine manual dexterity, which is more demanding for older participants. Thus, in particular for ageing workers with reduced functional capacities, it appears that allowing leeway could help to reduce physical constraints without impacting performance. 
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 1 Figure 1: Workstation placed in front of participants.
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 2 Figure 2: (A) Unassembled block and parts aligned on their storage support, (B) Assembled reference block, (C) Assembled customised block.
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 3 Figure 3: Temporal breakdown of an assembly cycle. Only the EMG and kinematic data corresponding to the placement and removal of parts were analysed for this paper.
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 4 Figure 4: Estimations of the values of the 10 th , 50 th and 90 th percentiles (upper limit of the 95% confidence interval) from the model for the muscles analysed as a function of age (YP, OP) and assembly conditions (CC, FC). * indicates a significant difference (p < 0.05) between CC and FC for the same age-group (YP or OP).  indicates a significant difference (p < 0.05) between YP and OP within the same assembly conditions (CC or FC). FDS = flexor digitorum superficialis; EC = extensor digitorum communis; BB = biceps brachii; TB = triceps brachii; MD = medial part of the deltoid; UT = upper part of the trapezius; YP = Young Participants; OP = Older Participants; CC = Constrained Condition; FC = Flexible Condition.

Figure 5 :

 5 Figure 5: Maximal speed (m/s) and SD of displacement of the right wrist along the anteroposterior and vertical axes during transport of parts from their storage containers towards the block (Placing) and from the block towards their container (Removing). * indicates a significant difference (p < 0.001) between CC and FC for the same age-group (YP or OP).  indicates a significant difference (p < 0.001) between YP and OP within the same rhythm conditions (CC or FC). YP = Young Participants; OP = Older Participants; CC = Constrained Condition; FC = Flexible Condition.

Figure 6 :

 6 Figure 6: Joint amplitude (°) and SD for flexion and abduction of the right (R) shoulder and for flexion of the right (R) elbow during transport of parts from their storage containers towards the block (Placing) and from the block towards their storage containers (Removing).  indicates a significant difference (p < 0.001) between YP and OP within the same assembly conditions (CC or FC). YP = Young Participants, OP = Older Participants; CC = Constrained Condition; FC = Flexible Condition.
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