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The mobility of the healthy shoulder depends on complex interactions between the muscles spanning its glenohumeral joint. These interactions ensure the stability of this joint. While previous studies emphasized the complexity of the glenohumeral stability, it is still not clear how the kinematics and muscles interact and adapt to ensure a healthy function of the glenohumeral joint. To understand the function of each muscle and degree of freedom of the glenohumeral joint in executing an above-the shoulder box handling task while ensuring stability, we adapted an index-based approach previously used to characterize the lower limb joint and muscle function during locomotion. Forty participants lifted two loads (6 Vs. 12 kg) from hip to eye level. We computed the glenohumeral degrees of freedom and its spanning muscles mechanical powers. We characterized the function of muscles and degrees of freedom using the function indices. The function of the glenohumeral joint underlined its compliancy and design for a large range of motion, while the rotator cuff indices emphasized their stabilizing function. The overall muscle functions underlined the complexity of the glenohumeral stability that goes beyond the rotator cuff. Additionally, the load increase was compensated with changes in the degrees of freedom and muscle functions that seem to favor joint stability. The implemented approach represents a synthetized tool that could quantify the glenohumeral joint and muscles behavior during tridimensional upper limb tasks, which might offer additional insight into motor control strategies, functional alterations related to pathologies or adaptations to external parameters (e.g., load).

INTRODUCTION

The upper limb is regularly recruited in daily activities. However, due to its neuromusculoskeletal complexity, the understanding of its functional anatomy is still limited. With the evolution of the erect posture in humans, the upper limb evolved to ensure dexterous manipulation over a wide range of motion. Nevertheless, the upper limb is often recruited for load bearing activities, particularly during occupational handling tasks. The shoulder healthy function, particularly that of its glenohumeral joint depends on intricate interactions between its various muscles [START_REF] Inman | Observations of the Function of the Shoulder Joint[END_REF]. In order, for shoulder muscles, to actuate and actively stabilize the glenohumeral joint throughout its large range of motion, they have long fascicle lengths, such that their working range remains within the force-length curve middle section [START_REF] Veeger | Shoulder function: The perfect compromise between mobility and stability[END_REF]. While classical biomechanical approaches predict coordinates and moments of each joint degrees of freedom (DOF), as well as muscle activation and lengths, it is difficult to use their results to draw conclusions on the upper limb joint and muscle behaviors during a handling task. Indeed, the variation of muscle force directions and moment arms during three-dimensional tasks hinders the identification of a sole muscle function. Additionally, while muscle behavior is strongly dependent on the forcelength and force-velocity curves [START_REF] Lappin | Storage and recovery of elastic potential energy powers ballistic prey capture in toads[END_REF][START_REF] Richardson | Intrinsic Musculoskeletal Properties Stabilize Wiping Movements in the Spinalized Frog[END_REF], using these curves to infer muscle functions during a dynamic task remains difficult due to their complex interactions. As muscle architectural features have an impact on its behavior, and thus on the joint function [START_REF] Biewener | Locomotion as an emergent property of muscle contractile dynamics[END_REF], an approach that synthesizes muscle forces and length change is expected to shed a light on the upper limb function. According to [START_REF] Dickinson | How Animals Move: An Integrative View[END_REF], muscle function can be split into four categories: strut, spring, motor and damper. A strut function expresses the capacity to generate large muscle forces (or joint moments) with little change in muscle length (or joint angle). Such behavior would be beneficial for rotator cuff muscles, particularly for their stabilizing action but not for joints with large range of motion. A spring-like behavior expresses the capacity of a structure to store and release elastic energy; a motor-like behavior characterizes a structure that generates positive energy; while a damper-like behavior characterizes a structure that relies on muscle contraction to absorb energy. These four behaviors have been quantified through indices calculated using mechanical energy. While initially introduced for muscles, these categories have also been extrapolated to describe joint behavior. Indeed, this approach successfully identified lower limb joints and muscles functions during walking and running [START_REF] Lai | Muscle-specific indices to characterise the functional behaviour of human lower-limb muscles during locomotion[END_REF][START_REF] Qiao | Leg joint function during walking acceleration and deceleration[END_REF]. Implementing such approach to study the glenohumeral joint would shed a light on the upper limb motor strategies. However, as the healthy function of this joint relies on muscle co-contraction, predicting muscle forces that express the coactivation of muscles is critical to predict their function.

Our previous work on the effect of sex and load on the biomechanics of a lifting task presented the complexity of the upper limb biomechanics, as well as the interactions of the various biomechanical variables for a relatively straightforward lifting task [START_REF] Bouffard | Sex differences in glenohumeral muscle activation and coactivation during a box lifting task[END_REF][START_REF] Martinez | Sex differences in upper limb musculoskeletal biomechanics during a lifting task[END_REF][START_REF] Martinez | Sex differences in upper limb 3D joint contributions during a lifting task[END_REF]. While sex-load interactions were found for joint kinematics (differences linked to the load lifted by women), no sex-load interactions were observed for muscles' activations estimated using musculoskeletal models, nor for their electromyographic signals (EMG). Additionally, no load effect was observed for the relative time spent beyond a critical shear-compression dislocation ratio for the glenohumeral joint reaction force of all participants, despite the increased muscle activation. Local adaptations within the glenohumeral joint could explain the disparity of these results. Indeed, for pointing tasks, shoulder fatigue was reported to induce differences in the shoulder kinematics and in those of the trunk and elbow [START_REF] Yang | Effects of different fatigue locations on upper body kinematics and inter-joint coordination in a repetitive pointing task[END_REF]. Accordingly, an analysis of the adaptations within the glenohumeral DOF and muscle functions could explain why no changes are observed for muscle activations and why seemingly the load does not impact the glenohumeral risk of dislocation.

The objective of this study is to further understand the glenohumeral joint and its muscles functions using an energy index-based approach during a lifting task. It was hypothesized from observation of the shoulder structure and function (multiple joints with scapulohumeral rhythm, large mobility range and muscles with long fascicles) that this approach should yield a minimal strut behavior for the glenohumeral joint DOFs irrespective of sex and load. On the other hand, scapulohumeral muscles, particularly the rotator cuff muscles that act as stabilizers, should mainly have a strut behavior. A secondary objective of this study is to analyze the effect of sex and load on the mechanical power and the predicted behaviors in light of our previous results regarding biomechanical parameters during a lifting task [START_REF] Bouffard | Sex differences in glenohumeral muscle activation and coactivation during a box lifting task[END_REF][START_REF] Martinez | Sex differences in upper limb musculoskeletal biomechanics during a lifting task[END_REF][START_REF] Martinez | Sex differences in upper limb 3D joint contributions during a lifting task[END_REF]. It is hypothesized that functional adaptations to load within the glenohumeral joint and musculature would occur. Particularly, an increase in the damper-like behavior of joint DOF and muscles is expected to counter the increased risk of injury associated with the increased load, pointing out complex adaptation strategies of the upper limb.

METHODS

Data collection

The raw data previously used by [START_REF] Martinez | Sex differences in upper limb musculoskeletal biomechanics during a lifting task[END_REF] was used. Forty participants who had no history of upper limb diseases performed a box handling task. The research protocol was approved by the University of Montréal ethics committee (n o 15-016-CERES-P). All participants provided their informed consent prior to the experimentation. A brief presentation of the experimental setup is described hereafter, see supplementary material for a detailed description.

The kinematics of the participants' trunk and right upper limb, and that of the box were tracked using 42 reflective markers. Bipolar surface EMG electrodes were used to measure the activation of 10 muscles: anterior, median and posterior deltoids, biceps, triceps, pectoralis major, latissimus dorsi, upper and lower trapezius and serratus anterior.

Infraspinatus, supraspinatus and subscapularis activations were recorded using indwelling electrodes. The linear envelopes of the EMG signals were normalized to the maximal voluntary contraction [START_REF] Dal Maso | Optimal Combinations of Isometric Normalization Tests for the Production of Maximum Voluntary Activation of the Shoulder Muscles[END_REF]. The participants moved a box (6 or 12 kg) between two shelves from hip to eye level. Forces and moments between the right hand and the box were measured using a six-dimensional force sensor.

Neuro-musculoskeletal model

A musculoskeletal model was developed in Opensim [START_REF] Delp | OpenSim: Open-Source Software to Create and Analyze Dynamic Simulations of Movement[END_REF] from the shoulder model of [START_REF] Wu | Subject-specific musculoskeletal modeling in the evaluation of shoulder muscle and joint function[END_REF]. The acromioclavicular and glenohumeral joints were both modelled as 3-DOF joints, while the sternoclavicular joint, the elbow and wrist were each modelled as 2-DOF joint. The glenohumeral joint DOFs sequence was plane of elevation, elevation and axial rotation [START_REF] Wu | ISB recommendation on definitions of joint coordinate systems of various joints for the reporting of human joint motion--Part II: shoulder, elbow, wrist and hand[END_REF]. The generic model was first anthropometrically scaled to match the markers positions during a static trial in the anatomical position. The joint angles and moments were predicted using Opensim's inverse kinematics and inverse dynamics, respectively [START_REF] Delp | OpenSim: Open-Source Software to Create and Analyze Dynamic Simulations of Movement[END_REF]. Our study was focused on the glenohumeral joint DOFs and the muscles acting on it. Out of the 17 musculotendon units actuating the glenohumeral joint, three had no experimental EMG. The scaled models were further personalized by calibrating their neuromuscular parameters (e.g. optimal fiber length) using the CEINMS toolbox [START_REF] Pizzolato | CEINMS: A toolbox to investigate the influence of different neural control solutions on the prediction of muscle excitation and joint moments during dynamic motor tasks[END_REF]. The personalized models were then used to predict muscle forces and fiber contraction velocities in CEINMS using an EMG-assisted scheme, while implementing a fiber-tendon equilibrium constraint. The calibration and muscle force prediction processes are described in supplementary material.

Analysis

We calculated the glenohumeral joint 3-DOF powers as the product of their respective generalized moments and angular velocities. The muscle fiber power was calculated as the product of the fiber's tension and its contractile velocity. DOF and fiber powers were reported for men and women with both loads. To evaluate the function of each DOF and each fiber during the box-handling tasks, we calculated four indices that describe the mechanical behavior of an entity as a strut, a spring, a motor and a damper (i.e., function indices). The indices were defined to have a cumulative sum of 100% and are fully described in [START_REF] Lai | Muscle-specific indices to characterise the functional behaviour of human lower-limb muscles during locomotion[END_REF] and [START_REF] Qiao | Leg joint function during walking acceleration and deceleration[END_REF]. Further details about these indices can be found in supplementary material. Briefly, an entity that has a dominant strut behavior would generate large forces with little fluctuation in its length or angle. A spring-like behavior manifests itself with energy storage or release often synchronized with the compression and extension phases of the movement. Since the task of interest involved mainly a thoraco-humeral elevation, we defined the compression phase as the phase beginning with the lifting of the box from the shelf to the moment when the box is the closest to the participant, while the rest of the trial is the extension phase. An entity, acting like a motor, would generate mainly positive work throughout the task. Finally, a damper-like behavior would stand for a dominant negative work generation. To obtain dimensionless indices for muscle fibers, the strut index was normalized with respect to the fiber's optimal length obtained with the model calibration.

The effects of sex and load on the glenohumeral DOF and muscle fibers powers, as well as their function indices were evaluated using a two-way nonparametric ANOVA with repeated measures on the load [START_REF] Pataky | Zero-vs. one-dimensional, parametric vs. non-parametric, and confidence interval vs. hypothesis testing procedures in onedimensional biomechanical trajectory analysis[END_REF]. Statistical significance was fixed at 0.05. For the 1D analysis, the family-wise error for all clusters was respected using a Bonferroni correction to account for the number of DOFs and muscle. On the other hand, the p-values reported for the function indices (0D analysis) are the ones obtained from a Holm-Bonferroni correction, to maintain the power of the analysis, despite running the tests for four indices.

RESULTS

The sex had no significant effect on the joint power, while the load had a significant effect on the power of the glenohumeral elevation (p <0.05; Fig. 1). The glenohumeral plane of elevation and axial rotation had power peaks higher than those calculated for the elevation.

These peaks occurred close to the transition from the compression to the extension phase (Fig. 1). The net joint power was mainly the result of the anterior deltoid, biceps and latissimus dorsi fiber powers, followed by the infraspinatus and supraspinatus, two rotator cuff muscles (Fig. 2). No major effects of sex, load, nor their interaction were observed on the fibers power.

All glenohumeral DOF had a minimal strut-like behavior with no significant effect of sex or load (p>0.05; Fig. 3). The spring-like behavior was not a main function for any of the DOF; however, it was usually more present in the glenohumeral axial rotation, irrespective of the load or sex (p>0.05). The load affected the elevation damper (p=0.012) and motor (p=0.035) behaviors. Both men and women relied on their glenohumeral plane of elevation and elevation as prime motors. For the 6 kg lifting task, women relied more on their plane of elevation to drive the motion with a motor index of 66 ± 15%, whereas men preferred their glenohumeral elevation (68 ± 23%). For the 12 kg task, women did not change their power strategy (glenohumeral plane motor index: 60 ± 16%), while men moved the box by using both their plane of elevation (48 ± 20%) and elevation (46 ± 28%) as motors. The damping action was ensured by the glenohumeral axial rotation for women and men during the 6 kg trial. However, as the load increased, so did the damping action of the two other DOFs.

Most muscles had a mainly strut-like behavior, with rotator cuff muscles showcasing the highest values (on average 90%). The biceps had, almost, no strut-like but a spring-like behavior irrespective of the trial, followed by the posterior deltoid (Fig. 4). Following the strut-like behavior, the muscles had either a damper or a motor-like tendencies, except for the bicep's fibers. The clavicular head of the pectoralis major had a motor-like behavior for all trials. The load also had an effect on the damping behavior of the latissimus dorsi and subscapularis (p<0.015), on the spring behavior of the posterior deltoid and the infraspinatus (p<0.015) and the strut behavior of the posterior deltoid, subscapularis and biceps (p<0.015).

An effect of the interaction sex-load was only observed on the biceps strut behavior (p<0.015).

DISCUSSION

We implemented an analysis of the glenohumeral joint DOF and its muscle fibers based on their mechanical energy to improve our understanding of the glenohumeral joint functions during a lifting task. The predicted behavioral indices provided evidence supporting our hypotheses regarding glenohumeral DOF and muscle functions. The limited strut indices of the glenohumeral joint highlighted its large range of motion, whereas the large strut behavior of muscle fibers, particularly the rotator cuff, emphasized their stabilizing function. Finally, the predicted indices highlighted the sensitivity of kinematic and activation strategies to load and sex.

Glenohumeral joint: a design for a wide range of motion

The complexity of the glenohumeral joint morphology has evolved to ensure a large range of motion [START_REF] Larson | Evolution of the Hominin Shoulder: Early Homo[END_REF]. With thoracohumeral elevation, the scapula is reoriented to maintain congruency with the humeral head, and the humerus is externally rotated to avoid impingement [START_REF] Ludewig | Motion of the Shoulder Complex During Multiplanar Humeral Elevation[END_REF][START_REF] Stokdijk | External rotation in the glenohumeral joint during elevation of the arm[END_REF]. The effect of the scapula orientation can be observed in the power evolution of the glenohumeral DOFs. While the task involved mainly a change in potential energy of the box (thoracohumeral elevation) (supplementary data, Fig. S2), the power of the glenohumeral elevation was smaller than the other DOFs. Additionally, the occurrence of power peaks close to the transition between pulling and pushing the box pointed out a strategy where participants relied on a sudden increase in the box momentum to drive its elevation, confirmed by the change in box vertical velocity. Women, who exhibit less upper body strength than men [START_REF] Janssen | Skeletal muscle mass and distribution in 468 men and women aged 18-88 yr[END_REF], had a steeper increase of the box vertical velocity at this transition (supplementary data, Fig. S3).

This could potentially explain the increased risk of injury for women, as the upper-arm velocity was correlated with shoulder complaints [START_REF] Balogh | Work-related neck and upper limb disordersquantitative exposure-response relationships adjusted for personal characteristics and psychosocial conditions[END_REF].

The design of the glenohumeral joint to cater to both mobility and stability can be observed in its DOF strut coefficients. The box handling task did not reach extreme upper limb positions yet was highly demanding of the shoulder. However, the strut index remained relatively low, suggesting that the glenohumeral joint has a high compliancy, which would facilitate the upper limb motor control and movement regulation. This is coherent with the glenohumeral joint architecture that is optimal for large and precise displacements (Arias-Martorell, 2019). This optimization impacted strongly the orientation of the scapula, which has been linked to the throwing function of the upper limb, and enabled the use of elastic energy stored during external rotation to increase the power generated for high-speed throwing [START_REF] Roach | Elastic energy storage in the shoulder and the evolution of high-speed throwing in Homo[END_REF]. This could possibly explain the high spring index observed for the humeral axial rotation. Besides its spring function, the axial rotation behaved mainly as a damper, which could point out functions of the passive structures (shoulder capsule and ligaments) that would behave mostly as elastic components, stiffening with the glenohumeral axial rotation [START_REF] Burkart | Anatomy and Function of the Glenohumeral Ligaments in Anterior Shoulder Instability[END_REF][START_REF] Wilk | Current Concepts: The Stabilizing Structures of the Glenohumeral Joint[END_REF]. As the load increased, this passive damping was probably no longer enough, thus the increase in the other DOFs input to the damping, and possibly glenohumeral stability, at the expense of the elevation's motor behavior, and the box vertical velocity.

Adaptations to load within the joint

The main motor behavior was ensured by the glenohumeral elevation and plane of elevation.

Women opted to use their glenohumeral plane of elevation to drive the movement. While their strategy did not change between loads, men adapted theirs as the load increased, distributing the motor load more equally between the actuators of the glenohumeral elevation and plane of elevation. Participants have been reported to increase the use of their lower limbs with load increase, with men relying on their hip vertical displacement more than women [START_REF] Martinez | Sex differences in upper limb musculoskeletal biomechanics during a lifting task[END_REF]. The 12 kg task might have been taxing for both men and women's glenohumeral joint. For men, however, relying on their lower limb, they decreased the motor demand on the glenohumeral elevation, favoring stability. Women, on the other hand, might have already strained their shoulder for the 6 kg task, which led them to seek assistance from their elbow for the 12 kg one [START_REF] Martinez | Sex differences in upper limb 3D joint contributions during a lifting task[END_REF]. This observed adaptation could possibly shed a light on neural control schemes that could start within the same structure (glenohumeral), before seeking neighboring ones (distal joints). This points out the importance of the coupling of a local and global kinematic analysis to gain a deeper understanding of the human motion.

Fiber power adaptation to load

Unlike joint power, the fiber powers did not have any significant increase with the load, despite the significant muscle activation increase shown in [START_REF] Bouffard | Sex differences in glenohumeral muscle activation and coactivation during a box lifting task[END_REF]. This power invariance pointed out a possible decrease in the fiber contraction velocity as the load increased. This could be a direct effect of the decrease of the glenohumeral range of motion with the load [START_REF] Martinez | Sex differences in upper limb 3D joint contributions during a lifting task[END_REF]. This decrease could also be linked to the change in compliance of the muscle-tendon unit. As the load increased from 6 to 12 kg, the stiffness of the tendon might have increased [START_REF] Raiteri | Muscle-tendon length and force affect human tibialis anterior central aponeurosis stiffness in vivo[END_REF], impacting the fiber compliance, which is reported to affect its power generation and efficiency [START_REF] Fenwick | Effects of cross-bridge compliance on the force-velocity relationship and muscle power output[END_REF]. This potential adaptation strategy would decrease injury risk at higher loads. As women have more compliant tendons compared to men [START_REF] Kubo | Gender differences in the viscoelastic properties of tendon structures[END_REF], this could account in part for women's higher injury rate, particularly as they rely more on speed to drive the box.

Fiber function between actuation and stability

The highest strut like behavior in muscles was showcased by the infraspinatus and subscapularis. This was consistent with their architecture, having relatively short fibers and large physiological cross-sectional areas, which enables them to generate large forces over a short range of deformation [START_REF] Gobbi | Bio-orthopaedics: a new approach[END_REF]. Overall, most of the muscles displayed a strut-like behavior for the studied task, which implies a high fiber force with a minimal length change, which supports our initial hypothesis. Unlike most upper limb muscles, the biceps had a main spring-like behavior, storing and releasing energy. This behavior is consistent with its architecture, as slender muscles with long tendons are reported to be favorably designed for energy saving [START_REF] Biewener | Muscle and Tendon Energy Storage[END_REF]. However, mechanical energy storage remains costly from a chemical energy perspective.

The muscle ability to quickly actuate a joint depends on the speed and the type of contraction.

A muscle would more efficiently generate a higher torque during concentric activations at higher speeds [START_REF] Tillin | Contraction speed and type influences rapid utilisation of available muscle force: neural and contractile mechanisms[END_REF]. This might explain the significant decrease in the motor function of the clavicular head of the pectoralis major as the load increased, since the contraction velocity decreased, limiting the fiber force potential. This could also explain why women chose to approach the box to their trunk, as it gave them higher potential for a concentric explosive contraction. However, an explosive contraction without sufficient muscle strength and control, particularly for higher loads, might increase injury risk [START_REF] Davies | Shoulder Plyometrics[END_REF]. This might explain why the damper behavior of some muscles increased with the load, as this function should help in the stabilization of the humeral head.

The effect of the load on the strut, spring and damper behavior further points to the complexity of the glenohumeral joint stabilization, as it involves more than just the rotator cuff muscles [START_REF] Lee | Dynamic Glenohumeral Stability Provided by Three Heads of the Deltoid Muscle[END_REF][START_REF] Yanagawa | Contributions of the Individual Muscles of the Shoulder to Glenohumeral Joint Stability During Abduction[END_REF].

Energetic approaches to complement the upper limb understanding

The musculoskeletal structure is a transducer that converts chemical energy into mechanical work [START_REF] Wilkie | Muscle as a thermodynamic machine[END_REF]. Accordingly, energetic approaches could potentially offer a complementary and insightful understanding to the classical biomechanical analysis of forces and kinematics [START_REF] Guo | Mechanical energy and power flow of the upper extremity in manual wheelchair propulsion[END_REF][START_REF] Siegel | Joint moment control of mechanical energy flow during normal gait[END_REF]. Similarly, within our study, we could gain insight into the intricate functions of the different glenohumeral joint DOF, without the need to analyze unidirectional movements [START_REF] Hawkes | Patterns of muscle coordination during dynamic glenohumeral joint elevation: An EMG study[END_REF]. The use of the four function indices enabled a fair analysis of the different muscles within their physiological abilities. Indeed, while the infraspinatus and subscapularis had low power magnitude, their role in glenohumeral stability was emphasized by their strut index. This reinforces our understanding of the stabilizing potential of the rotator cuff muscles, particularly as their characteristics are still not well understood [START_REF] Sangwan | Stabilizing characteristics of rotator cuff muscles: a systematic review[END_REF]. These indices could also be used in the development of ergonomic work strategies that go beyond the joint repartition [START_REF] Martinez | Sex differences in upper limb musculoskeletal biomechanics during a lifting task[END_REF] of the task.

Our study had some limitations. We chose to normalize the shelves height to the participants to reduce bias against women. For an energetic approach, this led to differences in the potential energy of the box. However, it was expected that the gender-related differences would only be exacerbated in a working environment. The use of an energetic approach is also limited by the power magnitude sensitivity to the scapula kinematic errors, particularly those related to the soft tissue artefact [START_REF] Blache | Main component of soft tissue artifact of the upper-limbs with respect to different functional, daily life and sports movements[END_REF]. As for the indices' definition, the main limitation relied in the need of a compression and extension phases within the studied trial. While this could be relatively easy to define for cyclic tasks: such as handcycling, it is less straightforward for the majority of the upper limb tasks. Finally, the strut index is defined relatively to a given length that could change the overall distribution of the muscle functions.

Unlike in [START_REF] Lai | Muscle-specific indices to characterise the functional behaviour of human lower-limb muscles during locomotion[END_REF], there is no specific known behavior of the upper limb tendons or muscles. Accordingly, we decided to use the fiber optimal length to make the strut index dimensionless. This choice should circumvent introducing any task, participant or muscle induced bias to the study. In the future, more research needs to be done to find an optimal parameter for normalizing the upper limb strut index.

The implemented index-based approach enabled a more comprehensive understanding of the upper limb motor control strategies during a box handling task and a summarized insight in the function of the various muscles. The indices highlighted particularities of the glenohumeral joint (large range of motion) and its muscles (stabilizing function), as well as sex-dependent adaptation strategies to load, supporting our initial hypotheses. This approach might improve our understanding of the upper limb by offering additional insight into its motor control strategies, its components functional alterations related to pathologies or its adaptations to external parameters. 

SUPPLEMENTARY MATERIAL

Data collection

Forty participants (20 women; 23.12 ± 3.1 years; 173.5 ± 9.5cm; 68.1 ± 12.7) took part in this study. They did not suffer from any significant disability related to their upper limbs or backs.

The participants first performed a static trial to anthropometrically scale the musculoskeletal model. Then, they moved a box from a shelf at hip level to a shelf at eye level. The shelves heights were adjusted to the height of each participant. The participants performed three lifts for each mass (6 and 12 kg). The order of the lifts was randomized. A 30 s rest period between lifts was given for recovery with increased time if needed. Assuming symmetry between the right and left side during this task, only the right side was analyzed. A 6-degreeof-freedom force sensor (Sensix, Poitiers, France) was mounted on the right handle of the box to measure the contact forces between the box and the participant's hand. A threshold of 5 N was used to detect the start and end of each trial. Following the recommendations of [START_REF] Jackson | Improvements in measuring shoulder joint kinematics[END_REF], 34 reflective markers were used to track the trunk and upper limb kinematics (Fig. S1). Eight markers positions on the box corners were used to track the box kinematics. 

Neuro-musculoskeletal model

To personalize the neuro-musculoskeletal model, the various parameters involved in the activation and contraction dynamics were calibrated using experimental EMG. One trial per participant lifting a 6 kg load was used for calibration. The calibration aimed to find musculo-tendon parameters that simultaneously minimized the inverse dynamic torques tracking quadratic error and the ratio of the glenohumeral joint shear to compressive contact forces, while driving the model using the experimental EMG. A penalty was used to avoid normalized fiber length outside the physiological range throughout the calibration trial. This objective function enabled the respect of the glenohumeral joint non-dislocation constraint without the need to explicitly include it in the muscle force prediction algorithm.

The calibrated models were then used to predict muscle forces through an EMG-informed algorithm. The optimization scheme adjusted the available experimental EMG envelopes and synthesized the excitations that were not measured experimentally. The adjusted and synthesized excitations minimized three terms: 1-inverse dynamics joint moments tracking error, 2-experimental envelopes tracking error, 3-the sum of squared excitations for all lines of actions. The weights used for the various terms were chosen to achieve a good balance between joint moments and excitations tracking [START_REF] Sartori | Hybrid neuromusculoskeletal modeling to best track joint moments using a balance between muscle excitations derived from electromyograms and optimization[END_REF].

Function indices

The function indices calculation was based on the formulae presented in [START_REF] Lai | Muscle-specific indices to characterise the functional behaviour of human lower-limb muscles during locomotion[END_REF][START_REF] Qiao | Leg joint function during walking acceleration and deceleration[END_REF]. The strut index is the ratio of the mechanical work generated by the entity during the box lifting task to the sum of the force norm generated. Accordingly, the index can be defined as follows: Note: The difference in potential energy between men and women was due to the height of the shelves that has been normalized to participants height (women: 167.7±7.1 cm, men: 179.3±7.9 cm). 
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 S1 Fig. S1. The position of the markers used to track the trunk and upper limb kinematics.

  with 𝑃 𝐷𝑂𝐹 and 𝑃 𝑚𝑢𝑠𝑐𝑙𝑒 the mechanical powers of the DOF and the fiber, respectively; 𝑀 𝐷𝑂𝐹 the DOF moment and 𝐹 𝑚𝑢𝑠𝑐𝑙𝑒 the fiber force. The optimal length of the fiber (𝑙 𝑜𝑝𝑡 ) was used to obtain a dimensionless index. The lifting task started at 𝑡 𝑏𝑒𝑔 and finished at 𝑡 𝑒𝑛𝑑 .The other indices were calculated similarly for both the glenohumeral DOFs and muscles. They were calculated as follows: respectively the total positive and negative works generated by the entity. |𝑊 𝑐𝑜𝑚 -| and |𝑊 𝑒𝑥𝑡 + | where respectively the negative work during the compression phase and the positive work during the extension phase.
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