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Modelling Force-Length-Activation relationships of wrist and finger extensor muscles
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The wrist and finger extensors play a crucial role in the muscle coordination during grasping tasks. Nevertheless, few data are available regarding their force-generating capacities. The objective of this study was to provide a model of the Force-Length-Activation relationships of the hand extensors using non-invasive methods. The extensor carpi radialis (ECR) and the extensor digitorum communis (EDC) were studied as representative of wrist and finger extensors. Ten participants performed isometric extension force-varying contractions in different postures on an ergometer recording resultant moment. The joint angle, the myotendinous junction displacement and activation were synchronously tracked using motion capture, ultrasound, and electromyography. Muscle force was estimated via a musculoskeletal model using the measured joint angle and moment. The Force-Length-Activation relationship was then obtained by fitting a force-length model at different activation levels to the measured data. The obtained relationships agreed with previously reported data regarding muscle architecture, sarcomere length and activation-dependent shift of optimal length. Muscle forces estimated from kinematics and electromyography using the Force-Length-Activation relationships were comparable, below 15% differences, to those estimated from moment via the musculoskeletal model. The obtained quantitative data provides a new insight into the different muscle mechanics of finger and wrist extensors.

Introduction

Hand movements and object manipulation are essential for daily living. Thanks to its complex skeletal system composed of 21 or more joints, the hand offers multiple degrees of freedom and large ranges of motion which are essential for adapting to the task constraints, e.g. object dimensions and shape. Conjointly with these skeletal properties, the hand is actuated by a complex network of muscles and tendons crossing different joints which inherently create mechanical couplings between the wrist and the fingers. The most important coupling results from the anatomy of hand extrinsic muscles, such as the flexor digitorum superficialis, which originate in the forearm and insert on the phalanges and therefore both act at the finger joints and the wrist.

During grasping tasks, the action of extrinsic flexors produces the grip force but concomitantly creates wrist flexion moments which can only be balanced by hand extensors, including both wrist prime movers such as extensor carpi radialis longus (ECRL) and brevis (ECRB) and finger extrinsic muscles such as extensor digitorum communis (EDC) [START_REF] De Monsabert | Quantification of hand and forearm muscle forces during a maximal power grip task[END_REF][START_REF] Snijders | Provocation of epicondylalgia lateralis (tennis elbow) by power grip or pinching[END_REF]. Although they are antagonist to finger flexion, the co-contraction of hand extensors during grasping tasks is mechanically necessary to balance the wrist; an original synergy which does not exist in nonmanipulative force production tasks [START_REF] Charissou | Effects of hand configuration on muscle force coordination, co-contraction and concomitant intermuscular coupling during maximal isometric flexion of the fingers[END_REF]. Nevertheless, although the behaviour of wrist extensors have been studied through intra-operative experiments [START_REF] Lieber | In vivo measurement of human wrist extensor muscle sarcomere length changes[END_REF][START_REF] Lieber | Intraoperative sarcomere length measurements reveal differential design of human wrist extensor muscles[END_REF][START_REF] Cromie | Sarcomere lengths in human extensor carpi radialis brevis measured by microendoscopy: Sarcomere Lengths in Human ECRB[END_REF], little is known about finger extensors, such as EDC. Because of this lack of information, the biomechanical couplings between the wrist and the fingers remain poorly known and a phenomenon such as the loss of grip force for extreme wrist postures [START_REF] O'driscoll | The relationship between wrist position, grasp size, and grip strength[END_REF] remains unclear. Providing data regarding the mechanical behaviour of both finger and wrist extensors is relevant to understand the generation and control of hand movements.

Since direct measurements of muscle force are ethically and technically difficult and only provide measurement for isolated relatively large tendons [START_REF] Dennerlein | Tensions of the flexor digitorum superficialis are higher than a current model predicts[END_REF], musculoskeletal models have continuously been developed to provide estimates of the internal mechanics of the finger and the wrist [START_REF] An | Forces in the normal and abnormal hand[END_REF][START_REF] De Monsabert | Quantification of finger joint loadings using musculoskeletal modelling clarifies mechanical risk factors of hand osteoarthritis[END_REF][START_REF] Mirakhorlo | A musculoskeletal model of the hand and wrist: model definition and evaluation[END_REF][START_REF] Valero-Cuevas | Large index-fingertip forces are produced by subject-independent patterns of muscle excitation[END_REF][START_REF] Gonzalez | How muscle architecture and moment arms affect wrist flexion-extension moments[END_REF][START_REF] Nichols | Wrist salvage procedures alter moment arms of the primary wrist muscles[END_REF][START_REF] Pérez-González | A 3-D dynamic model of human finger for studying free movements[END_REF][START_REF] Loren | Human wrist motors: Biomechanical design and application to tendon transfers[END_REF][START_REF] Wohlman | Bridging the gap between cadaveric and in vivo experiments: A biomechanical model evaluating thumb-tip endpoint forces[END_REF][START_REF] Kamper | Impact of finger posture on mapping from muscle activation to joint torque[END_REF]. Those models require anatomical data describing the trajectories and morphology of muscle-tendon units as well as the bone geometries to quantify how each muscle can contribute to the generation of a movement or a force [START_REF] De Monsabert | Musculoskeletal Modelling: A Study of the Hand and Wrist[END_REF][START_REF] Mirakhorlo | Anatomical parameters for musculoskeletal modeling of the hand and wrist[END_REF][START_REF] Kerkhof | The digital human forearm and hand[END_REF][START_REF] Chao | Biomechanics of the hand: a basic research study[END_REF]. Furthermore, the potential contribution of Final draft, prior to final reviewing. Publisher version : https://link.springer.com/article/10.1007/s11517-020-02239-0 8 each muscle also varies with the joint configuration as the maximal force it can produce depends on its current length, as described by the well-known force-length relationship [START_REF] Gordon | The variation in isometric tension with sarcomere length in vertebrate muscle fibres[END_REF]. In the most advanced hand musculoskeletal models, the force-length relationship of each muscle is obtained by scaling a generic curve using cadaver data [START_REF] Mirakhorlo | A musculoskeletal model of the hand and wrist: model definition and evaluation[END_REF][START_REF] Pérez-González | A 3-D dynamic model of human finger for studying free movements[END_REF][START_REF] Loren | Human wrist motors: Biomechanical design and application to tendon transfers[END_REF][START_REF] Holzbaur | A model of the upper extremity for simulating musculoskeletal surgery and analyzing neuromuscular control[END_REF]. Although this is a well-accepted way of modelling, such models often require a scaling of certain muscle-tendon unit parameters so they are more representative of participant abilities, especially the maximal joint torques [START_REF] Heinen | Muscle-tendon unit scaling methods of Hill-type musculoskeletal models: An overview[END_REF][START_REF] Hicks | Is My Model Good Enough? Best Practices for Verification and Validation of Musculoskeletal Models and Simulations of Movement[END_REF]. Nevertheless, because of the complexity of the hand and wrist anatomy, only few data exist regarding the capacities of this musculoskeletal system [START_REF] De Monsabert | A scaling method to individualise muscle force capacities in musculoskeletal models of the hand and wrist using isometric strength measurements[END_REF] and the link between joint postures, muscle lengths and maximum forces remain poorly understood. Considering the important changes in muscle length that can be generated along the range of motion covered by hand joints [START_REF] Armstrong | An investigation of the relationship between displacements of the finger and wrist joints and the extrinsic finger flexor tendons[END_REF], it appears crucial for biomechanical models to quantify how the force-generating capacities of finger and wrist muscles varies with joint position.

The in vivo force-length behaviour of hand muscles have mainly been described through measurements of sarcomere length based on laser diffraction [START_REF] Lieber | In vivo measurement of human wrist extensor muscle sarcomere length changes[END_REF][START_REF] Lieber | Intraoperative sarcomere length measurements reveal differential design of human wrist extensor muscles[END_REF] or micro-endoscopy [START_REF] Cromie | Sarcomere lengths in human extensor carpi radialis brevis measured by microendoscopy: Sarcomere Lengths in Human ECRB[END_REF] which are invasive techniques. Although they provided crucial information about the muscle mechanics, those studies were focused on specific muscles, ECRB and ECRL, and the level of muscle force was interpreted from the generic curve of the force-length relationship provided by Gordon et al. [START_REF] Gordon | The variation in isometric tension with sarcomere length in vertebrate muscle fibres[END_REF]. Based on protocols previously developed to study the elbow [START_REF] Hatze | Estimation of myodynamic parameter values from observations on isometrically contracting muscle groups[END_REF][START_REF] Leedham | Force-length, torque-angle and EMG-joint angle relationships of the human in vivo biceps brachii[END_REF] and lower limb joints [START_REF] Maganaris | Force-length characteristics of the in vivo human gastrocnemius muscle[END_REF][START_REF] Winter | The Force-Length Curves of the Human Rectus Femoris and Gastrocnemius Muscles in Vivo[END_REF], Hauraix et al. [START_REF] Hauraix | Force-Length Relationship Modeling of Wrist and Finger Flexor Muscles[END_REF] recently developed a new method to evaluate the Force-Length-Activation relationships of hand flexors using non-invasive techniques to assess muscle behaviour and strength among healthy participants. The methodology combined musculoskeletal modelling with in vivo measurements of net joint moments, joint posture, myotendinous displacement and electromyography (EMG). Their approach especially allows to consider how activation can modify the force-length relationship, such as the shift of optimal length toward longer length when activation decreases [START_REF] Holt | What drives activation-dependent shifts in the force-length curve?[END_REF][START_REF] Rockenfeller | Inter-filament spacing mediates calcium binding to troponin: A simple geometric-mechanistic model explains the shift of force-length maxima with muscle activation[END_REF][START_REF] Rack | The effects of length and stimulus rate on tension in the isometric cat soleus muscle[END_REF]. Allowing to understand the muscle mechanics at low activation is crucial to understand hand function since manipulation tasks can require a wide range of force levels, e.g. sewing or hammering, and the muscle coordination varies according to the task constraints [START_REF] Charissou | Effects of hand configuration on muscle force coordination, co-contraction and concomitant intermuscular coupling during maximal isometric flexion of the fingers[END_REF]. Considering the balance of muscle capacities between flexors and extensors Final draft, prior to final reviewing. Publisher version : https://link.springer.com/article/10.1007/s11517-020-02239-0 9 can influence the muscle coordination and might represent a risk factor in lateral epicondylalgia [START_REF] Vigouroux | Assessment of the risk and biomechanical consequences of lateral epicondylalgia by estimating wrist and finger muscle capacities in tennis players[END_REF], providing a framework to analyse the force-generating capacities of those muscle groups appears necessary.

The objective of this study was thus to adapt the method developed by Hauraix et al. to model the Force-Length-Activation relationships of the extensors of the fingers and the wrist using noninvasive techniques. The obtained relationships were compared to previous findings regarding cadaveric muscle architecture, in vivo sarcomere length and activation-dependent shift of optimal length. EMG-driven models were then developed based on the Force-Length-Activation to estimate muscle forces from kinematics and electromyography. The estimates of these models were compared to those of an inverse-dynamics musculoskeletal model using dynamometric data as input.

Methods

The methodology developed for hand flexors [START_REF] Hauraix | Force-Length Relationship Modeling of Wrist and Finger Flexor Muscles[END_REF] was adapted to investigate two muscle groups representative of wrist and finger extensors. The ECR group was assumed to represent the global behaviour of both ECRB and ECRL muscles that are extensors and radial deviators of the wrist. The EDC group was assumed to be representative of all four compartments of the EDC muscle, an extrinsic extensor of the finger. Both ECRL, ECRB and EDC compartments originate from the common extensor tendon attaching to the lateral epicondyle. From this common tendon, EDC spreads in four bellies with individual tendons inserting on the dorsal aspect of one of the long fingers via the extensor mechanism [START_REF] Chao | Biomechanics of the hand: a basic research study[END_REF]. ECRB and ECRL both represent an individual muscle-tendon unit and inserts on the proximal part of the second metacarpal bone.

Adaptations of the protocol previously proposed [START_REF] Hauraix | Force-Length Relationship Modeling of Wrist and Finger Flexor Muscles[END_REF] were required to investigate the extensors especially the tested postures were adjusted to ensure datapoints representative of the force-length portion covered by extensors [START_REF] Lieber | In vivo measurement of human wrist extensor muscle sarcomere length changes[END_REF] and limiting the contribution of passive tissues [START_REF] Delp | Maximum isometric moments generated by the wrist muscles in flexion-extension and radial-ulnar deviation[END_REF].

Additionally, a visual guidance with feedback on EMG activity, instead of joint torque was used because voluntary producing large extension moments is rather difficult, as opposed to flexion actions which are predominant in everyday life. The EMG feedback ensured the participants were Final draft, prior to final reviewing. Publisher version : https://link.springer.com/article/10.1007/s11517-020-02239-0 10 fully activating the targeted muscle.

Experimental design

Participants

Ten male participants (24.3 ± 5.2 years, 177.6 ± 7.1 cm, 70.7 ± 6.4 kg, hand length: 19.2 ± 0.6 cm) with no history of pathologies or surgeries to the right arm in the past 12 months were tested in this study. The participants gave their written informed consent in accordance with the ethics committee of Aix-Marseille University (ref: 2020-07-05-02).

Tasks

Participants performed isometric extension tasks using either the wrist or the four metacarpophalangeal (MCP) joints together in different combinations of flexion/extension angles on an ergometer specially adapted for the hand (Bio2M, Compiègne, France; Figure 1), already presented in previous studies [START_REF] De Monsabert | A scaling method to individualise muscle force capacities in musculoskeletal models of the hand and wrist using isometric strength measurements[END_REF][START_REF] Hauraix | Force-Length Relationship Modeling of Wrist and Finger Flexor Muscles[END_REF]. Those extension tasks consisted in progressive isometric ramps guided using a real-time feedback of the EMG activity level of the tested muscle. During those tasks, the participants were standing with the right forearm in mid-pronation, the elbow at about 120° (180° corresponding to full extension) and the shoulder at 30° of both flexion and abduction.

Protocol

Prior to the experiments, measuring tape was used to determine along with other anthropometric measurements, a reference musculotendon length ( mtu r L ) for both muscles of each participant: from the lateral epicondyle to the metacarpal head of the index finger for EDC and from the lateral epicondyle to the base of the second metacarpal for ECR. Participants had their forearm oriented as specified as above, the fingers straight and the wrist in a neutral posture, i.e.

0° of flexion and deviation.

Measurements for each participant were done in two sessions: one for the wrist extensor muscles (ECR session) and one for the finger extensor muscles (EDC session). Depending on the session, the axis of rotation of either the wrist for ECR or the metacarpophalangeal (MCP) joints for EDC was aligned with the measurement axis of the ergometer. During the ECR session,

Place Fig1 around here

Final draft, prior to final reviewing. Publisher version : https://link.springer.com/article/10.1007/s11517-020-02239-0 11 participants performed wrist extensions by applying forces on a 2-cm long aluminum plate positioned at the dorsal side of the palm hand proximally to the MCP joint (Figure 1a-c). The position of the plate was such that fingers could not exert forces on it and participants were instructed to keep their fingers relaxed to reduce at best the implication of finger muscles in the moment exerted on the ergometer. During the EDC session, participants exerted forces with their fingers on a longer aluminum plate that was covering their hand from the base of the proximal phalanges to the tip of distal phalanges (Figure 1d-f).

At the beginning of each session, the participants started by a familiarization session during which they also warmed-up by applying progressively increasing isometric moments. Participants were then asked to perform two maximal voluntary contractions (MVC) in a neutral posture, i.e. wrist at 0° of flexion and abduction for ECR and wrist and MCP at 0° for EDC. If the participant expressed concerns about reaching a maximal performance or if the recorded moment was substantially different between the two trials, another trial was performed. The maximal activity (EMGmax) of the targeted muscle (either ECR or EDC) was recorded in both MVC trials and the highest value was further used as the reference for normalization, i.e. 100%. Then, the participants performed two progressive isometric ramps from low (below 5%) to maximal activity, i.e. 100% of EMGmax in five different joint angle configurations (described below). These ramps were guided using a real-time feedback of the participant EMG normalized activity (current and past) along with the desired ramp profile. The desired profile imposed first a "passive" period of 3 seconds where activity had to remain stable and below 5%, and then an "active" period where activity had to increase linearly (ramp) during 6 seconds to reach maximal activity (100%).

During the ECR session, only the wrist posture varied, and the tested angles were -40°, -20°, 0°, 25°, 50° (negative values correspond to extension). During the EDC session, a combination of wrist/MCP joint angles were tested: -30°/0°, 0°/0°, 0°/25°, 0°/50°, 20°/50° (wrist/MCP). These postures were carefully selected during pre-tests to limit the number of contractions, and thus minimize fatigue, while ensuring to have datapoints on both sides of the plateau region of the force-length relationship.

To test the modeled Force-Length-Activation relationships for the estimation of muscle force, Final draft, prior to final reviewing. Publisher version : https://link.springer.com/article/10.1007/s11517-020-02239-0 12 the participants were also required to perform "sawtooth" contractions in each session. These test trials consisted of 10 seconds of isometric contraction with the participant exerting a varying moment (alternation of ascending and descending ramps) in a range from 10 to 90% of the targeted muscle activity. Two postures were tested for each session: wrist at 0° and -40° for ECR and wrist/MCP at 0°/0° and 20°/50° for EDC. These conditions were also guided via real-time feedback on activation level and were repeated twice for each posture. Only two postures were tested in order to limit the number of contractions and prevent any effect of fatigue.

All contractions (ramp and sawtooth) were randomized and participants respected a minimum of 2-minute rest before starting each trial. Verbal encouragement was given during all MVC and ramp trials to prevent at best the occurrence of submaximal performances [START_REF] Mcnair | Verbal encouragement: effects on maximum effort voluntary muscle: action[END_REF][START_REF] Gandevia | Spinal and Supraspinal Factors in Human Muscle Fatigue[END_REF].

Data acquisition and pre-processing

A five camera motion analysis system (Vicon MX Cameras, Oxford, UK) was used to record at 100 Hz the three-dimensional coordinates of reflective markers placed on i) the ergometer (3 markers) to track the position of the hand, ii) the forearm (radial styloid, lateral epicondyle and biceps tendon insertion) to track the position of the radius iii) the ultrasound probe (3 markers) to track its orientation relative to the forearm. The biceps insertion marker was used to measure the wrist flexion/extension angle in combination with those on the ergometer and the lateral epicondyle marker was used as an estimation of the position of the origin for both muscles. The torque ( ) measured by the ergometer was recorded at 2000 Hz using a 12-bit analog-to-digital converter connected to the motion capture system (MX-Giganet, Vicon, Oxford, UK). EMG signals from ECR and EDC were collected at 2000 Hz using wireless electrodes (Biopac, MP150, Goleta, CA). The electrode placement was determined using anatomical descriptions, palpations as well as display of the signals during functional movements [START_REF] De Monsabert | A scaling method to individualise muscle force capacities in musculoskeletal models of the hand and wrist using isometric strength measurements[END_REF]. An ultrasound scanner (Echo Blaster 128, TELEMED, Lithuania) was used to observe the myotendinous junction with a 60-Hz sampling frequency. Depending on the session, the probe (10 MHz, 60 mm) was placed on the myotendinous junction of either the ECRB or the index finger EDC compartment (EDCI).

The placement of the probe was verified before beginning each trial by visualizing the ultrasound Final draft, prior to final reviewing. Publisher version : https://link.springer.com/article/10.1007/s11517-020-02239-0 13 image in real-time while the participant executed individual finger flexion/extension and wrist flexion/extension movements. During the trial, the experimenter firmly maintained the probe on the skin while continuously tracking the myotendinous junction using the real-time feedback. The markers on the probe, representing the observation plane, were further used to reconstruct the three-dimensional position of the junction from the 2D images. During all trials, ultrasound, electromyographic (EMG) and kinematic data were collected synchronously.

The recorded torque ( ) was low-pass filtered at 5 Hz using a 2nd order Butterworth zerophase filter. EMG envelopes were obtained by using first a band-pass filter at 10-400 Hz, rectifying and then applying low-pass filtered at 3 Hz using a 4th order Butterworth zero-phase filter. Those EMG envelopes were then normalized using maximum EMG envelope value obtained in the two MVC trials (EMGmax) to calculate the muscle activation level ( m a ). Kinematic data were low-pass filtered at 5 Hz using a 4th order Butterworth zero-phase filter to calculate flexion/extension angles at the wrist ( w  ) and and MCP ( mcp  ) joints. Only the data corresponding to the active part of the contraction was kept for further processing. For each trial, the beginning of the contraction was identified when the torque signal exceeded a threshold on the initial 3-second resting period determined as 3 standard deviations relative to its mean value, both calculated on that same period. The end of the active part was determined as the sample where the maximal envelope of the targeted muscle was reached. The mean value on the initial 3-second period was removed from the torque signal to minimize the influence of passive contributions in the analysis of force-length behaviour. To limit the number of times the musculoskeletal model was ran for each trial, the torque  , EMG, kinematic and ultrasound data were then resampled to obtain 30 and 60 samples for ramp and sawtooth contraction trials, respectively. All processing was done using Matlab (The Mathworks, Natick, USA).

Process to obtain Force-Length-Activation relationships

The steps to derive the Force-Length-Activation relationship of each muscle group for a single participant based on the processed experimental data is described in this section and illustrated on Figure 2.

Place Fig2 around here
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Muscle force and belly length

The displacement of the myotendinous junction was tracked manually on the B-mode image and its 3D coordinates were reconstructed using the position of the markers on the ultrasound probe. The muscle belly length ( m L ) was then estimated from the distance between the 3D coordinates of the myotendinous junction and the lateral humeral epicondyle (i.e. muscle origin).

The belly length change ( m L  ) during the contraction was computed as follow:

1 m m m L L L  = - Eq. 1
where 1 m L is the muscle length at rest for the current posture, i.e. at the beginning of the contraction.

The muscle force ( m F ) generated by the muscle, i.e. EDC or ECR, was estimated as in [33] using a modified version of a previously developed hand musculoskeletal model [START_REF] De Monsabert | Quantification of hand and forearm muscle forces during a maximal power grip task[END_REF]. The use of such model was required to identify the individual contribution of the targeted muscles in the exertion of the net joint moment measured on the ergometer ( ). Briefly, this model used an inverse-dynamics approach and solved the muscle redundancy problem by minimizing a musclestress criterion [START_REF] Crowninshield | A physiologically based criterion of muscle force prediction in locomotion[END_REF] to estimate all the muscle forces required to balance the net joint moment  in the current posture ( mcp  and w  ). The potential contribution of each muscle was quantified by two factors: its moment arm and its physiological cross-sectional area (PCSA). Moment arm values were estimated from joint angles using polynomial regression [START_REF] Lemay | A dynamic model for simulating movements of the elbow, forearm, and wrist[END_REF] and geometrical models [START_REF] Chao | Biomechanics of the hand: a basic research study[END_REF]. PCSA were taken from data reported in the literature [START_REF] Chao | Biomechanics of the hand: a basic research study[END_REF][START_REF] Ramsay | Muscle moment arm and normalized moment contributions as reference data for musculoskeletal elbow and wrist joint models[END_REF]. For the ECR session, the model estimated the forces of the 42 hand muscles, including six wrist actuators, nine thumb muscles and 27 long finger muscles, using the wrist net moment and the wrist joint angle ( w  ) as input while imposing a null moment at the finger joints. The sum of ECRL and ECRB forces was used in further processing. For the EDC session, the model estimated the forces of the 27 extrinsic and intrinsic muscles crossing the MCP joints of the four long fingers using the resultant moment generated by all MCP joints and the MCP joint angle ( mcp  ) as input. The sum of the four EDC forces was used in further processing. For further details on those calculations, please consult the digital content in [START_REF] Hauraix | Force-Length Relationship Modeling of Wrist and Finger Flexor Muscles[END_REF] and the study presenting the model [START_REF] De Monsabert | Quantification of hand and forearm muscle forces during a maximal power grip task[END_REF].

For both muscles (EDC, ECR), the instantaneous muscle-tendon unit length ( mtu L ) was estimated as the sum of the measured reference one ( mtu r L ) and the excursion, calculated from the MCP ( mcp  ) and/or wrist joint angle ( w  ) using geometric models [START_REF] Chao | Biomechanics of the hand: a basic research study[END_REF][START_REF] Lemay | A dynamic model for simulating movements of the elbow, forearm, and wrist[END_REF].

Relationships describing muscle behaviour during ramp trials

For each ramp trial, two relationships were fitted to the data to be able to predict muscle force and belly length at specific activation levels. 

m m m t G f t f a t  =-  αα Eq. 4 and , 2 ( ) ( ) ( ( ), ) m m m t H l t l f t  =  -   γγ Eq. 5
where t corresponds to a time sample. Additional boundary conditions ( (0, ) 0

m m m f f l = =  = α α γ
) were used to ensure physiologically realistic results [START_REF] Hauraix | Force-Length Relationship Modeling of Wrist and Finger Flexor Muscles[END_REF]. The obtained relationships (Eq 2 and 3) can then be used to estimate muscle force m F and muscle length change m L  from any activation level.
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Derivation of Force-Length-Activation relationships

A 3D Force-Length-Activation relationship was calculated by fitting a force-length relationship at multiple activation levels using the model of Otten [START_REF] Otten | A myocybernetic model of the jaw system of the rat[END_REF][START_REF] Kaufman | Incorporation of muscle architecture into the muscle length-tension relationship[END_REF], which defines the force-length relationship using three parameters, i.e. the maximal isometric ( 0 F ), the optimal length ( 0 L ) and the architecture index ( a i ), i.e. muscle belly to fiber length ratio, using the equation ,,) .exp ,

0 0 0 ( 1) 1) ( ,
m mm a F L F L i F       +- =-     Eq. 6a with 0 0 () m m LL L  - = , Eq. 6b ( ) 0.35327 1 a i  =-, Eq. 6c 1 0.96343 1 a i   =-  and Eq. 6d 2  = .
Eq. 6e where m  is the muscle belly strain and  ,  and  are parameters affecting the width, skewness and roundness of the curve, respectively. This relationship was fitted for m a going from 5% to 100% by steps of 5% (20 values) using an optimization process that determined the parameters 00 ,, a F L i , for each activation level, by minimizing ( )

2 5 0 0 0 0 1 ( , , ) ( , , , ) m m m aa p N L F i F F L F L i = - =  Eq. 7
where using p corresponds to a joint posture, defined by w  for ECR or mcp  and w  for EDC.

For each m a value, m F was determined using Eq. 3 and m L using Eq. 4 and the resting length 1 m L of the trial. Values of 00 ,, a F L i were constrained to remain in physiological ranges: The constraints regarding 0 F and 0 L were used to allow the process to find a maximal force and an optimal length outside the values observed in the trials and those of a i corresponded to data reported in the literature [START_REF] Lieber | Architecture of selected wrist flexor and extensor muscles[END_REF][START_REF] Lieber | Architecture of selected muscles of the arm and forearm: Anatomy and implications for tendon transfer[END_REF].

0 0 2 .8 max . max 1 mm F F F   Eq. 8a
To ensure a fit of good quality between the experimental data and the obtained Force-Length-Activation relationships, only the data from five ramp trials, one per posture, were used in the optimization process. Those five trials were found by running the optimization (Eq 7 and 8a-c) with all possible combinations of trials and keeping only the repetitions that provided the best fit, i.e. highest average R² value across all activation levels.

Finally, the relationships between 00 ,, a F L i and m a were obtained using polynomial regressions of order 5, 3 and 3, respectively, on the 20 values of each parameter corresponding to the 20 activation levels. The orders of those regressions were carefully chosen to ensure good fit while using the same orders for all participants. The three relationships defined a participantspecific Force-Length-Activation relationship.

In order to predict the passive stretching of the muscle-tendon unit caused by different postures (section 2.3), a relationship describing the resting belly length 1 m L as a function of muscle-tendon length ( mtu L ) was also derived from the data. It was obtained using a second order polynomial regression on the data from the same five ramp trials as those used in the derivation of Force-Length Activation relationships:

2 1 2 1 0 ( ) ( , ) m mtu mttu mtu L L d L d L d = + + d .
Eq. 9

Calculation of sample population relationships

To evaluate the effect of using relationships representing the tested sample population, instead of participant-specific ones, an average Force-Length-Activation relationship was derived by applying the same regressions as for each participant on the gathered 00 

Comparison of models based on Force-Length-Activation relationships

Once the Force-Length-Activation relationships were obtained, their ability to evaluate muscle forces was tested using the data acquired during the sawtooth contractions (Figure 3a).

Different EMG-driven models were thus developed based on the Force-Length-Activation relationships to estimate muscle forces using using kinematic ( mcp  and w  ) and EMG ( m a ) data, i.e. forward dynamics approach (Figure 3b). The muscle forces estimated by those EMG-driven models were then compared to those estimated by the hand musculoskeletal model using the torque ( ) and angle data, i.e. inverse dynamics approach.

The process to evaluate muscle forces using the EMG-driven model is the same as in in Hauraix et al. [START_REF] Hauraix | Force-Length Relationship Modeling of Wrist and Finger Flexor Muscles[END_REF] and is illustrated on Figure 3b. First, the resting belly length 1 m L in the current posture was deduced from the muscle-tendon length (Eq. 9) which was obtained from joint angle (section 2. 

Statistical analysis

Normality of the data was confirmed using the Shapiro-Wilk test. R software was used to perform parametric statistical tests. The statistical differences between both muscles were tested using paired t-tests to compare the maximal net joint moment ( max  ; highest value recorded with the ergometer about the wrist for ECR and MCP for EDC), maximal muscle force ( on the RMSE of predicted muscle forces. A Tukey post-hoc analysis was conducted when appropriate. The level of significance was set to p < 0.05. The parameters estimated and measured in the current study are in the range of data reported for ECRL and ECRB and for the four compartments of EDC in anatomical dataset acquired during dissections (Figure 4). For ECR, the architectural parameters, i.e. belly and fiber length and index of architecture, were closer to those reported for ECRB than for ECRL. For EDC, the estimated architectural data agreed with the range of values reported in the literature for the four compartments. The comparison with a specific compartment of EDC was not possible considering the large variations observed between different studies, e.g. optimal belly length ranging from 10 to 27 cm. Compared to estimates based on PCSA from cadaver specimens, the maximal isometric force obtained for ECR (498 ± 115N), was four times higher than the lowest value, i.e. 119,5 N using [START_REF] Lieber | Architecture of selected wrist flexor and extensor muscles[END_REF], but comparable to the highest value, i.e. 429N in [START_REF] De Monsabert | Musculoskeletal Modelling: A Study of the Hand and Wrist[END_REF]. Estimated maximal isometric force of EDC group (169 ± 29.3 N), was in the range of estimates based on PCSA, i.e. from 79.9 N [START_REF] Lieber | Architecture of selected muscles of the arm and forearm: Anatomy and implications for tendon transfer[END_REF] to 307.2 N [START_REF] De Monsabert | Musculoskeletal Modelling: A Study of the Hand and Wrist[END_REF].

Results

Architectural data

Modelled Force-length-activation relationships

The individual Force-Length-Activation relationships fitted for each participant using Eq. 8 presented a mean R² value of 0.84 ± 0.12 and 0.83±0.2 for ECR and EDC, respectively. The average relationships across the population are showed Figure 5. 

Comparison of different Force-Length-Activation models

For both muscles, the muscle forces estimated by the three EMG-driven models (i.e. IND, AVE, NoFL) were comparable to those of the inverse-dynamics model (Figure 7, upper panels).

For ECR, the RMSE was statistically different between the three models (F(2,18)=3.77; p=0.029)

but not between the neutral and extension postures (p=0.16). No interaction effect was found. The muscle strain m  (Eq. 6b) were different between the two postures except for the NoFL model, which assumes the muscle is always at optimal length (Figure 7, centre panels). The maximal moment applied by the subjects during the sawtooth conditions were similar between the two postures (Figure 7, lower panels).

Discussion

The objective of this study was to model the Force-Length-Activation behaviour of hand extensor muscles by using non-invasive methods. The methodology developed for flexors [START_REF] Hauraix | Force-Length Relationship Modeling of Wrist and Finger Flexor Muscles[END_REF] was modified to provide new insight into the muscle mechanics of finger and wrist extensors which plays a crucial role in the control of grasping [START_REF] Charissou | Effects of hand configuration on muscle force coordination, co-contraction and concomitant intermuscular coupling during maximal isometric flexion of the fingers[END_REF]. To investigate the specific anatomy of the hand, two muscle groups were studied with ECR representing extensors acting only at the wrist and EDC representing extensors acting both at the finger and the wrist joints. Using a combination of experimental measurements during isometric force-varying tasks together with musculoskeletal modelling, a three-dimensional Force-Length-Activation relationship was obtained for each muscle group. Compared to the protocol for flexors, the tested postures were adjusted to match the range of action of extensors and the visual feedback guiding participants during the isometric torque exertions was based on activation levels, instead of joint torque. To our knowledge, this study is the first to provide a model considering the activation-dependency of the force-length relationships for both finger and wrist extensors which were derived from in vivo data describing the actual performances and muscle behaviour of participants. The obtained
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Force-Length-Activation relationships highlighted how hand posture differently affects the mechanics of finger muscles and wrist actuators. The results of the EMG-driven models also showed that muscle forces estimated from kinematic and EMG using those relationships were comparable to those of an inverse-dynamics musculoskeletal model.

Architectural properties and maximal isometric force

Compared to EDC, the results showed that ECR presented on average a twice higher force capacity (498N against 170N), comparable index of architecture (around 0.3) as well as a shorter optimal length (14.6cm against 20.9cm) that was further from the neutral posture (0.91 m r L against 0.99 m r L ). Those values estimated via the combination of in vivo measurements and musculoskeletal modeling were in agreement with direct measurements from dissection studies [19-21, 46, 47] (Table 1 and Figure 4).

Compared to values reported for ECRB and ECRL muscles, the architectural parameters, i.e.

opt a i and opt L , estimated for the ECR group agreed well with those reported for ECRB and especially with results of Lieber et al. [START_REF] Lieber | Architecture of selected wrist flexor and extensor muscles[END_REF][START_REF] Lieber | Architecture of selected muscles of the arm and forearm: Anatomy and implications for tendon transfer[END_REF]. This observation is consistent with the fact that, despite ECRL and ECRB were modelled as a group, the muscle shortening for ECR was interpreted from the tracking of ECRB myotendinous junction. Hence despite a limited amount of imaging data, the methodology proposed here resulted in physiologically relevant architecture.

Unfortunately, comparison between the EDC group and EDCI, tracked here, was difficult because of the spread of values reported in the literature. The EDCI muscle belly length particularly exhibited a large range, i.e. from 10.4cm [START_REF] Mirakhorlo | Anatomical parameters for musculoskeletal modeling of the hand and wrist[END_REF] to 26.9cm [START_REF] Kerkhof | The digital human forearm and hand[END_REF]. Although the anthropometry of the specimen could be a reason for such large variations, Kerkhof et al. [START_REF] Kerkhof | The digital human forearm and hand[END_REF] found that dimensions of the forearm, such as radius length, do not seem to correlate with those of the muscle-tendon units. Despite those variations, the estimated parameters for EDC agree with the range reported for the four compartments and the standard deviations also demonstrate higher variation for muscle belly length (3.9cm) than for other parameters.

Maximal isometric force max 0 F derived from the approach presented here also agreed well with estimations based on PCSA data from dissection studies (Table 1 and Figure 4). The estimated value of ECR was globally higher than estimates from PCSA while the one of EDC was in the range of the literature. This result is in accordance with previous works from Goislard de Monsabert at al. [START_REF] De Monsabert | A scaling method to individualise muscle force capacities in musculoskeletal models of the hand and wrist using isometric strength measurements[END_REF]. They found that the discrepancies between hand muscle capacities estimated from cadaver-based data, including PCSA, and from dynamometry were higher for wrist extensors, including ECRB and ECRL, than for finger extensors, including EDC. However, the fact that the EDC maximal isometric force estimated based on effective strength measurements was lower than when using cadaver PCSA of [START_REF] De Monsabert | Musculoskeletal Modelling: A Study of the Hand and Wrist[END_REF] and [START_REF] Kerkhof | The digital human forearm and hand[END_REF] was surprising. The results from Goislard de Monsabert at al. [START_REF] De Monsabert | A scaling method to individualise muscle force capacities in musculoskeletal models of the hand and wrist using isometric strength measurements[END_REF] indeed indicated that muscle capacities of finger extensors derived from dynamometry were twice higher than with PCSA taken from Chao et al. [START_REF] Chao | Biomechanics of the hand: a basic research study[END_REF]. This probably indicates that discrepancies between estimates from dynamometry and from cadaver data depends on the specimens from which anatomical data were measured. Nevertheless, as few information about the specimens are available, the reasons explaining the discrepancies between the different datasets remain unclear.

Overall, the results on both architectural parameters and maximal isometric force confirm previous findings of the literature that hand musculature is variable. Variations have been observed at the anatomical level, e.g. supplementary or fusion of muscle bellies in EDC [START_REF] Leijnse | Anatomic Basis for Individuated Surface EMG and Homogeneous Electrostimulation With Neuroprostheses of the Extensor Digitorum Communis[END_REF], and at the level of muscle group capacities with imbalances that might result from personal factors, such as expertise or pathology [START_REF] De Monsabert | A scaling method to individualise muscle force capacities in musculoskeletal models of the hand and wrist using isometric strength measurements[END_REF][START_REF] Vigouroux | Assessment of the risk and biomechanical consequences of lateral epicondylalgia by estimating wrist and finger muscle capacities in tennis players[END_REF]. The development of larger anatomical datasets as well as scaling procedures based on in vivo measurements appears necessary to allow representing the muscle capacities of specific populations. The present methodology could also be improved to provide a finer understanding of the hand muscle capacities, for instance by characterizing intrinsic muscles, including radial/ulnar deviation torque measurements, or velocity-dependent aspects.

Force-Length-Activation relationships

The Force-Length-Activation relationships obtained here allowed to study the effect of activation on the parameters describing how length affects muscle force, namely muscle optimal length ( 0 L ), maximal isometric force ( 0 F )and index of architecture ( a i ) (Figure 5 and6). The approach based on isometric ramp tasks and using a modelling approach allowed assessing the force-length relationships of hand extensors and how activation can modify the shape and position of these relationships. Using the equation of Otten [START_REF] Otten | A myocybernetic model of the jaw system of the rat[END_REF] (Eq. 6a), the derived models provided a good interpretation of the activation-and length-dependency of muscle force with R² values that were above 0.8 for both muscles, i.e. 0.84 ± 0.12 and 0.83±0.2 across all participants for ECR and EDC, respectively. For a better comparison with the literature and with previous work from our group, Figure 8 presents the Force-Length-Activation relationships of the two extensors along with those of the two flexors previously studied [START_REF] Hauraix | Force-Length Relationship Modeling of Wrist and Finger Flexor Muscles[END_REF] and highlights the portion covered over the tested postures tested as well as the effects of activation.

The portions of the force-length relationship found in the present study agreed well with those already observed through in vivo sarcomere length measurements of ECRB and ECRL [START_REF] Lieber | In vivo measurement of human wrist extensor muscle sarcomere length changes[END_REF][START_REF] Cromie | Sarcomere lengths in human extensor carpi radialis brevis measured by microendoscopy: Sarcomere Lengths in Human ECRB[END_REF]. The activities, i.e. from 40° extension to 40° flexion at the wrist [START_REF] Ryu | Functional ranges of motion of the wrist joint[END_REF] and between neutral to 50° flexion for MCP joints [START_REF] Vergara | Human hand kinematic data during feeding and cooking tasks[END_REF]. In comparison with ECR, EDC is affected by both wrist and finger posture but was exposed to lesser loss of force capacities among the tested postures (Figure 8). EDC remained on the plateau region when moving only the fingers, but the effect of wrist posture was substantial as the additional lengthening or shortening resulted in a loss of more than 10% of its maximal capacities. Nevertheless, when considering the maximal activation, EDC only lost 20% of its maximal capacity in the most extreme postures whereas ECR lost around 60%, near 50° flexion. Although the range of motion of EDC is more complex to study because of the multiple joints affecting its length, this result suggests EDC muscle capacity is less affected by changes in length than ECR over functional ranges of motion.

Regarding the configuration corresponding to optimal length, EDC reached its maximal force for slightly flexed MCP joints, around 25°, with the wrist in neutral posture. Interestingly, as EDC muscle length is affected by both finger joints and the wrist, other hand postures could place this muscle at optimal length. For instance, from the posture mentioned above, a more flexed MCP joint, causing a lengthening, combined to an extended wrist, causing a shortening, would also place EDC at optimal length. Since ECR would also be close to optimal capacities in that posture, such mechanism could explain why the highest maximal grip force are reached for slightly extended wrist posture, i.e. around 25 degrees [START_REF] O'driscoll | The relationship between wrist position, grasp size, and grip strength[END_REF]. During grasping tasks, fingers are indeed flexed to maintain the object and while a wide range of wrist posture could be taken, a wrist extension could place both EDC and ECR at their optimal length. As both this muscle can balance the flexion moments created by extrinsic flexors [START_REF] Snijders | Provocation of epicondylalgia lateralis (tennis elbow) by power grip or pinching[END_REF][START_REF] Charissou | Effects of hand configuration on muscle force coordination, co-contraction and concomitant intermuscular coupling during maximal isometric flexion of the fingers[END_REF], the wrist extension might represent an optimal posture that place both extensors in a more advantageous configuration. In another wrist posture, the extensors capacities might be significantly reduced which might prevent their ability to balance finger flexor actions at the wrist, therefore limiting the maximal grip force. Considering the crucial role of finger and wrist extensors during grasping tasks, further studies could investigate how wrist posture might modulate the coordination between hand flexors and extensors and further affect grip performance.
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Activation-dependency of the force-length relationship

As it has been observed for many years [START_REF] Holt | What drives activation-dependent shifts in the force-length curve?[END_REF][START_REF] Rack | The effects of length and stimulus rate on tension in the isometric cat soleus muscle[END_REF], a shift of optimal belly length 0 L toward longer length with decreasing activation was found with the obtained Force-Length-Activation relationships (Figure 4, 6 and 8). This shift reached 7.5% for ECR and 3% for EDC for null activation which remained among the lowest value reported in the literature for human muscles, i.e. from 0 [START_REF] De Brito Fontana | Vastus lateralis maximum force-generating potential occurs at optimal fascicle length regardless of activation level[END_REF] to 40% [START_REF] Ichinose | Estimation of active force-length characteristics of human vastus lateralis muscle[END_REF], and used in musculoskeletal models, i.e. 15% [START_REF] Lloyd | An EMG-driven musculoskeletal model to estimate muscle forces and knee joint moments in vivo[END_REF][START_REF] Cox | The Interaction of Compliance and Activation on the Force-Length Operating Range and Force Generating Capacity of Skeletal Muscle: A Computational Study using a Guinea Fowl Musculoskeletal Model[END_REF]. The results from this study thus suggest the amount of this shift varies for different muscles. This result cannot be fully explained as the exact reason for this shift remains unclear. Although it has often been attributed to a length-dependence of calcium sensitivity [START_REF] Rockenfeller | Inter-filament spacing mediates calcium binding to troponin: A simple geometric-mechanistic model explains the shift of force-length maxima with muscle activation[END_REF][START_REF] Rack | The effects of length and stimulus rate on tension in the isometric cat soleus muscle[END_REF][START_REF] Rassier | Length dependence of active force production in skeletal muscle[END_REF], it might also be caused by the force transmission mechanisms within the muscle-tendon unit [START_REF] Holt | What drives activation-dependent shifts in the force-length curve?[END_REF]. This second hypothesis suggests the fibre at which the maximal capacity is reached might change with the absolute force level to optimize the efficacy of the transmission within the complex arrangement of both active and passive tissues [START_REF] Huijing | Muscle as a collagen fiber reinforced composite: a review of force transmission in muscle and whole limb[END_REF]. This might explain why different optimal length shift were observed for both extensors as their structural arrangements differ. ECRB presents specific fibre trajectories with an L-shaped belly while EDC is multi-compartment muscles which are interconnected by passive tissues [START_REF] Leijnse | Anatomic Basis for Individuated Surface EMG and Homogeneous Electrostimulation With Neuroprostheses of the Extensor Digitorum Communis[END_REF][START_REF] Schroeder | The functional significance of the long extensors and juncturae tendinum in finger extension[END_REF]. This hypothesis that muscle-tendon unit structural arrangement would influence activation-dependency of the force-length relationship seems confirmed by differences found in our previous work on flexors (Figure 8, FDS and FCR). Finger (FDS) and wrist (FCR) flexors indeed show similar anatomical differences than extensors, multi-compartment vs single belly muscles, and are differently affected by activation.

The shape of the force-length relationship curve, influenced by remain unclear, although it could be the result of high specialization of each muscle as already demonstrated from architectural measurements [START_REF] Lieber | Architecture of selected wrist flexor and extensor muscles[END_REF][START_REF] Lieber | Architecture of selected muscles of the arm and forearm: Anatomy and implications for tendon transfer[END_REF].

Although the significance of the activation-dependency might vary among hand muscles, e.g. low shift of optimal length for EDC, it is visible from the comparison of different hand muscles that they each possess unique muscle mechanics (Figure 8). The relationships obtained here (and available from Online Resource 1) allow considering the non-linearities introduced by both activation and muscle length in the estimation of finger and wrist muscle forces. Such data might clarify how hand joint configuration could affect the force-generating capacities of each muscle group and in turn influence muscle coordination.

Results from the EMG-driven models

The muscle forces estimated by the different EMG-driven models based on the obtained Force-Length-Activation relationships were slightly different, below 15% of max 0 F average, compared to those of the musculoskeletal model which used an inverse dynamics approach (Figure 7). Although some statistical differences were found for ECR, the models based on the participant-specific (IND) relationships resulted in similar errors compared to the sample population (AVE) model. This result corroborates the conclusion of our first study on hand flexors [START_REF] Hauraix | Force-Length Relationship Modeling of Wrist and Finger Flexor Muscles[END_REF] that an average model provides a good representation that should be applicable to other participants as long as they remain in the range of age and anthropometry of the sample population. Force-length characteristics might indeed vary according to personal factors, such as training or expertise [START_REF] Rassier | Length dependence of active force production in skeletal muscle[END_REF].

Surprisingly, the comparison of EMG-driven models indicated that the NoFL model resulted in similar errors than other models for the two tested postures (Figure 7). A high difference between the different versions of the EMG-driven models was not expected for the neutral posture since the muscles are close to their optimal length in this posture (Figure 8). Nevertheless, the difference between models for the second posture (Figure 8; star markers) of sawtooth contractions was expected to be higher as it corresponds to sub-optimal length, shorter for ECR and longer for EDC. As shown on Figure 8, the muscle force estimates of the NoFL model, assuming the muscle stays at optimal length (circle markers) overestimate the actual force level in this second sawtooth posture (star markers). This overestimation of NoFL varies according to the activation level but reached up to 20% for ECR and 30% for EDC. Despite those clear differences between EMG-driven models, the RMSE error calculated in the second sawtooth posture were comparable between them, approximately 10% (Figure 7). This lack of difference is explained by the fact that the muscle force estimates of the inverse-dynamics model, used as reference, were in between those of the different EMG-driven models. While AVE and IND models estimated sub-optimal muscle force, nearly 10% lower than the inverse-dynamics model, the NoFL model assumed an optimal muscle force, nearly 10% higher than the inverse-dynamics model. Those discrepancies illustrate the limitations of both the forward-dynamics, here EMGdriven models, and inverse-dynamics approaches of musculoskeletal modelling. The former is based on hypotheses at the muscle level but neglects the global performance, e.g. resultant force or motion, while the latter uses this global performance and make important hypotheses at the joint level on muscle coordination [START_REF] Crowninshield | A physiologically based criterion of muscle force prediction in locomotion[END_REF]. Therefore, although the inverse-dynamics musculoskeletal model was taken as reference in our study, both approaches are making different assumptions on the functioning of the neuromusculoskeletal system which results in different estimations of the force of an individual muscle. Further studies should focus on the development of new biomechanical models of the hand integrating both the inverse and direct approaches based on the relationships found in the present study, as it has been done for the lower limb [START_REF] Lloyd | An EMG-driven musculoskeletal model to estimate muscle forces and knee joint moments in vivo[END_REF][START_REF] Amarantini | A two-step EMG-and-optimization process to estimate muscle force during dynamic movement[END_REF]. Nevertheless, considering the relatively good fit quality with experimental data and the relatively low RMSE with the musculoskeletal model estimates, we consider that our Force-Length-Activation relationships represent, by themselves, an appropriate model of how extensors' muscle forces are dependent to both activation and length.

Limitations

Some limitations should be considered when interpreting the results of the present study. It has been shown that ramp contractions can underestimate the maximal muscle force as it depends on fibre shortening velocity and contraction history [START_REF] Siebert | Nonlinearities make a difference: comparison of two common Hill-type models with real muscle[END_REF]. This underestimation, also called force depression, seems to increase linearly with the mechanical work the muscle produces during the Final draft, prior to final reviewing. Publisher version : https://link.springer.com/article/10.1007/s11517-020-02239-0 29 contraction. To estimate this possible bias, the contraction work during the ramp trials was calculated by integrating the instantaneous product of muscle force and was found to be on average 2.0 ± 1.2 mJ/N and 1.4 ± 0.9 mJ/N for ECR and EDC, respectively, once normalized by maximal muscle force. As this estimation would correspond to force depression levels below 5% of maximal isometric force [START_REF] Siebert | Nonlinearities make a difference: comparison of two common Hill-type models with real muscle[END_REF][START_REF] Corr | A cross-bridge based model of force depression: Can a single modification address both transient and steady-state behaviors[END_REF], we consider the ramp trials designed for this study were slow enough to minimize this phenomenon. Another limitation concerns the use of voluntary contractions, which might not result in the "true" maximal performance [START_REF] Gandevia | Spinal and Supraspinal Factors in Human Muscle Fatigue[END_REF]. Nevertheless, we consider that the precautions taken, including the EMG-based visual guidance, verbal encouragements and randomizing of ramp postures, have minimized the factors that could influence the occurrence of sub-maximal performances. The modelling approach proposed here does not allow a quantification of the fine muscle-tendon unit mechanics, such as the threedimensional behaviour of the different tissues [START_REF] Seydewitz | On a three-dimensional constitutive model for history effects in skeletal muscles[END_REF] or the dynamic equilibrium between muscle and tendon strain [START_REF] Millard | Flexing Computational Muscle: Modeling and Simulation of Musculotendon Dynamics[END_REF]. Nevertheless, the good agreement between our estimations based on in vivo measurements and previous findings regarding muscle architecture, sarcomere length and activation-dependency tends to confirm the obtained Force-Length-Activation relationships provide an adequate model of the muscle behaviour of hand extensors.

Conclusion

This study provided a model of the force-length behaviour of the ECR and EDC muscles considered as representative of wrist and finger extensors, respectively. The procedure combining musculoskeletal model with in vivo data of joint torque performance and muscle behaviour provided new insight in the activation-and length-dependency of hand extensors. Based on the obtained Force-Length-Activation relationships, an EMG-driven model was proposed to evaluate muscle force using electromyography and joint posture and provided results in agreement with an inverse-dynamics model. Those EMG-driven models could be helpful for clinical or ergonomic applications as they are easier to implement compared to inverse-dynamics models which requires the use of numerous input data and anatomical parameters. Nevertheless, for a better accuracy, the results suggested a combination of both approaches would result in finer estimates of muscle forces. The data describing the Force-Length-Activation relationships provided in Online

Resource 1 could thus be used by interested parties who seek to estimate the muscle capacities of hand extensors. For instance, considering that overloading of extensor muscles relative to their capacities represent a risk factor for lateral epicondylalgia [START_REF] Vigouroux | Assessment of the risk and biomechanical consequences of lateral epicondylalgia by estimating wrist and finger muscle capacities in tennis players[END_REF], these relationships could help to design tool handles and recommendations for manual tasks such that extensor muscles remain close to their optimal length when they are highly involved. By describing how muscle capacities are affected by joint posture, the models obtained in the present study could also be used to clarify how biomechanical constraints might influence the muscle coordination during grasping tasks. studies. EDCI, EDCM, EDCR and EDCL correspond to the index, middle, ring and little finger compartment of EDC, respectively. Data from Lieber(1990-92) [START_REF] Lieber | Architecture of selected wrist flexor and extensor muscles[END_REF][START_REF] Lieber | Architecture of selected muscles of the arm and forearm: Anatomy and implications for tendon transfer[END_REF] correspond to mean ± 1 standard deviation from 5 to 8 specimens whereas Mirakhorlo(2016) [START_REF] Mirakhorlo | Anatomical parameters for musculoskeletal modeling of the hand and wrist[END_REF], Goislard(2018) [START_REF] De Monsabert | Musculoskeletal Modelling: A Study of the Hand and Wrist[END_REF] and [START_REF] Kerkhof | The digital human forearm and hand[END_REF]: [START_REF] Kerkhof | The digital human forearm and hand[END_REF] reported data for a single specimen. The optimal fibre length in the current study was estimated by multiplying the optimal belly length ( opt L ) by the index of architecture at maximal activation ( opt a i ) [START_REF] Kaufman | Incorporation of muscle architecture into the muscle length-tension relationship[END_REF]. The optimal fibre length values from Lieber(1990- 92) were scaled to an optimal sarcomere length of 2.7µm [START_REF] Walker | I segment lengths and thin filament periods in skeletal muscle fibers of the Rhesus monkey and the human[END_REF] to be comparable with the other dissection studies. The maximal isometric force for all dissection studies was calculated by multiplying the sum of the PCSA of the muscles in the group by a maximal muscle stress value of 35N/cm² [START_REF] De Monsabert | Quantification of hand and forearm muscle forces during a maximal power grip task[END_REF][START_REF] Valero-Cuevas | Large index-fingertip forces are produced by subject-independent patterns of muscle excitation[END_REF]. [START_REF] Lieber | Architecture of selected wrist flexor and extensor muscles[END_REF][START_REF] Lieber | Architecture of selected muscles of the arm and forearm: Anatomy and implications for tendon transfer[END_REF] correspond to mean ± 1 standard deviation from 5 to 8 specimens whereas Mirakhorlo(2016) [START_REF] Mirakhorlo | Anatomical parameters for musculoskeletal modeling of the hand and wrist[END_REF], Goislard(2018) [START_REF] De Monsabert | Musculoskeletal Modelling: A Study of the Hand and Wrist[END_REF] and [START_REF] Kerkhof | The digital human forearm and hand[END_REF]: [START_REF] Kerkhof | The digital human forearm and hand[END_REF] reported data for a single specimen. The optimal fibre length in the current study was estimated by multiplying the optimal belly length ( opt L ) by the index of architecture at maximal activation ( opt a i ) [START_REF] Kaufman | Incorporation of muscle architecture into the muscle length-tension relationship[END_REF]. The optimal fibre length values from Lieber(1990- 92) were scaled to an optimal sarcomere length of 2.7µm [START_REF] Walker | I segment lengths and thin filament periods in skeletal muscle fibers of the Rhesus monkey and the human[END_REF] to be comparable with the other dissection studies. The maximal isometric force for all dissection studies was calculated by multiplying the sum of the PCSA of the muscles in the group by a maximal muscle stress value of 35N/cm² [START_REF] De Monsabert | Quantification of hand and forearm muscle forces during a maximal power grip task[END_REF][START_REF] Valero-Cuevas | Large index-fingertip forces are produced by subject-independent patterns of muscle excitation[END_REF]. 
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  First, normalized force and muscle length change ( obtained by dividing m F and m L  values by their maximal value in each ramp trial. Then, a force-activation and a length-force relationship describing the muscle behaviour were obtained by fitting the equations were determined using two successive non-linear least square fitting. The minimized criteria were ,
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 1 2.1). Then, the muscle belly length change m L  was estimated from the activation level m a using Eq. 2 and 3 successively. Muscle belly length m L was then estimated by adding the muscle length change m . The Force-Length-Activation relationship was then determined by calculating the three parameters ( 00 ,, a F L i ) according to activation level m a . Muscle force m F could then be estimated from m L using Eq.8a-e. For each participant and each muscle group, three different versions of the EMG-driven model were tested: i) using the individual relationship determined for that participant (IND model), ii) using the average relationship of the sample population (AVE model) and iii) using only the Place Fig3 around here Final draft, prior to final reviewing. Publisher version : https://link.springer.com/article/10.1007/s11517-020-02239-0 19 average activation-dependent maximal isometric force of the average model ( length behavior (NoFL model). The muscle force in the AVE and NoFL models was obtained by multiplying the normalized force to the maximal isometric force max 0 F of the participant. The accuracy of each model was evaluated by computing the root mean square error (RMSE) between the predicted muscle forces by that model and those obtained using the hand musculoskeletal model. The RMSE values were normalized with respect to

  . Two repeated-measures ANOVA (one for each muscle) were performed to assess the effect of posture (0 and -40 for ECR, 0/0 and 20/50 for EDC) and model (IND, AVE, or NoFL)
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  Force-Length-Activation relationship indicated that ECR mainly worked on the plateau and descending limb of the force-length relationships. The muscle reached its maximal capacity in a slightly extended wrist, near 20°, which was closer to neutral compared to what sarcomere length measurements predicted, i.e. 40-50°[START_REF] Lieber | In vivo measurement of human wrist extensor muscle sarcomere length changes[END_REF][START_REF] Cromie | Sarcomere lengths in human extensor carpi radialis brevis measured by microendoscopy: Sarcomere Lengths in Human ECRB[END_REF] . This slight difference might arise from the different scales at which the force-length behaviour was studied. Considering the non-uniform distribution of sarcomeres and the non-homogeneous mechanical properties of the different tissues within a muscle [49], a complete agreement between the present study at the muscle level and sarcomere behavior was not expected. As no data was available in the literature regarding the force-length behavior of EDC compartments, no comparison can be made regarding the present results. Nevertheless, the good agreement regarding the portions of the curve covered by ECR over the range of tested postures tend to validate the use of myotendinous junction displacement, dynamometry, and electromyography to study force-length relationship at the muscle level.The obtained Force-Length-Activation relationships provide a better understanding of how the capacities of wrist and finger extensors are affected by hand posture during everyday life. The tested postures indeed explored most of the functional ranges of motion required for everyday life Final draft, prior to final reviewing. Publisher version : https://link.springer.com/article/10.1007/s11517-020-02239-0 25

ai

  , was also influenced by the activation (Figure 4, 6 and 8) . The curve of ECR became flatter for activation below 0.5 while the one of EDC conserved a similar width from 1 to 0.25. This result indicate ECR forcegenerating capacities are less affected by muscle length at low activation than EDC. This comparison of wrist actuators and finger muscles result in a different trend for flexors, with the digital flexors (FDS) being less affected by muscle length than wrist flexors (FCR). As discussed above, the exact reasons for such differences in the activation-dependency of the hand muscles
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Table 1

 1 

		summarizes the measured and estimated architectural characteristics of EDC and ECR
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	around here	muscles. Significant differences were found between the ECR and the EDC muscles (p<0.01) for
		the maximal measured net joint moment ( max  ), the muscle maximal force ( max 0 F ) as well as for
		the reference muscle-tendon length (	mtu L ), the reference muscle belly length at rest ( m L ), the
			r	r
		optimal length (
	Place Fig4	
	around here	

opt L ) and the optimal length normalized by m r L ( opt l ). Only the index of
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