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Abstract

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 electro-
myography. 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.
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Glossary of terms AVE: “Average” EMG-driven model

ECR: Extensor carpi radialis

ECRB: Extensor carpi radialis brevis

ECRL: Extensor carpi radialis longus

EDC: Extensor digitorum communis

EDCI: Index finger compartment of extensor digitorum
communis

EMG: Electromyography

IND: “Individual” EMG-driven model
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MCP: Metacarpophalangeal

MSK: Musculoskeletal

NoFL: “No force-length” EMG-driven model

PCSA: Physiological cross-sectional area

RMSE: Root mean square error

a™: Muscle activation level

a;: Constants describing the force-activation relationships

(: Skewness parameter of the force-length relationship of
Otten

v;: Constants describing the length-force relationships in a
ramp trial

€™: Muscle belly strain

F": Muscle force (Newtons)

J": Muscle force normalized by maximal value observed

Fy: Maximal isometric force at a given activation level

F{™: Maximal isometric force at 100% of muscle
activation

0,,: Wrist joint angle

Omep: Metacarpophalangeal joint angle

i,: Index of architecture at a given activation level

i°P": Index of architecture at 100% of activation
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L™: Muscle belly length

I"": Normalized muscle belly length

L'": Muscle belly length at rest at a given joint angle (before
contraction)

L: Reference muscle belly length, i.e. at rest in neutral
posture

AL™: Muscle belly length change (current length vs at rest)

AI"™: Muscle belly length change normalized by maximal
value observed

L™": Muscle-tendon unit length at a given joint angle

L™ Reference muscle-tendon unit length measured in neu-
tral posture

Lq: Optimal muscle length at a given activation level

Lop: Muscle optimal length at 100% of activation

lopt: Muscle optimal length at 100% of activation normal-
ized by muscle length at rest in neutral posture (L' )

p: Index for a given posture

p: Roundness parameter of the force-length relationship of
Otten

t.Index for a time sample

7: Net joint moment measured by the ergometer

w: Width parameter of the force-length relationship of Otten

1 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 free-
dom 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 cross-
ing different joints which inherently create mechanical cou-
plings 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 concom-
itantly creates wrist flexion moments which can only be bal-
anced 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) [1, 2]. Although they are antago-
nist 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 non-
manipulative force production tasks [3]. Nevertheless, al-
though the behaviour of wrist extensors have been studied
through intra-operative experiments [4-6], 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
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as the loss of grip force for extreme wrist postures [7] 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 [8], musculoskeletal models
have continuously been developed to provide estimates of the
internal mechanics of the finger and the wrist [9—18]. Those
models require anatomical data describing the trajectories and
morphology of muscle-tendon units as well as the bone ge-
ometries to quantify how each muscle can contribute to the
generation of a movement or a force [19-22]. Furthermore,
the potential contribution of each muscle also varies with the
joint configuration as the maximal force it can produce de-
pends on its current length, as described by the well-known
force-length relationship [23]. In the most advanced hand
musculoskeletal models, the force-length relationship of each
muscle is obtained by scaling a generic curve using cadaver
data [11, 15, 16, 24]. 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
[25, 26]. Nevertheless, because of the complexity of the hand
and wrist anatomy, only few data exist regarding the capaci-
ties of this musculoskeletal system [27] 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 [28], it appears crucial for biomechan-
ical 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 [4, 5] or microendoscopy [6]
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. [23]. Based
on protocols previously developed to study the elbow [29, 30]
and lower limb joints [31, 32], Hauraix et al. [33] 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 musculoskel-
etal modelling with in vivo measurements of net joint moments,
joint posture, myotendinous displacement and electromyogra-
phy (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 [34-36]. Allowing to understand the muscle mechan-
ics at low activation is crucial to understand hand function since
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manipulation tasks can require a wide range of force levels, e.g.
sewing or hammering, and the muscle coordination varies ac-
cording to the task constraints [3]. Considering the balance of
muscle capacities between flexors and extensors can influence
the muscle coordination and might represent a risk factor in
lateral epicondylalgia [37], 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 non-invasive techniques. The obtained rela-
tionships were compared with 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 elec-
tromyography. The estimates of these models were compared
with those of an inverse dynamics musculoskeletal model
using dynamometric data as input.

2 Methods

The methodology developed for hand flexors [33] 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 com-
mon extensor tendon attaching to the lateral epicondyle. From
this common tendon, EDC spreads in four bellies with
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Fig. 1 The position of the hand in the ergometer and the different plates
on which participants exerted extension moments for the ECR (a—c) and
EDC sessions (d—f). For the ECR session (a), the participants aligned the
wrist joint with the measurement axis and applied the extension moment
using the dorsal aspect of the hand palm. The hand position for the 0 and
the 50° postures of the ECR session are illustrated on panels b and c,

individual tendons inserting on the dorsal aspect of one of the
long fingers via the extensor mechanism [22]. ECRB and
ECRL both represent an individual muscle-tendon unit and
inserts on the proximal part of the third and second metacarpal
bones.

Adaptations of the protocol previously proposed [33] were
required to investigate the extensors especially the tested pos-
tures were adjusted to ensure datapoints representative of the
force-length portion covered by extensors [4] and limiting the
contribution of passive tissues [38]. Additionally, a visual guid-
ance with feedback on EMG activity, instead of joint torque
was used because voluntary producing large extension mo-
ments is rather difficult, as opposed to flexion actions which
are predominant in everyday life. The EMG feedback ensured
the participants were fully activating the targeted muscle.

2.1 Experimental design
2.1.1 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 pathol-
ogies or surgeries to the right arm in the past 12 months were
tested in this study. The participants gave their written in-
formed consent in accordance with the ethics committee of
Aix-Marseille University (ref: 2020-07-05-02).

2.1.2 Tasks

Participants performed isometric extension tasks using either
the wrist or the four metacarpophalangeal (MCP) joints to-
gether in different combinations of flexion/extension angles
on an ergometer specially adapted for the hand (Bio2M,
Compiegne, France; Fig. 1), already presented in previous

respectively. For the EDC session (d), the participants aligned their MCP
joints with the measurement axis and applied the extension moment using
the dorsal aspect of the fingers. The hand position for the 0/0 and the 0/50
(wrist/MCP) postures of the EDC session are illustrated on panels e and f,
respectively
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studies [27, 33]. Those extension tasks consisted in progres-
sive 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.

2.1.3 Protocol

Prior to the experiments, measuring tape was used to deter-
mine along with other anthropometric measurements, a refer-
ence musculotendon length (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 ses-
sions: 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, participants performed wrist extensions by
applying forces on a 2-cm-long aluminium plate positioned at
the dorsal side of the palm hand proximally to the MCP joint
(Fig. 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 aluminium plate that was covering their
hand from the base of the proximal phalanges to the tip of
distal phalanges (Fig. 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 volun-
tary 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 substan-
tially different between the two trials, another trial was per-
formed. The maximal activity (EMGy,,,) of the targeted mus-
cle (either ECR or EDC) was recorded in both MVC trials and
the highest value was further used as the reference for normal-
ization, i.e. 100%. Then, the participants performed two pro-
gressive isometric ramps from low (below 5%) to maximal
activity, i.e. 100% of EMG,,,x in five different joint angle
configurations (described below). These ramps were guided
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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 s
where activity had to remain stable and below 5%, and then
an “active” period where activity had to increase linearly
(ramp) during 6 s to reach maximal activity (100%). During
the ECR session, only the wrist posture varied, and the tested
angles were —40°, —20°, 0°, 25° and 50° (negative values
correspond to extension). During the EDC session, a combi-
nation of wrist/MCP joint angles were tested: —30°/0°, 0°/0°,
0°/25°, 0°/50° and 20°/50° (wrist/ MCP). These postures were
carefully selected during pre-tests to limit the number of con-
tractions, and thus minimize fatigue, while ensuring to have
datapoints on both sides of the plateau region of the force-
length relationship.

To test the modelled force-length-activation relationships
for the estimation of muscle force, the participants were also
required to perform “sawtooth” contractions in each session.
These test trials consisted of 10 s of isometric contraction with
the participant exerting a varying moment (alternation of as-
cending 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-min rest before starting
each trial. Verbal encouragement was given during all MVC
and ramp trials to prevent at best the occurrence of sub-
maximal performances [39, 40].

2.1.4 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
and (ii) the forearm (radial styloid, lateral epicondyle and bi-
ceps 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 (7) 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
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anatomical descriptions, palpations as well as display of the
signals during functional movements [27]. 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 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 two-
dimensional images. During all trials, ultrasound, electromyo-
graphic (EMG) and kinematic data were collected
synchronously.

The recorded torque (7) was low-pass filtered at 5 Hz using a
second-order Butterworth zero-phase filter. EMG envelopes
were obtained by using first a band-pass filter at 10400 Hz,
rectifying and then applying low-pass filtered at 3 Hz using a
fourth-order Butterworth zero-phase filter. Those EMG enve-
lopes were then normalized using maximum EMG envelope
value obtained in the two MVC trials (EMG,,,,) to calculate
the muscle activation level (¢™). Kinematic data were low-pass
filtered at 5 Hz using a fourth-order Butterworth zero-phase
filter to calculate flexion/extension angles at the wrist (6,,) and
MCP (Oncp) 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-s 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
EMG envelope of the targeted muscle was reached. The mean
value on the initial 3-s 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 7, 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).

2.2 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 proc-
essed experimental data is described in this section and illus-
trated on Fig. 2.

2.2.1 Muscle force and belly length

The displacement of the myotendinous junction was tracked
manually on the B-mode image and its three-dimensional co-
ordinates were reconstructed using the position of the markers
on the ultrasound probe. The muscle belly length (L") was then
estimated from the distance between the three-dimensional co-
ordinates of the myotendinous junction and the lateral humeral
epicondyle (i.e. muscle origin). The belly length change (AL™)
during the contraction was computed as follows:

AL" = ["-L" (1)

where L is the muscle length at rest for the current posture, i.e.
at the beginning of the contraction.

The muscle force (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 [1]. The use
of such model was required to identify the individual contribu-
tion of the targeted muscles in the exertion of the net joint
moment measured on the ergometer (7). Briefly, this model
used an inverse dynamics approach and solved the muscle re-
dundancy problem by minimizing a muscle stress criterion [41]
to estimate all the muscle forces required to balance the net joint
moment 7 in the current posture (O, and 6,,). 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 [42] and geometrical models [22].
PCSA were taken from data reported in the literature [22, 43].
For the ECR session, the model estimated the forces of the 42
hand muscles, including six wrist actuators, nine thumb mus-
cles and 27 long finger muscles, using the wrist net moment and
the wrist joint angle (6,,) 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 (Ocp,) as input. The sum of the four EDC forces was
used in further processing. For further details on those calcula-
tions, please consult the digital content in [33] and the study
presenting the model [1].

For both muscles (EDC, ECR), the instantaneous muscle-
tendon unit length (L™") was estimated as the sum of the
measured reference one (L;ntu ) and the excursion, calculated
from the MCP (6,,¢,) and/or wrist joint angle (6,,) using geo-
metric models [22, 42].

2.2.2 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
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Data processing for a single ramp trial
Repeated for the ten ramp trials

v

Derivation of

Experimental data

Ultrasound Motion capture Ergometer

EMG

Force-Length-Activation
relationship

Based on five best trials

Joint angle e

l time time

Inverse-dynamics MSK model

\ 2 / *

Muscle length Muscle
force

l time

Muscle
Activation

1 time

l time
Data-fitting processes
using non-linear constrained optimization

Activation-dependent
force-length parameters
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Force-activation Length-force
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for the 10 ramp trials
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Fig. 2 Description of the processing including the derivation of muscle
behaviour (force-activation and length-force) relationships for each ramp
(left column) and the derivation of individual force-length-activation

activation levels. First, normalized force and muscle length
change ("', Al") were obtained by dividing F and AL™
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

1

[+ o 0

SM(@d", o) = o + ay (2)
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relationships at different activation levels to develop a force-length-
activation relationship (right column)

and
AI(f™, ) =7, [1=e "] (3)

where o =[ay, an, a3, 4] and y =[] 7»] are constants which
were determined using two successive non-linear least square
fitting. The minimized criteria were
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M 2
Gla) = ; S o= (a’”(f), a)] (4)
and
r 2
H(vy) = ; AI"(t) =A™ (f’"(t)ﬂ)] (5)

where ¢ corresponds to a time sample. Additional boundary
conditions (0<a;<1; 05 <1; 1<3<10; 0.1 <y <10
and 1<v,<10; 1<v,<10) and specific constraints
("0, ) =0; f"(1, x) = 1; AI"(0,y) = 0) were used to ensure
physiologically realistic results [33]. The obtained relation-
ships (Eqgs. 2 and 3) can then be used to estimate muscle force
F" and muscle length change AL™ from any activation level.

2.2.3 Derivation of force-length-activation relationships

A three-dimensional force-length-activation relationship was
calculated by fitting a force-length relationship at multiple
activation levels using the model of Otten [44, 45], which
defines the force-length relationship using three parameters,
i.e. the maximal isometric (F)), the optimal length (L) and the
architecture index (i,,), i.e. muscle belly to fibre length ratio,
using the equation

(e +1)'-1)\
F™(L™, Fo, Lo, iy) = Foexp || —————2 | |, (6)
w
with
m_ (L"=Lo)
= 1 )
w = 0.35327(1—i,) (8)
1
[ =0.96343 (ll—> 9)
and
p=2 (10)

where " is the muscle belly strain and w, (3 and p are param-
eters affecting the width, skewness and roundness of the
curve, respectively. This relationship was fitted for o™ going
from 5 to 100% by steps of 5% (20 values) using an optimi-
zation process that determined the parameters Fy, Lo, i, for
each activation level, by minimizing

N(Lo, Fo,ia) = o (F"=F"(L", Fo, Lo, ia))" (11)

where using p corresponds to a joint posture, defined by 6,, for

ECR or 0y, and 6,, for EDC. For each a™ value, " was
determined using Eq. 2 and L™ using Eq. 3 and the resting
length L7 of the trial. Values of Fy, Lo, i, were constrained to
remain in physiological ranges:

0.8max F" < Fy<1.2max F" (12)
0.95minL" <Ly<1.05maxL" (13)
0.01<i,<0.7 (14)

The constraints regarding F, and 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 i, corresponded
to data reported in the literature [46, 47].

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 (Egs. 11 and 12—14) with all possible
combinations of trials and keeping only the repetitions that
provided the best fit, i.c. highest average R> value across all
activation levels.

Finally, the relationships between Fy, Lo, i, and a” were
obtained using polynomial regressions of orders 5, 3 and 3,
respectively, on the 20 values of each parameter correspond-
ing 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
participant-specific force-length-activation relationship.

In order to predict the passive stretching of the muscle-
tendon unit caused by different postures (Section 2.3), a rela-
tionship describing the resting belly length L' as a function of
muscle-tendon length (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:

L7(L™ d) = do (L™™) + d( L™ + d (15)

2.2.4 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 F), L, i, data of all participants for the 20 a™ values.
In the same way, average f"(a”, o), AI"(f™,~),L] x
(L™ d) relationships (Egs. 2, 3 and 15, respectively) were
calculated using the gathered data from the entire population.
Prior to the calculation of the average model, F”, L” and L™
scaled according to the maximal isometric force (Fj™, i.e. F
value for a™” = 1), the reference muscle length, i.e. at rest in

@ Springer



2538

Med Biol Eng Comput (2020) 58:2531-2549

neutral posture (L) ) and the reference musculotendon length
(L"), respectively.

2.3 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 (Fig. 3a). Different
EMG-driven models were thus developed based on the force-
length-activation relationships to estimate muscle forces using
kinematic (A, and 6,,) and EMG (¢™) data, i.e. forward dy-
namics approach (Fig. 3b). The muscle forces estimated by
those EMG-driven models were then compared with those
estimated by the hand musculoskeletal model using the torque
(7) and angle data, i.e. inverse dynamics approach.

The process to evaluate muscle forces using the EMG-
driven model is the same as in Hauraix et al. [33] and is
illustrated on Fig. 3b. First, the resting belly length L7 in the
current posture was deduced from the muscle-tendon length
(Eq. 15) which was obtained from joint angle (Section 2.2.1).
Then, the muscle belly length change AL™ was estimated
from the activation level a” using Egs. 2 and 3 successively.
Muscle belly length L™ was then estimated by adding the
muscle length change AL™ to the length at rest L}'. The
force-length-activation relationship was then determined by
calculating the three parameters (¥, Lo, i,) according to acti-
vation level a”. Muscle force £ could then be estimated from
L™ using Egs. 6-10.

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 pop-
ulation (AVE model) and (iii) using only the average
activation-dependent maximal isometric force of the average
model (F" = Fy(a™)), i.e. neglecting force-length behaviour
(NoFL model). The muscle force in the AVE and NoFL
models was obtained by multiplying the normalized force to
the maximal isometric force Fj'™* of the participant. The ac-
curacy 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 mus-
culoskeletal model. The RMSE values were normalized with
respect to Fg™ of the participant.

2.4 Statistical analysis

Normality of the data was confirmed using the Shapiro-Wilk
test. The R software was used to perform parametric statistical
tests. The statistical differences between both muscles were
tested using paired ¢ tests to compare the maximal net joint

max,

moment (7 ; the highest value recorded with the ergometer
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about the wrist for ECR and MCP for EDC), maximal muscle
force (F™ ) muscle optimal length (Lo, i.e. Lo for a” =1)
and architectural properties (L™, L and i, i.e. i, for a" =
1). 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) 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.

3 Results
3.1 Architectural data

Table 1 summarizes the measured and estimated architectural
characteristics of EDC and ECR muscles. Significant differ-
ences were found between the ECR and the EDC muscles
(»<0.01) for the maximal measured net joint moment
(7™), the muscle maximal force (F§™* ) as well as for the
reference muscle-tendon length (L™ ), the reference muscle
belly length at rest (L) ), the optimal length (L) and the
optimal length normalized by L (/,,0). Only the index of
architecture at optimal length (i" ) was not significantly dif-
ferent between the two muscles (p = 0.89).

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 (Fig. 4). For ECR, the architectur-
al parameters, i.e. belly and fibre length and index of architec-
ture, 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 compart-
ments. 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 with estimates based on PCSA
from cadaver specimens, the maximal isometric force obtain-
ed for ECR (498 £ 115 N) was four times higher than the
lowest value, i.e. 119.5 N using [46], but comparable to the
highest value, i.e. 429 N in [19]. Estimated maximal isometric
force of EDC group (169 £29.3 N) was in the range of esti-
mates based on PCSA, i.e. from 79.9 N [47] to 307.2 N [19].

3.2 Modelled force-length-activation relationships

The individual force-length-activation relationships fitted for
each participant using Eqs. 6—10 presented a mean R” value of
0.84+0.12 and 0.83+0.2 for ECR and EDC, respectively.
The average relationships of the sample population are shown
in Fig. 5.
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Fig. 3 Description of the process to compare the three EMG-driven
musculoskeletal (MSK) models (a) and the general principle of muscle
force and belly length estimation in the EMG-driven MSK models (b).
IND, model based on individual force-length-activation relationships;

Figure 6 presents the evolution the three parameters (Fy, Lo,
i,) describing the force-length-activation relationships as a

AVE, model based on average force-length-activation relationships;
NoFL, model based on average force-length-activation relationships
but using only the maximal isometric force scaled by activation level

function of activation level. Coefficients for the polynomial
regression describing the average curves are provided in
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Table1 Measured wrist and MCP torque as well as estimated variables describing the force-generating capacities and the architecture of both muscles
Wrist MCP p
77 (Nm) 14.1£3.1 35409 <0.001
ECR EDC )
F§e (N) 498+ 115 169 +29 <0.001
L™ (cm) 314=£15 37.1+1.6 <0.001
L (cm) 16.1£0.01 21.1+3.7 0.0019
Lpy (cm) 14.6+0.01 20.9+3.9 <0.001
Lope (%L ) 90.8+4.0 989438 <0.001
%P (d.u.) 0.29+0.17 0.30£0.19 0.89

Mathematical symbols are described in the text

MCP metacarpophalangeal joint, ECR extensor carpi radialis, EDC extensor digitorum communis

Online Resource 1. The index of architecture (i,) tended to
increase with activation. It reached around 0.3 at maximal

activation for both muscles but was slightly higher for ECR,
indicating a wider force-length curve, at low activation (see
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Fig. 4 Comparison of architectural properties obtained in this study for
the ECR and EDC muscle groups with those directly measured on
individual muscle bellies during dissection studies. EDCI, EDCM,
EDCR and EDCL correspond to the index, middle, ring and little finger
compartment of EDC, respectively. Data from Lieber et al. [46, 47]
correspond to mean=+ 1 standard deviation from 5 to 8 specimens,
whereas Mirakhorlo et al. [20], Goislard De Monsabert et al. [19] and
Kerkhof et al. [21] reported data for a single specimen. The optimal fibre
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length in the current study was estimated by multiplying the optimal belly
length (L) by the index of architecture at maximal activation (i) [45].
The optimal fibre length values from Lieber et al. were scaled to an
optimal sarcomere length of 2.7 um [48] 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 35 N/em? [1, 12]
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Fig. 5). The muscle optimal belly length (Z,) decreased with
activation for ECR, from 0.97 L' to 0.90 L, and remained
stable for EDC, around 1 on average. The isometric maximal
force (Fy) values increased non-linearly for both muscles.
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Fig. 6 Evolution of the parameters of the force-length-activation
relationship (Fy, Lo, i,) with the activation level a”. Maximal isometric
force and optimal belly length are normalized by the maximal isometric
force at a” =1 (F™ ) and by the reference belly length L”, i.e. at rest in
neutral posture. The lines represent the average curve of the whole
population. The mean and standard deviations of the data from all
individual relationships is represented by asterisk and cross signs as
well as shaded areas, respectively
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are normalized by the maximal isometric force at Fj'™*, ie. at a” =1,
and by the reference belly length L", i.e. at rest in neutral posture

3.3 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 (Fig. 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 post hoc analysis showed that the IND model
provided the lowest RMSE (p < 0.05) and that the AVE and
NoFL were not statistically different (p = 0.99). For EDC, the
RMSE was not different across models (F(2,16)=2.29; p=
0.11) nor between the two postures (F(2,16) =0.54; p =0.47).

The muscle strain " (Eq. 7) were different between the
two postures except for the NoFL model, which assumes the
muscle is always at optimal length (Fig. 7, centre panels). The
maximal moment applied by the subjects during the sawtooth
conditions was similar between the two postures (Fig. 7, lower
panels).

4 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
[33] 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 [3]. 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
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Fig.7 Mean = 1 SD values of the ECR
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during isometric force-varying tasks together with musculo-
skeletal modelling, a three-dimensional force-length-
activation relationship was obtained for each muscle group.
Compared with 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 pro-
vide 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 ob-
tained force-length-activation relationships highlighted how
hand posture differently affects the mechanics of finger mus-
cles and wrist actuators. The results of the EMG-driven
models also showed that muscle forces estimated from kine-
matic and EMG using those relationships were comparable to
those of an inverse dynamics musculoskeletal model.

4.1 Architectural properties and maximal isometric
force

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

Compared with values reported for ECRB and ECRL mus-
cles, the architectural parameters, i.e. igpt and Ly, estimated
for the ECR group agreed well with those reported for ECRB
and especially with results of Lieber et al. [46, 47]. This ob-
servation 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, compar-
ison between the EDC group and EDCI, tracked here, was
difficult because of the spread of values reported in the liter-
ature. The EDCI muscle belly length particularly exhibited a
large range, i.e. from 10.4 cm [20] to 26.9 cm [21]. Although
the anthropometry of the specimen could be a reason for such
large variations, Kerkhof et al. [21] found that dimensions of
the forearm, such as radius length, do not seem to correlate
with those of the muscle-tendon units. Despite those varia-
tions, the estimated parameters for EDC agree with the range
reported for the four compartments and the standard devia-
tions also demonstrate higher variation for muscle belly length
(3.9 cm) than for other parameters.

Maximal isometric force Fj'™ derived from the approach
presented here also agreed well with estimations based on
PCSA data from dissection studies (Table 1 and Fig. 4). The
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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. [27]. 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 [19, 21] was surprising. The results from
Goislard de Monsabert at al. [27] indeed indicated that muscle
capacities of finger extensors derived from dynamometry
were twice higher than with PCSA taken from Chao et al.
[22]. This probably indicates that discrepancies between esti-
mates 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 lit-
erature that hand musculature is variable. Variations have
been observed at the anatomical level, e.g. supplementary or
fused muscle bellies in EDC [49], and at the level of muscle
group capacities with imbalances that might result from per-
sonal factors, such as expertise or pathology [27, 37]. 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 popu-
lations. The present methodology could also be improved to
provide a finer understanding of the hand muscle capacities,
for instance by characterizing intrinsic muscles, by including
radial/ulnar deviation torque measurements, or by
considering velocity-dependent aspects.

4.2 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 (L), maximal isometric force (Fj) and index
of architecture (i,) (Figs. 5 and 6). 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 [44] (Eq. 6), the
derived models provided a good interpretation of the activa-
tion and length dependency of muscle force with R? 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, Fig. 8 presents the force-length-

activation relationships of the two extensors along with those
of the two flexors previously studied [33] 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
[4, 6]. The estimated force-length-activation relationship indi-
cated 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 with what sarcomere length
measurements predicted, i.e. 40—-50° [4, 6]. This slight differ-
ence 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 mechan-
ical properties of the different tissues within a muscle [50], a
complete agreement between the present study at the muscle
level and sarcomere behaviour was not expected. As no data
was available in the literature regarding the force-length be-
haviour of EDC compartments, no comparison can be made
regarding the present results. Nevertheless, the good agree-
ment 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 elec-
tromyography 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 fin-
ger extensors are affected by hand posture during everyday
life. The tested postures indeed explored most of the function-
al ranges of motion required for everyday life activities, i.e.
from 40° extension to 40° flexion at the wrist [51] and be-
tween neutral to 50° flexion for MCP joints [52]. In compar-
ison with ECR, EDC is affected by both wrist and finger
posture but was exposed to lesser loss of force capacities
among the tested postures (Fig. 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 max-
imal 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 affect-
ed 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
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Fig. 8 Average force-length-activation relationships for the sample
population for both extensors (upper panels) along with the results of
Hauraix et al. [33] for hand flexors (lower panels: FCR, flexor carpi
radialis; FDS, flexor digitorum superficialis). Muscle force and belly
length are normalized by maximal isometric force and optimal belly
length at maximal activation (a” =1). The colours correspond to
different levels of activation, namely 1, 0.75, 0.5, 0.25 and 0. The thin
parts represent the theoretical force-length relationships for all belly
length and the bold part symbolizes the portions reached by each
muscle for the finger and wrist range of motion tested in the

muscle at optimal length. For instance, from the posture men-
tioned 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 is reached
for slightly extended wrist posture, i.e. around 25° [7]. 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 [2, 3], the wrist extension might
represent an optimal posture that place both extensors in a
more advantageous configuration. In another wrist posture,
the extensor 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 dur-
ing 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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experiment. For extrinsic muscles (EDC and FDS), the solid thick line
indicates the portion reached when only moving the fingers with the wrist
in neutral posture, and the dashed thick line indicates the supplementary
shortening or lengthening when only moving the wrist at the extremities
of the finger range of motion. The circle marker corresponds to the point
where maximal isometric force is reached for different activation levels.
The other markers indicate to which length the ramp (crosses) and
sawtooth (diamond and star) postures were tested. The diamond marker
corresponds to the neutral posture, i.e. 0° of wrist and MCP flexion-
extension

4.3 Activation-dependency of the force-length
relationship

As it has been observed for many years [34, 36], a shift of
optimal belly length L, toward longer length with decreasing
activation was found with the obtained force-length-activation
relationships (Figs. 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 [53] to 40% [54], and used in musculo-
skeletal models, i.e. 15% [55, 56]. The results from this study
thus suggest the amount of this shift varies for different mus-
cles. This result cannot be fully explained as the exact reason
for this shift remains unclear. Although it has often been at-
tributed to a length dependence of calcium sensitivity [35, 36,
57], it might also be caused by the force transmission mecha-
nisms within the muscle-tendon unit [34]. This second hy-
pothesis 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 arrange-
ment of both active and passive tissues [58]. This might
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explain why different optimal length shift was 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 intercon-
nected by passive tissues [49, 59]. 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 (Fig. 8, FDS and FCR). Finger (FDS) and wrist
(FCR) flexors indeed show similar anatomical differences
than extensors, i.e. multi-compartment vs single belly mus-
cles, and are differently affected by activation.

The shape of the force-length relationship curve, influ-
enced by i,, was also influenced by the activation (Figs. 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 indicates that ECR force-generating capaci-
ties 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 differ-
ences in the activation-dependency of the hand muscles re-
main unclear, although it could be the result of high speciali-
zation of each muscle as already demonstrated from architec-
tural measurements [46, 47].

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
(Fig. 8). The relationships obtained here (and available from
Online Resource 1) allow considering the non-linearities in-
troduced by both activation and muscle length in the estima-
tion 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.

4.4 Results from the EMG-driven models

The muscle forces estimated by the different EMG-driven
models based on the obtained force-length-activation relation-
ships were slightly different, below 15% of F™* average,
compared with those of the musculoskeletal model which
used an inverse dynamics approach (Fig. 7). Although some
statistical differences were found for ECR, the models based
on the participant-specific (IND) relationships resulted in sim-
ilar errors compared with the sample population (AVE) mod-
el. This result corroborates the conclusion of our first study on
hand flexors [33] that an average model provides a good rep-
resentation 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 in-
deed vary according to personal factors, such as training or
expertise [57].

Surprisingly, the comparison of EMG-driven models indi-
cated that the NoFL model resulted in similar errors than other
models for the two tested postures (Fig. 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 (Fig. 8). Nevertheless,
the difference between models for the second posture (Fig. 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 in Fig. 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 be-
tween EMG-driven models, the RMSE error calculated
in the second sawtooth posture were comparable be-
tween them, approximately 10% (Fig. 7). This lack of
difference is explained by the fact that the muscle force
estimates of the inverse dynamics model, used as refer-
ence, 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 dynam-
ics model. Those discrepancies illustrate the limitations
of both the forward dynamics, here EMG-driven 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 glob-
al performance and make important hypotheses at the
joint level on muscle coordination [41]. Therefore, al-
though 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 relation-
ships found in the present study, as it has been done for
the lower limb [55, 60]. Nevertheless, considering the
relatively good fit quality with experimental data and
the relatively low RMSE with the musculoskeletal mod-
el 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.

@ Springer



2546

Med Biol Eng Comput (2020) 58:2531-2549

4.5 Limitations

Some limitations should be considered when interpreting the
results of the present study. It has been shown that ramp con-
tractions can underestimate the maximal muscle force as it
depends on fibre shortening velocity and contraction history
[61]. This underestimation, also called force depression,
seems to increase linearly with the mechanical work the mus-
cle produces during the contraction. To estimate this possible
bias, the contraction work during the ramp trials was calculat-
ed by integrating the instantaneous product of muscle force
and fibre shortenning velocity, and was found to be on aver-
age 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 [61, 62], 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 [40]. 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 ap-
proach proposed here does not allow a quantification of the
fine muscle-tendon unit mechanics, such as the three-
dimensional behaviour of the different tissues [63] or the dy-
namic equilibrium between muscle and tendon strain [64].
Nevertheless, the good agreement between our estimations
based on in vivo measurements and previous findings regard-
ing 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.

5 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 com-
bining 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 re-
sults in agreement with an inverse dynamics model. Those
EMG-driven models could be helpful for clinical or ergonom-
ic applications as they are easier to implement compared with
inverse dynamics models which requires the use of numerous
input data and anatomical parameters. Nevertheless, for a bet-
ter accuracy, the results suggested a combination of both
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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 interest-
ed parties who seek to estimate the muscle capacities of hand
extensors. For instance, considering that overloading of exten-
sor muscles relative to their capacities represent a risk factor
for lateral epicondylalgia [37], 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.
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