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Abstract

Prolonged exposure to vibrations from handheld tools can result in various
disorders. Understanding how vibrations propagate through the hand is a
key area of research involved in preventing these disorders. Within this fra-
mework, it is essential to grasp the mechanical behaviour of hand intrinsic
muscles, especially as their properties may change during gripping due to
muscular contraction. In order to achieve this objective, a homemade se-
tup was elaborated with a view to measuring the mechanical characteristics
of the first dorsal interosseous (FDI) muscle, which is located between the
thumb and index finger. The apparatus featured quasi-static indentation,
dynamic mechanical analysis (DMA), and shear wave elastography to inves-
tigate muscle hyperelastic, viscoelastic, and anisotropic properties, respecti-

vely. Measurements were conducted on 27 volunteers with grip instructions
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ranging from 0 to 40% of their maximal grip strength. The use of repea-
ted measures analysis of variance and the computation of cross-correlations
between the proposed measurement techniques unveiled that grip forces signi-
ficantly modulate the mechanical behaviour of the FDI muscle. In addition,
our results emphasised that the FDI muscle stiffened as grip force increased,
primarily in the direction longitudinal to muscle fibres. The muscle static
stiffness also rose non-linearly with the indenter penetration, thus exhibiting
the hyperelastic behaviour of living tissues. The muscle dynamic stiffness was
found to be strongly reshaped by vibration frequencies. It remained roughly
constant up to around 100 Hz (when no grip), then climbed steeply. Grip force
revealed its greatest influence on the muscle dynamic stiffness for vibrations
with frequencies ranging from 20 Hz to approximately 300 Hz : the greater
the grip force, the higher the dynamic stiffness. Furthermore, the FDI muscle
was shown to exhibit a four- to six-fold increase in mechanical power dissipa-
tion between 20 Hz and 80 Hz when the handle was gripped at the maximum
tested force, in comparison to no grip. Elevating grip forces increased vibra-
tion dissipated power within the hand muscles, thereby arguably leading to
what are possibly the foremost vibration-induced risks.

Keywords: Hand-arm vibration, Skeletal muscle, Voluntary muscle
activation, Quasi-static indentation, Dynamic mechanical analysis, Shear

wave elastography

1. Introduction

Prolonged exposure to hand-transmitted vibrations can result in muscu-

loskeletal, vascular and neurological disorders (Bovenzi, 1990, Griffin, 2012a)



collectively referred to as hand-arm vibration syndrome. The risk of develo-
ping these pathologies depends on vibration features, i.e., largely correspon-
ding to their amplitude and frequency (Griffin, 2012b), and on the additional
factors including the level of grip force exerted by the operator on the handle
(Chetter et al., 1997).

Evaluation of the biodynamic response of the hand-arm system in various
exposure conditions was investigated experimentally to better understand the
influence of grip force. Several studies to date have focused on acceleration
and force measurements directly on the handle. They have shown that in-
creased gripping results in a rise of quantities like driving point mechanical
impedance (Lindenmann et al., 2022) and mechanical energy absorbed by the
upper limb (Burstrém and Lundstrém, 1988). However, the types of measu-
rements found in these previous studies only described the overall response
of the hand. Local measurements have also been taken of mechanical im-
pedance (Lundstrom, 1984) on different locations of the hand, acceleration
transmissibility of the wrist and forearm (Pan et al., 2018), acceleration-
transmissibility mapping of the dorsal face of the hand (Noél, 2011, 2017a)
and dynamic stiffness (Noél, 2017b) on distal phalanges. All of these studies
have drawn approximately the same conclusion : increasing the grip force
leads to an elevation in the vibration transmitted into the hand. This effect
appears at medium-low frequencies (above 50 Hz) and becomes more local
in higher frequencies (above 100-200 Hz). Analyses measuring over 500 Hz
remain rare and sometimes inconsistent (Dong et al., 2008, Adewusi et al.,
2008). These inconsistencies can be partially attributed to noisy vibrations

created by the connecting parts of the setup (Dong et al., 2008) and to iner-



tial effects of the instrumentation (Wu et al., 2006) which became significant
at high frequencies.

Although the measurements undertaken to date provide a link between
gripping and vibration exposure, they do not fully explain the mechanisms
within hand tissues that lead to these effects. Indeed, gripping occurs as a
result of the coordinated contraction of the extrinsic, located in the forearms,
and intrinsic muscles, located inside the hand (Riordan, 1995, Hirt et al.,
2017). This results in the fingers compressing the superficial tissues, such as
the skin, fat and muscles, on the object that has been tightened.

On the one hand, measurements (Noél, 2017b) and simulations (Wu et al.,
2014) have demonstrated that this compression leads to tissue stiffening and
increases its dissipation. These phenomena result in changing the biomecha-
nical response of the phalange (Noél, 2017b, Wu et al., 2017) and the hand
(Wang et al., 2022). On the other hand, muscle contraction also modifies the
mechanical properties of the muscles themselves (Gennisson et al., 2010).
There are 21 intrinsic skeletal muscles inside the proximal area of the hand
(Hirt et al., 2017), all of which participate in its biodynamic response. As a
consequence, the grip force may also affect vibration transmission through
muscle contraction. Furthermore, skeletal muscles consist of cells that are
arranged around muscle fibres. It provides them with transverse isotropic
properties, oriented according to the direction of the fibre bundles (Morrow
et al., 2010, Gennisson et al., 2010). In addition, muscles exhibit hyperelastic
(Gras et al., 2012) and viscoelastic (Wheatley et al., 2016) behaviour.

To date, no experimental studies have focused on the effect of gripping on

the mechanical behaviour of intrinsic muscles. This lack of experimental data



has also limited the development of numerical models. Even complex models
of the hand still consider muscles in an undifferentiated way from other soft
tissues (Wang et al., 2022, Liu et al., 2020).

To overcome these limitations, we aimed to design an experimental appa-
ratus for characterising—as a function of gripping—the static stiffness, the
viscoelastic properties and the anisotropy of an intrinsic muscle : the first dor-
sal interosseous (FDI) muscle. The FDI muscle is a bipennate muscle located
between the first and second metacarpal bones; it contributes to gripping by
abducting the index finger and opposing the thumb (Bilbo and Stern, 1986,
Infantolino and Challis, 2010). Its superficial position beneath the dorsal face
of the hand makes it relatively convenient for measurement while handling.
Our strategy was to combine and adapt three measurement techniques used
to characterise human tissues : quasi-static indentation, dynamic mechanical
analysis (DMA) and shear wave elastography.

Quasi-static indentation involves driving a small probe onto the surface
of a medium and measuring the resulting forces. It was used to characte-
rise in vivo superficial tissues such as skin, flesh and muscles (Khaothong,
2010, Pailler-Mattei et al., 2008, Noél, 2017b). By largely deforming the me-
dium, this technique emphasises the medium’s hyperelastic behaviour. Fur-
thermore, the measurement data were suitable for deducing the mechanical
parameters of constitutive laws through inverse methods (Krajnak et al.,
2012, Noél, 2018) or contact theories (Khaothong, 2010, Zahouani et al.,
2009). DMA allows to investigate how the viscoelastic properties of a mate-
rial evolve with frequency by subjecting that material to a cyclic excitation

(Chatelin et al., 2011). For the characterisation of biological tissues in vivo,



the cyclic load is usually applied with an indenter probe moved by an elec-
trodynamic shaker (Boyer et al., 2007, Noél, 2017b). However, the loaded
region is generally a complex multi-layered medium and the muscle is not
directly observable when placing the probe on the skin. As a consequence,
both quasi-static indentation and DMA only give an overall response of the
system, regardless of muscular fibre direction. Moreover, DMA requires pres-
tressing the medium, which might affect measurements (Noél, 2017b). Yet
shear wave elastography provides a local and directional measurement of the
shear modulus inside muscles, and without prestressing the medium, but it
requires linear-elasticity assumptions (Gennisson et al., 2010). In particular,
the supersonic shear imaging (SSI) technique, derived from shear wave elas-
tography, consists of focusing successively remote radiation pressures inside
the muscle with a specific ultrasound probe generating spherical waves. The
interferences between these waves result in a quasi-plane shear wave recorded
at several kHz by the probe transducers (Gennisson et al., 2013). The shear
modulus is then deduced from the wave group speed assuming the medium
is linear and non-dispersive (Gennisson et al., 2010). By rotating the probe
and measuring the shear modulus in different directions relative to the muscle
fibres, it is possible to determine anisotropic material properties (Gennisson
et al., 2010). In addition, SST requires lighter instrumentation compared to
other imaging techniques as magnetic resonance elastography (Ghatas et al.,
2021) or optical elastography (Kearney et al., 2015) and is suitable for mea-
surements in constrained environments such as the hand (Bouillard et al.,
2011).

In conclusion, our study aims to address the gap in understanding the me-



chanical behaviour of intrinsic hand muscles during gripping. While previous
research has explored the effects of gripping on overall hand biomechanics
with a limited frequency bandwidth, this work seeks to describe the aniso-
tropy, hyperelasticy and viscoelasticity of the FDI muscle while gripping. An
ad hoc apparatus has been developed to take the required measurements from
a group of volunteers : (i) static stiffness with quasi-static indentation ; (ii)
dynamic stiffness and dissipated mechanical power upon 2000 Hz with DMA ;
and (iii) longitudinal and transverse shear moduli with ultrasonic elastogra-
phy. Through this study, we aim to provide insights into the biomechanical
mechanisms underlying the interaction between gripping and muscle mecha-
nical behaviour. This knowledge could facilitate the development of more
accurate numerical models and contribute to a deeper understanding of pre-

vention strategies for reducing hand-arm vibration syndrome.

2. Materials and methods

2.1. Apparatus

The test bench was designed so that a subject could stand in a posture
that closely resembles that depicted in vibration measurement standard (ISO
10068:2012, 2012) while leaving the FDI muscle accessible for measurements
(Fig. 1). The apparatus is divided into 3 distinctive parts : grip (Fig. la,
items a to d), indentation (Fig. 1b) and elastography (Fig. 1c).

The gripping part consisted of an aluminium handle, made up of two half
cylinders, each measuring 40 mm in diameter, into which two compression
load cells (model Omega LCM201-500N) were inserted (Fig. la, item d).

These sensors were connected to two different acquisition cards : one for



(a) Overview (c) Elastography

F1GURE 1 — Experimental apparatus : a) force gauge, b) I-beam, c) positioning table, d)
instrumented handle, e) shaker f) telemeter and target g) piezoelectric force sensor, h)

impedance head, i) indenter, j) probe holder, k) ultrasound probe.



recording the exerted grip force (module NI-9239): and one for displaying
this to the subject in real time (self-made based on an Arduino® board).
The immediate grip force was observable via a needle displayed on a screen
facing the subject (Fig. la, item a). The cylindrical part of the handle was
surrounded by a plastic film to protect the sensors from shear constraints.
The handle was attached to a micrometre-driven positioning table ensuring a
100 mm displacement range among three orthogonal axes depicted on Fig. 1a,
item c. The table was operated manually. The connecting piece between the
table and the handle leaned it at +30° around the Z-axis. This ensured that
the measurement zone—between the metacarpals of the thumb and index
finger—was as horizontal as possible (Fig. 1b). The table was fastened to a
metal I-beam (Fig. la, item b) clamped to a concrete base.

The indentation part was located on the upper right of the subject. The
relevant instrumentation was mounted on the moving shaft of an electrodyna-
mic shaker (Fig. 1a, item e and Fig. 1b). An aluminium hemispherical inden-
ter, which was 5 mm in diameter (Fig. 1b, item i), was attached to its lower
end. To avoid noise generated by vibration feedback during high-frequency
measurements, the shaker was mounted on a 2 tonne cast-iron support, clam-
ped to the concrete base mentioned above. The concrete base was isolated
from the rest of the building and dedicated to vibration measurements. To
perform static measurements, a piezoelectric force sensor (model B&K 8200)
was screwed on the moving shaft (Fig. 1b, item g). To measure the relative
displacements along z-axis between the hand (linked to the handle) and the
indenter (linked to the shaft), a laser telemeter (Micro-Epsilon optoNCDT

2300) was attached to the handle and aimed at a removable target onto the



shaft (Fig. 1b, item f). Both sensors were connected to an acquisition card,
module NI-9239 (NI stands for National Instrument). For dynamic measu-
rements, the target was removed to prevent unwanted oscillations. Dynamic
force and acceleration were measured using an impedance head (model B&K
8001) located upon the indenter (Fig. 1b, item h). The sensors were connected
to an acquisition card, module NI-9234. For both quasi-static and dynamic
measurements, the detection of contact between the indenter and the skin
was crucial to limit initial displacement offsets. Accordingly, the system was
equipped with a low-amperage electrical device lightening when the indenter
came into contact with the skin. To enhance electrical conductivity and re-
duce friction, the skin was moistened with water-based gel before quasi-static
and dynamic indentation measurements were taken.

Elastography measurements were performed using an ultrasonic scan-
ner SuperSonic Imagine™Aixplorer® equipped with a SuperLinear "SLH20-6
probe (Fig. lc, item k) in SSI mode. In order to ensure the experimenter’s
access, the scanner was positioned behind the subject at the right of Fig. 1a
(not visible). The probe was placed over the measurement zone with a layer of
ultrasound gel a few millimetres deep and held with an articulated support,
magnetised on the cast-iron base (Fig. 1c). During elastography measure-
ments, the shaker was rotated so that the moving shaft was facing upwards,
ensuring accessibility of the FDI muscle for the probe.

With the exception of the elastography acquisition, which was carried
out directly on the scanner, all data acquisition, control and computations
were performed using Matlab® software (version R2023a). Additionally, a
lightweight specific software was developed in VB.NET to ensure a quick
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response delay for live display of the grip force. All NI-acquisition cards were
slotted into a chassis cDAQ-9174. The static and dynamic indentation devices
were tested with calibrated springs, foams and mass to ensure their accuracy

beforehand.

2.2. Protocol for the volunteers

This work was submitted to and approved by the French National Ethical
Research Committee (CPP 22.03423.000122, 07/11/2022) and declared to
the French National Agency for Medicines and Health Products (No. ID-RCB
2022-A01616-37, 07/11/2022). Written informed consent from each volunteer
was obtained in accordance with the regulations of these organisations.

Twenty-seven volunteers (14 males and 13 females) aged between 19 and
36 years old (mean age was 23 years old) participated in the measurement
campaign. All participants were healthy and non-smokers.

The protocol for the volunteers was consistent across the quasi-static,
dynamic and elastography measurements. Volunteers stood facing the handle
with their right elbow bent at approximately 90° to grip the handle. At each
measurement, a grip instruction and experimental parameters were randomly
selected. The target force was shown as a green gauge reachable by adjusting
the force needle (Fig. 1a, item a). Volunteers had to keep the needle inside
the gauge during the entire duration of measurement : approximately 30
seconds for indentation testing and less than 15 seconds for elastography. In
the case of zero-gripping instruction, volunteers had only to position their
hand without applying any force.

Instructions were provided as a percentage of the volunteers’s maximum

voluntary (MV) grip force. For measuring the MV grip force, volunteers as-
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sumed the posture depicted in Fig. 1a and were instructed to gradually grip
the instrumented handle until they reached their maximum force, and then
released it. The maximum recorded force was stored and used to compute all
subsequent instructions.

To prevent fatigue, a one-minute break was imposed between each mea-
surement and 10-minute breaks between each of the three types of measure-
ment.

During the entire measurement campaign, grip deviation remained below
+1.5%.

Before doing the real measurements, an initial phase of learning with
arbitrary instructions was operated. In parallel, the volunteers’ posture was
set by adjusting the position of the foot platform, the handle and the armrest.
Particular attention was given to finding a stable and comfortable position
to prevent unnecessary movements and fatigue during gripping. Once the
position was set, marks were drawn on the floor, on the handle and on the

hand to ensure identical positioning for each measurement.

2.3. Quasi-static stiffness measurements

Once the volunteers had reached the instruction level, the indenter probe
was positioned flush with the skin, lighting up an LED. The laser telemeter
was then reset to zero before moving the handle upwards using the crank,
which resulted in the indenter moving forward onto the skin. The indenter
displacement and the resulting force were recorded at a frequency of 2000 Hz.
A Matlab® program computed the indenter speed in real-time and displayed
it to the experimenter. The experimenter was able to track a speed reference

of 0.5 mm/s, settled empirically as a compromise between maintaining a low
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speed to avoid deviation from static hypotheses and keeping measurement
time acceptable for the subjects. The final target displacement was 8 mm.
Consequently, the acquisition time was approximately 16 s. The experimenter
started and ended manually the acquisition, and subsequently trimmed the
temporal displacement and force signals.

Computing the static stiffness K as the derivative of reaction force with
respect to indenter displacement required force-displacement signals being
differentiable. In order to achieve this, both signals were filtered using a
SAVITZKY-GOLAY filter (Schafer, 2011) and initial offsets were suppressed.
The filtered force-displacement curve was then fitted with an exponential
sum of degree 2 (4 fitted parameters) using the least-square method. The
static stiffness K was finally computed using numerical differentiation.

Static stiffness measurements were carried out at 0, 10, 20, 30 and 40%
of MV grip force, repeated three times and averaged over repetitions. Re-
garding the quality of the exponential fit, the averaged R*-value over all

measurements was above 0.99.

2.4. Definition of a prestressing criterion

DMA requires that material is constrained beforehand, usually at an iso-
displacement or iso-compression rate. In our study, a compression rate could
not be used because the deformation fields were unknown and a constant
displacement level does not account for inter-subject variability. To tackle the
problem, an iso-stiffness criterion, based on the quasi-static measurements,
was chosen. For each grip instruction, an initial supposedly elastic stiffness
K? was calculated by averaging the static stiffness K, between 0 an 0.5 mm.

Three prestressing criteria were then defined as 1.25 - K?, 1.5 - K? and 2 -
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K?. These values were empirically determined in order to achieve a balance
between the necessary prestress, which is essential for ensuring measurement
quality, and the limitation of prestress influence on dynamic measurements.
Multiple prestressing conditions were chosen to investigate their potential

effects on dynamic stiffness.

2.5. Dynamic stiffness measurements

The procedure for aligning the indenter with the skin and prestressing the
muscle followed the same steps as described in section 2.3; only the target
displacements differed. These corresponded to the penetration required to
achieve the stiffness level defined by the prestressing criteria (Sec. 2.4). After
applying the prestress, the telemeter target was removed (Fig. 1b, item f).
During the dynamic measurements, acceleration and force were recorded at a
sampling frequency of 5120 Hz. To obtain a controlled acceleration spectrum
as input, the impulse response of the electrodynamic shaker between vol-
tage and acceleration was calculated. This was done by exciting the indenter
with white noise in voltage for 3 s, and then computing the voltage signal
corresponding to the target acceleration using the method outlined by Noél
(2017b). Next, the skin was excited with the computed voltage for 3 s. Three
levels of acceleration a were tested : 5, 10 and 20 m/s* root mean square
(rms). This procedure was repeated for each random set of grip instruction,
each prestress criterion, and each acceleration level.

The complex dynamic stiffness K,(v) was computed as a function of fre-

quency v using the cross-spectrum method (Noél, 2017b) :

Kal) = (2 gt) 0
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in which Sp,(v) is the cross-power spectral density between force F' and
acceleration a, and S, ,(v) is the power spectral density of acceleration a.
The dissipated mechanical power generated by the force at the indenter end
Pext (V) was calculated as Noél (2017b) :

a02

g)ext(y) = W

S(Ka(v)) (2)

in which ag is the rms value of the acceleration a and (z) is the imaginary

part of the complex number z.

2.6. Elastography measurements

Firstly, a substantial layer of ultrasound gel was applied beforehand to
prevent the probe from compressing the skin. Subsequently, the probe was
positioned and oriented approximately either parallel or perpendicular to the
muscle fibre using the articulated support. Fine adjustments were made using
the positioning table and the conventional B-mode imaging (Fig. 2, greys-
cale background). The volunteer then followed the grip instruction. Yet, the
contraction of the FDI muscle could induce deformations within the tissues,
necessitating additional adjustments. Thereafter, an SSI sequence was ope-
rated directly on the scanner, generating a DICOM®-format file, which was
post-processed in a shear-elastic-modulus map (Fig. 2, colour foreground)
using Matlab® routines. The shear modulus was then averaged within a
region-of-interest (ROI). The position and diameter of ROI were chosen to
find a homogeneous area without skin or nerves. The diameter ranged from
2 mm to 7 mm.

For each orientation, elastography measurements were carried out at 0,

5, 10, 15, 20, 30 and 40% of the MV grip force, repeated three times and
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averaged over repetitions. If the probe was oriented parallel to the fibre, the

longitudinal shear modulus of the muscle was deduced, while if it was oriented

perpendicular to the fibre, the transverse shear modulus was deduced (Royer

et al., 2011).

40

Shear modulus [kPa]
3
Shear modulus [kPa]

(a) Longitudinal measurement (b) Transverse measurement

FIGURE 2 — Selection of an averaging ROI : greyscale background is the B-mode imaging,

colour foreground is the shear-modulus mapping, white circle is the averaging ROL.

2.7. Statistical analysis

Pairwise correlation coefficients were computed for each subject, among
grip levels, between longitudinal and transverse moduli, between longitudinal
modulus and initial static stiffness, and between initial static stiffness and
dynamic stiffness modulus at the lowest frequency (20 Hz). Repeated measu-
rements of variance (RANOVA) using Lower bound adjustment were carried
out for each type of measurement. Multiple comparisons of the estimated
marginal means were performed using Tukey’s honest significant difference

procedure. A p-value of less than 0.05 was considered statistically significant.
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3. Results

3.1. Longitudinal and transverse shear modulus measured by elastography

Fig. 3 shows the evolution of the elastic shear modulus averaged among
volunteers with respect to the grip force for both directions of measurement.
There were no significant differences between the longitudinal and transverse
modulus before 5% gripping. In the longitudinal direction, all groups were
significantly different from each other. Conversely, in the transverse direction,
only the 0% grip was significantly different from all other levels of grip force.
Those groups showed significant differences only with larger gaps in grip
force : 5% with 20% and higher; 10% with 20% and higher; 15% with 30% ;
and 20% with 40%.
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F1GURE 3 — Effect of grip force over the shear modulus averaged among volunteers ; error

bars depicts 95%-confidence intervals.
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It was observed that the lower contraction level, at 5% grip force, resulted
in a sudden rise in longitudinal modulus from the no-grip state. Beyond 5%
grip force, longitudinal and transverse moduli appeared to increase quasi-
linearly with grip force. For both directions, linear regression was computed
over the subject-averaged modulus and exhibited R? value greater than 0.99.
With regards to grip force, the longitudinal modulus showed a slope that was
4.5 times steeper than that of the transverse modulus. For a few volunteers,

the longitudinal modulus reached a plateau at the highest grip forces.

3.2. Static stiffness obtained by quasi-static indentation

The force-displacement curves and the static stiffness-displacement curves,
averaged among volunteers, are depicted in Fig. 4 for the five tested grip
forces. Static stiffness was found to be strongly dependent on both inden-
ter displacement (related to the applied strain) and the level of grip force.
RANOVA calculation revealed that grip force was statistically significant
regardless of displacement (p-value < 0.0001). Furthermore, results of the
multiple comparison test indicated that each level of grip force was signifi-
cantly different from the (p-value < 0.0001). The general shape of the force-
displacement curve was consistent across all grip forces. At first, force steadily
increased with displacement at low penetration (until 1 to 2 mm), before it
rose exponentially with displacement. In terms of stiffness effects, the grip
force multiplied the quasi-static stiffness by an approximate constant along
the penetration range with respect to the no-grip state : from three times
at 10% grip to seven times at 40%. The averaged stiffness was multiplied by
approximately seven for all grip forces across the displacement range (from

6.7 at 40% to 8.7 at 0%) and doubled every 3 mm-displacement or so.
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3.8. Dynamic stiffness obtained by dynamic indentation

Fig. 5 illustrates the statistical effects across several frequency ranges of
grip force, applied prestress and imposed acceleration over the three compu-
ted quantities : the modulus and the phase angle of the dynamic stiffness;
and the dissipated power. The frequency bands were chosen to correspond to
the main classes of vibrating tools. Grip force and prestress appeared to be
statistically significant for all measurements, regardless of frequency. Accele-
ration was also statistically significant, particularly on the phase, though it
generally presented higher p-values. Beyond 1000 Hz, acceleration ceased to

be significant for both stiffness modulus and dissipated power.
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FiGURE 5 — Effect of grip force, prestress and acceleration on dynamic stiffness modulus,
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The evolution of dynamic stiffness modulus and phase angle in relation to
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frequency demonstrated a consistent trend across the range of tested parame-
ters and variability among volunteers. Fig. 6 presents the dynamic stiffness
averaged over volunteers at 1.5+ K? prestress and 20 m/s? rms acceleration.
As the averaging process tends to smooth singular points, so the stiffness of
a volunteer was plotted in dotted line to illustrate more clearly the shape of
measurements. At low frequency, the modulus exhibited a flat concave shape
up to a local minimum with an inflection point around 100 Hz. Over the next
hundreds Hz, the curve rapidly increased to a local maximum, inflecting to a
second local minimum and sharply raised again. Finally, the slope dropped
progressively towards an oblique asymptote. Phase angle remained almost
constant around 15° at the lowest frequencies. At the frequencies of modulus
local minima, it showed two successive steep rises, split by an inflexion at the
frequency of the modulus local maximum. Finally, the phase slowly reached
a plateau region at around100°.

Upon the first local minimum, grip force showed its greatest effect. On
average, in the low-frequency band the 40% modulus was six to nine times
stiffer than the no-grip state. Towards this point, grip effect steady decreased—
in contrast with the influence of frequency—and converged with modulus
asymptotic tendency. Beyond 1000 Hz, the 40% modulus remained twice as
stiff as the no-grip state. At high frequencies, each grip force was not always
statistically different from all the others, with the exception of the no-grip
condition. Grip force also demonstrated complex influence inside the local-
extremum area observable on both modulus and phase angle. On average, a
10% increase in grip force resulted in a frequency shift between 30 to 80 Hz

of the first local minimum. In addition, the length and height of extreme
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peaks seemed to be modified by gripping but these phenomena could not be

quantified among volunteers.
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FIGURE 7 — Effect of prestress on dynamic stiffness modulus (a) and phase angle (b)
averaged among volunteers at acceleration = 20 m/s? and grip force = 20% ; effect of
acceleration on dynamic stiffness modulus (c) and phase angle (d) averaged among volun-
teers at prestress = 1.5- K and grip force = 20% ; transparent patches are 95%-confidence

intervals.

Prestress had a marked but relatively simple effect on module and phase
angle (Fig. 7a and Fig. 7b). Regarding the 1.25- Kj-prestress measurements,
the intermediate-prestress multiplied the low-prestress stiffness by approxi-

mately 1.5 regardless of acceleration, gripping and frequency. The highest
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prestress doubled it upon the first modulus local maximum and multiplied
it by 2.5 to 3 beyond this frequency. Acceleration had a statistically signifi-
cant effect on the stiffness modulus but its influence on amplitude was nearly
negligible compared to the effects of prestress and grip force (Fig. 7c and
Fig. 7d). Nevertheless, a slight softening was noticeable in the low-frequency
band when acceleration rose. An approximate 5 to 10% decrease in stiffness
modulus was observed when increasing the acceleration from 10 to 20 m/s?.
Measurements at 5 m/s?> were too noisy to exhibit significant differences.
Fig. 8a illustrates the effect of grip force on dissipated power at fixed
acceleration and prestress. Fig. 8b shows the influence of prestress on dissi-
pated power at fixed acceleration and grip force. Dissipated power decrea-
sed with an approximate constant slope of —10 dB/octave. In other words,
when frequency doubled, dissipated power was divided by three. Within the
modulus-local-extreme frequency range, dissipation decreased a little more
for several hundred Hz. Up to 80 Hz or so, 40% grip dissipated four to six
times more power than 0% grip, demonstrating its greatest impact. The ra-
tio dropped to two from around 300 Hz and remained stable. In parallel,
differences between grip forces fell significantly. Prestress shifted curves with
an almost constant value over frequency. Intermediate loading dissipated 1.5

times more power than the lowest, and the highest 2.5 times more.

3.4. Cross analysis over measurements

Fig. 9 shows the evolution of all measured physical quantities with grip
force. All quantities were normalised by their no-grip value. It demonstrated
that the longitudinal modulus increased the most with grip, being eight times

higher at 40% than at 0%, whereas transverse modulus exhibited the smallest
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evolution with a ratio of nearly 3. Static and dynamic stiffness were multiplied
by six with gripping and followed an almost identical and quasi-linear increase
(linear regression was computed over the subject-averaged modulus and exhi-
bited R%-value > 0.99). For each volunteer, cross-correlations were computed
between each item of data calculated in Fig. 9. It demonstrated that grip
effect was highly correlated between measurement techniques; however, lon-

gitudinal and transverse moduli exhibited lower R?-values (Table 1).
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F1GURE 9 — Effect of grip on : longitudinal and transverse shear moduli, initial static
stiffness (at O-mm-indenter displacement), modulus of the dynamic stiffness modulus at
20 Hz averaged over acceleration and prestress; all data are normalized by their 0%-grip

value.
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TABLE 1 — Cross-correlation R? calculation among volunteers

Mean Standard deviation

Longitudinal modulus - Transverse modulus 0.79 0.27
Longitudinal modulus - Static stiffness 0.92 0.08
Static stiffness - Dynamic stiffness modulus 0.91 0.10

4. Discussion

This study aimed to characterise the mechanical influence of gripping on
the activation of hand intrinsic muscles in order to enhance the understanding
of vibration transmission within the hand. To this end, a specific apparatus
was developed to qualify the hyperelasticity, the viscoelasticity and the aniso-
tropy of the FDI muscle with gripping. Using quasi-static indentation, DMA
and ultrasound elastography, measurements were conducted on a cohort of
27 volunteers. These assessments revealed that the mechanical behaviour of
the muscle was significantly influenced by gripping. The principal findings
indicated an increase in muscle anisotropy and stiffness with gripping. The
stiffening of the tissues was evidenced by an elevation in static stiffness, dyna-
mic stiffness, and shear modulus, all of which were correlated. Additionally,
the quasi-static and dynamic mechanical tests demonstrated that the effects
of grip depended on the level of deformation and frequency, respectively.

Focusing on shear wave elastography measurements obtained by SST tech-
nique, our findings demonstrated a quasi-linear relationship between the
longitudinal shear modulus and grip force (Fig. 3). Previous studies repor-
ted similar relationships between longitudinal modulus and muscle isometric

contraction of the FDI muscle (Bouillard et al., 2011), the abductor digiti
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minimi (Ateg et al., 2015) and the biceps brachii (Yoshitake et al., 2014,
Nordez and Hug, 2010). However, in our study, the level of activation of the
FDI muscle was not known because no equivalence could be established be-
forehand between grip level and FDI isometric contraction. Despite this, the
observed linear relationship suggests that activation increased linearly with
the level of gripping. The longitudinal modulus averaged over the subjects
at a level of 40% grip was 77 kPa. When compared to measurements taken
at 40% of maximal voluntary contraction, this value was slightly lower than
those reported in other studies : 125 kPa in Yoshitake et al. (2014), 100 kPa
in Ateg et al. (2015), and 105 kPa in Bouillard et al. (2011). Several factors
could explain this discrepancy. Firstly, the muscles studied were different. Se-
condly, errors in positioning the probe along the longitudinal fibre direction
could reduce the measured modulus (Knight et al., 2022). Finally, gripping
involves several muscles and it is likely that a given percentage of MV grip
force induces a smaller contribution of the FDI muscle than more standar-
dised movements at the same percentage, such as elbow flexion in biceps
measurements or index finger abduction with the FDI muscle. At rest, our
measurements were in good agreement with those of Watanabe et al. (2019)
made on the FDI muscle (9.5 kPa versus 6 to 7 kPa, depending on finger
flexion). Anisotropy could be evaluated by examining the ratio of the lon-
gitudinal modulus to the transverse modulus. This ratio depends on muscle
activation (Gennisson et al., 2010, Ngo et al., 2024), as highlighted by our
measurements, but also on stretching (Ngo et al., 2024). Therefore, direct
comparison with the findings presented in previous research was difficult,

because stretch levels were unknown. Nonetheless, we measured an aniso-

28



tropy ratio ranging from 1.1 at 0% gripping to 4.3 at 40% gripping. These
values are of a comparable magnitude to those observed in other studies (Ngo
et al., 2024, Knight et al., 2022), albeit slightly lower. This could be explai-
ned by the difficulties in positioning the probe. As a poor orientation lowers
longitudinal modulus, it increases transverse one (Knight et al., 2022). This
phenomenon was particularly plausible given the difficulty of measuring in
the transverse direction due to the small size of the FDI muscle.

The hyperelastic behaviour of the biological tissues studied was high-
lighted by the non-linear relationship between reaction force and indenter
penetration, with gradual stiffening occurring with increased deformation.
Comparative analyses with other studies were not straightforward due to the
influence of testing location (variations in skin properties and subcutaneous
structure) and instrumental conditions (shape and material of the indenter).
Nevertheless, indentation studies on the biceps (Clemen et al., 2017), thigh
(Fougeron et al., 2020), finger (Noél, 2017b) and FDI muscle (Yielder et al.,
2007) demonstrated similar behaviours and comparable magnitudes. By ana-
logy with stress-strain curves of skin tissue, the initial region of low stiffness
is likely to represent the response of the elastin fibre, while the second region,
where the medium gradually stiffens, may correspond to the straightening of
the collagen fibre (Maurel et al., 2014). A third phase with high linear stiff-
ness occurs at high strain, but was visible for only a few subjects. There is no
simple equivalence between strain and penetration due to the complex struc-
ture of the medium. We could hypothesise that even with significant penetra-
tion, the medium may not have deformed enough to exhibit this behaviour.

This hypothesis is supported by the absence of bones below the tested tissues,
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thus limiting the compression—in contrast to studies where the third phase
was clearly noticeable (Noél, 2017b, Fougeron et al., 2020). The calculation
of the equivalent Young’s modulus of contact could facilitate the integration
of the shape of the indenter into the comparison of results. However, this ne-
cessitates the formulation of new assumptions regarding contact. According
to Johnson (1985), however, calculation for 0% grip measurements yielded
an apparent Young’s modulus that increased from 35 to 41 kPa between 1
and 4 mm. In the same displacement interval, Pailler-Mattei et al. (2008)
reported values on the upper arm ranging from 13 kPa to 18 kPa, exhibi-
ting a similar convex shape. The observed increase in Young’s modulus with
displacement may be indicative of the indenter deforming a stiffer layer at
greater depths, namely the muscle. The observed shift between curves with
increased grip was consistent with the findings reported by Clemen et al.
(2017) and Fougeron et al. (2020). The intermediate elevation between longi-
tudinal and transverse elastography measurements was coherent, given that
the indenter induced shear in all directions. The high correlation between
longitudinal shear modulus and quasi-static indentation indicated that both
measurement techniques are similarly impacted by gripping.

To date, no studies have quantified muscular contraction wn wvivo using
DMA. However, we found that, at 40 Hz, dynamic stiffness ranged from
0.31 N/mm, with the lowest prestress and grip, to 4.1 N/mm, with the hi-
ghest. By contrast, Boyer et al. (2007) reported an average value of 0.094 N /mm
for the upper arm skin at 40 Hz, but with a very low prestress (0.2 mm of
indenter penetration).Furthermore ; Noél (2017b) reported values for pha-

lanx tissues ranging from 5 to 25 N/mm, which increased with prestress;
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yet Noél’s study employed a larger cylindrical indenter and a higher overall
prestress. With regard to the effect of gripping, the identical evolution of dy-
namic and static stiffness, in conjunction with the high correlation between
measurement techniques, provides evidence that the device was well suited to
discriminating the effects of gripping. Although the standardised mechanical
impedance measured on a vibrating handle exhibits considerable variability
between studies, they concur that gripping exerts a significant influence on
it, spanning approximately from 25 to 500 Hz (Lindenmann et al., 2022),
in accordance with our findings. It is not possible to make a complete ana-
logy with rheological theory or spring-mass-damper systems, as the phase
angle does not align with those systems. However, insights can be gained
from such analogies to facilitate an understanding of the dynamic behaviour
of the system. Two main hypotheses have been proposed to explain the dif-
ferent stages separated by local minima of the dynamic stiffness. Firstly, from
a rheological perspective, the initial plateau of the modulus could correspond
to an amorphous polymer rubber plateau, in which the behaviour is governed
by the long-chain molecules. The asymptotic behaviour would correspond to
the glassy region, which is governed by limited local molecular motion of
side groups. Between these two regions would be the transition region, in
which polymers chains rearrange. In this region, the two peaks observed in
the phase argument could correspond to the two so-called o and 8 peaks
(Lakes, 2009). From the standpoint of structural mechanics, the aforemen-
tioned minima could also represent local resonances, particularly when taking
into account the findings of harmonic simulations that exhibited resonances

of muscles in the 200-400 Hz frequency range (Noél et al., 2022, Vauthier
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et al., 2023). It can be reasonably assumed that an increase in clamping stiff-
ness will result in an increase in the frequency of these peaks. This is due
to the fact that Young’s modulus increases, while mass remains unchanged.
At frequencies approaching the upper limit of the frequency range, the ef-
fect of the indenter vibration was likely to become highly localised, primarily
reflecting the properties of the skin, although the muscle continued to act
as a boundary condition, varying with gripping pressure and influencing the
overall response. In order to provide a rough estimation of propagation dis-
tance, it can be assumed that when neglecting the modulus of the indenter
and considering the tissues as incompressible, the overall Young’s modulus
(of undifferentiated skin, flesh and muscle) at a displacement of 1 mm was
131 kPa, which corresponds to a wavelength of 5.7 mm when measured at
2000 Hz (Kinsler, 2000). The near-identical elevation of dynamic stiffness
modulus at low frequency to quasi-static modulus, coupled with a high cor-
relation between them, provides valuable insight into the capacity of our
dynamic apparatus to evaluate the effects of grip.

Nevertheless, a number of limitations arose from our experiments. The
primary limitation result from our cohort-oriented approach. Indeed, given
our objective of encompassing all workers exposed to vibrations, our analysis
was only conducted on the entire cohort, without extracting clusters or vo-
lunteers. The aggregation of measurements across the entire cohort provided
insights into the consistency in mechanical behaviour between individuals.
At the same time, however, the aggregated data also obscured certain indivi-
dual differences. In particular, the utilisation of the FDI muscle for gripping

differed between individuals. The primary mechanism of gripping is phalanx
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flexion, in which the FDI muscle is not involved (Watanabe et al., 2019).
This is followed by secondary movements such as abduction of the index
finger done with the FDI muscle. The measurements revealed important dis-
crepancies in amplitude between individuals. While these discrepancies were
consistent across the three measured quantities (Tab. 1), they were not corre-
lated with the maximum grip force. It is possible that these differences were
due to a more or less predominant use of the FDI muscle for gripping. As a
result, we could not conclude if the differences observed were the result of ei-
ther variability of the mechanical behaviour of tissues, or volunteer individual
grip strategy. The cohort approach also oriented our experimental protocol
towards robustness and high repeatability. To a certain extent, however, this
approach may be perceived as having limited the precision of our measu-
rements. For instance, in the quasi-static measurements, the exponential fit
suitably represented the shape of the curve on the entire range ; but it tended
to overestimate the stiffness in very low penetration and poorly reflected the
initial quasi-linear behaviour of tissues. Also, we were constrained to limit
the number of tested parameters and repetitions so that the duration of the
protocol (half a day) could be easily manageable by the volunteers. Although
acceleration demonstrated a weak effect on dynamic measurements, repeata-
bility within subjects and a wider band of excitation could have consolidated
conclusions.

The second major limitation may be found in how our findings might
be exploited. The most likely application arising from our study would be
the identification of parameters from constitutive mechanical laws, but this

identification could be limited by several factors. Though our tests were com-

33



plementary in order to give a complete characterisation of the muscle (hyper-
elasticity, viscoelasticity and anisotropy), they are not easily combinable for
an identification analysis. Furthermore, even if each technique were isolated,
it would remain incomplete and therefore unsuitable for fully rigorous exploi-
tation. In the context of elastography, the assumption that the FDI muscle
can be considered as a linear and transverse isotropic material necessitates
the determination of two shear moduli, two Poisson’s ratios and two Young’s
moduli. The shear moduli were obtained through measurements, while the
Poisson’s ratios are known through the assumption of incompressibility. The
transverse Young modulus can be derived from the fundamental relation-
ship of elasticity theory, given that the medium is isotropic in this plane in
contrast to the other. On the contrary, the longitudinal Young modulus can-
not be deduced directly from measurements and remains unknown. In the
case of quasi-static indentation, the identification of muscle properties from
contact theory may prove challenging due to the complex, multi-layered na-
ture of the medium and the presence of additional superficial layers on the
muscle. The accuracy of these deductions is highly dependent on contact
conditions. With regard to this point, the friction coefficient is dependent on
surface conditions or skin hydration, and even with lubrication of the contact,
the friction coefficient remains almost unknown. Finally, reaction force de-
pends heavily on the indenter’s angle of incidence. The inclination of the
handle was chosen to ensure that the contact surface remained orthogonal to
the contact ; but in practice, this was roughly horizontal as it depended on
the anatomy of volunteers. With regard to the determination of viscoelastic

properties, it proved impossible to estimate the storage and loss modules
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due to the complex geometry of the system. This prevented relatively simple
analytical identification of parameters from rheological models such as the
Prony series. As a result, the primary methodology for the inverse identifi-
cation of material parameters entails finite element modeling, which involves
the numerical reproduction of the indentation contact. Nevertheless, Clemen
et al. (2017) demonstrated that this approach is suitable even when dealing

with complex constitutive laws.

5. Conclusion

The present study was initiated in response to a perceived lack of know-
ledge in the field of hand-arm vibration syndrome regarding the mechanical
behaviour of hand intrinsic muscles during gripping. The use of quasi-static
indentation, DMA and shear wave elastography in a cohort of volunteers de-
monstrated that gripping had a significant impact on the material properties
of the FDI muscle. Our principal findings were that the FDI muscle stiffened
in response to increasing grip force, with the greatest change occurring in the
direction longitudinal to the muscle fibre. Additionally, stiffness demonstra-
ted a nonlinear increase with indenter penetration and showed a pronounced
dependence on excitation frequency.

The greatest influence of grip force was observed between 20 Hz and ap-
proximately 300 Hz. Furthermore, it was observed that the FDI muscle ex-
hibited a four- to six-fold increase in mechanical power dissipation between
20 and 80 Hz when the handle was gripped using the maximum instructed
force, in comparison to a no-grip condition. Nevertheless, the in vivo measure-

ments exhibited important inter-individual variability, which was attributed
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to differences in both anatomy and gripping strategies between volunteers.
Additionally, although these measurements were as comprehensive as pos-
sible, they remain incomplete in order to provide a solution that is ready
to use in the identification of constitutive laws. That said, this study repre-
sents a preliminary investigation into the properties of hand muscles during
gripping. Its findings demonstrate that this subject is of the utmost impor-
tance and that further research should be pursued in this area. We hope that
our findings will contribute to the development of more accurate numerical
models and to the improvement of strategies for the prevention of hand-arm

vibration syndrome.
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