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Automated Robotics Peeling Platform for the
Interfacial Adhesion Characterization of Micro-scale
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Abstract—This article focuses on the development of an
experimental platform capable of performing, to the authors’
knowledge, for the first time, peeling tests on bio-based fibers.
These fibers are very small, their diameters being no larger
than a few tens of micrometers, and are not attached to a
substrate. The interfacial adhesion forces between elementary
fibers have not been quantified and also require quite large
motions (mm). To address these challenges, a micro-robotics
approach is investigated that combines a micro-gripper, two
micro-force sensors, a reduced friction guidance system, and two
synchronized micro-positioning stages. This paper presents the
operating principle of the robotic platform, its calibration, its
measurement protocol and automated experimental tests that
quantify, for the first time, the typical magnitude of peeling
forces that is of the order of 10mN , resulting in an interfacial
adhesion of 0.26± 0.13mN/mm. Several experimental tests are
conducted on hemp and nettle fibers proving the versatility of the
approach. These works also establish a correlation between the
microstructure of the fibers and their adhesion strength, opening
up to further mechanical analysis of the adhesion mechanisms
of plant fibers which are highly interesting for the development
of bio-based composites and for the investigation of bio-mimetic
principles.

Index Terms—Automation at Micro-Nano Scales; Micro/Nano
Robots; Engineering for Robotic Systems

I. INTRODUCTION

OVER the past few decades, the interest in bio-based
fibers has increased drastically in a variety of fields

[1], [2] due to their potential contribution in bio-inspired
adhesives, and their sustainability and environmental impact
in bio-composite applications compared to conventional com-
posites [3]. For this type of application, it is crucial for
plant fibers to be properly extracted and separated from the
bundles in which they are naturally organized. Bio-based
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fibers, such as hemp, nettle, and flax are microscale objects
with a diameter no larger than a few tens of micrometers, and
a length of few millimeters. They have a complex internal
structure that includes walls, lumen, fibrils, kink bands, etc.
The quantification of interfacial adhesion between bio-based
fibers appears to be of key interest. However, to the best of
the authors’ knowledge, there exists no data or experimental
devices capable of quantifying such adhesion.

In this scope, peel-type tests appear promising. For example,
ISO 11339:2022 and ASTM-D1876 refer to the widespread
T-Peel test to quantify the resistance of adhesive and flexible-
to-flexible bonded assemblies. While many experimental plat-
forms have been developed and allow peeling tests to be
carried out, they address the peeling of films, typically adhe-
sives, and concern surfaces of macro-metric dimensions, i.e.
the dimensions of which are greater than several millimeters.
The study of peeling at small scales, i.e. millimeter and below,
currently constitutes a particularly important and promising
field of investigation. If various existing works explore the
modeling of small-scale phenomena, their experimental vali-
dation constitutes a major obstacle [4]. Indeed, carrying out
peeling tests on Y-shaped natural fibers requires a system for
fixing two ends (the fibers being ”free” objects, not fixed to
a substrate), generating a pretension between them, grasping
the third end and then pulling it in a desired direction while
controlling the speed and measuring the pretension and peeling
forces, as is illustrated in Fig. 1.a and b. All of these systems
must be adapted not only to the dimensions of the fibers but
also to the orders of magnitude of the forces to be applied
and the displacements to be generated. The main objective of
this article is to develop an experimental platform capable of
carrying out this type of test and determining, for the first time,
the orders of magnitude of interfacial adhesion for bio-based
fibers.

In the field of adhesives, the development of experimental
tests on small-sized films has been investigated, where this
difficulty of integrating several systems in a reduced volume
adapted to small objects has been addressed by new principles
for carrying out peel tests. For example, Petterson et al. [5]
have developed a principle of peeling a film wrapped around
a rotating cylinder which guarantees their perpendicularity
during the tests. This work deals with films of 2mm in width
and 185 µm thick and enables to apply a peeling force of
400 mN . Badler et al. [6] have customized a tribometer by
making two coaxial rotating disks, one of which is made up
of matrices of small pads having a diameter of 300 µm. The
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rotation of one disk relative to the second allows peeling to be
carried out off the surface of the pads, where peeling forces of
800mN are thus generated. These works are dedicated to films
and the dimensions of the objects considered are an order of
magnitude larger than the diameters of bio-based fibers. The
applicability of such approaches to performing peel tests on
natural fibers therefore does not appear feasible.

In the field of AFM (Atomic Force Microscopy), some
works show a possibility to achieve tasks other than topogra-
phy [7]. Schmied et al. [8] have notably used AFM cantilevers
(with a tip) to compress bio-based fibers, and succeeded in
measuring orders of magnitude of detachment forces of ”single
fibrils” for natural cellulosic fibers (around 20 µN ), ”fibril
bundles” (around 65µN ), and ”cell wall delamination” (around
95 µN ) which are elementary sub-parts of bio-based fibers.
Movements of approximately 10µm are generated and forces
between 100 and 600 µN have been measured. Approaches
based on AFM are not directly applicable to achieve peeling
tests at the level of bio-based fibers where several issues should
be solved such as the way to attach a tip of the fiber to the
AFM cantilever, designing specific AFM cantilever to achieve
strong enough peeling forces, and generating motions much
larger than few micrometers.

The field of tethered micro-robotics has been under active
development and enables the dense integration of several
systems. Some key recent results include the creation of very
small structures with large motion capabilities [9], [10], the
integration of on-board micro-force sensors [11], [12], [13],
and the carrying out of precise robotic tasks on the micro-
metric scale [14], [15], [16], [17] which requires control of
forces typically from a few tens to hundreds of µN [18],
[19]. This approach allows for peeling tasks on non-planar
(spherical) substrates, particularly in the field of retinal surgery
[20]. Measurement of forces beyond human dexterity i.e. a
few mN [21], and the compensation for the tremors of the
human operator in a surgeon-robot collaboration approach [22]
have been investigated. This micro-robotic approach has also
been implemented to study the properties of single bio-based
fibers using grippers mounted on micro-robotic structure. The
bonding of one end of the fiber to a force sensor and the use
of micro-gripper enabled tensile testing, lateral deformation
or inter-fiber joint strength tests of paper-making fibers. These
pioneering works demonstrate displacements of a few tens of
micrometers, with forces typically measured at the 10 mN
scale [23], [24] allowing for comparative studies of several
batches of fibers in a qualitative way [25], [26].

Micro-robotic tools and methods thus appear promising to
design an experimental platform able to perform peeling tests
on bio-based fibers. This platform combines a micro-gripper,
two micro-force sensors, a reduced friction guidance system,
and two synchronized micro-positioning stages. This paper
presents the operating principle of the robotic platform, its
calibration, its measurement protocol and automated experi-
mental tests.

Thus, section II-A will introduce elements relating to ele-
mentary bio-based fibers, their structural complexity (Fig. 2)
and their interest, section II-B the typical models of peeling
tests and their key parameters. Section II-C will describe the

operating principle of the experimental platform proposed.
Sections II-D and II-E will respectively introduce the platform
calibration principle as well as the proposed experimental pro-
tocol. Section III presents the main experimental results useful
for validating the proposed approach and notably includes
typical curves and the first orders of magnitude obtained for
the peeling of free bio-based fibers. Section IV concludes the
paper.

Fig. 1. Plant fiber mounted in the jaws of the peeling platform (a.) with a
detailed schematic illustration of the peeling principle (b.).

II. MATERIALS & METHODS

A. Plant fibers

On the micro-structural level, plant fibers present a complex
morphology with a primary outer wall and a secondary wall
composed of three layers [27], and two main morphological
particularities that are highlighted in Fig. 2 - kink-bands and
cellulose micro-fibrils. A kink-band is a point along the length
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of the elementary fiber where the micro-structure of the fiber
undergoes a significant change and leads to the formation of
nodes or dislocation bands [28].

Fig. 2. Microscopic image of a peeled plant fiber.

Plant fiber quality and the interfacial adhesion of plant fibers
are susceptible to a number of parameters relating to their
intricate interfacial structure, their morphological complexity,
and their transformation process [29]. Therefore, the charac-
terization of this force represents a point of interest for the
extension of the accumulated knowledge on plant fibers and
the development of more reliable and accurate ways to control
fiber quality for the various growing applications.

Being one of the top cultivated bast fibers in Europe during
the last few decades, and due to their high versatility in various
applications, hemp fibers of the species Futura 75 and nettle
fibers constitute the object of study of this work.

Prior to peeling tests, fiber bundles are manually extracted
from the provided strands and cut to a length suitable for
mounting on the peeling setup. Once a bundle is extracted, an
elementary fiber is partially manually separated from it under
a magnifying lens. The elementary fiber is not fully detached
from its parent bundle but rather peeled until an adequate
portion of around 10mm is protruding, which can be easily
grasped by a micro-gripper to initiate the peeling.

B. Peeling model

Peeling models allow the calculation of an adhesion con-
stant specific to the tested material, taking into account the
geometrical properties of the peeled object, and can ultimately
be used to compare the interfacial adhesion of different
materials.

The Kendall model is a general representative model for
thin-film peeling that allows the determination of the adhesion
constant E between a peeled thin elastic film and a rigid
substrate based on this following equation in the case of large
peel angles [30]:

E =
F × (1− cos θ)

b
(1)

The adhesion constant is denoted E and is calculated from
the peeling force F , applied at an angle θ, necessary to

separate a thin film of width b from a peeling substrate as
shown in Fig. 3.a [30]. This formulation is valid for large
peeling angles of over 45◦.

Fig. 3. Illustration of the Kendall thin-film peeling model [30] (a.) and the
equivalent plant fiber peeling model considered in this work (b.).

This model is adjusted to plant fiber peeling by replacing the
thickness term b by the diameter of the peeled fiber D which is
considered perfectly cylindrical, giving the modified equation
2 for the adhesion constant calculated for plant fibers. Fig. 3.b
illustrates the similarity between the Kendall thin-film peeling
model and the proposed plant fiber peeling model. The peeled
fiber diameter D is a first estimation of the contact width
between the peeled fiber and its parent bundle. This model
does not reflect the morphological complexity of the fiber itself
or its interface with other fibers within the bundle. However, a
precise calculation of the contact surface between the peeled
fiber and its bundle throughout the peeling test represents
a significant vision problem considering the complexity of
the object and the sample movement during the test. This
approach thus presents a simpler approximation of the contact
width, it being the apparent diameter of peeled elementary
fiber as observed in-situ, which allows for comparative studies
between samples.

E =
F × (1− cos θ)

D
(2)

C. Experimental platform

The experimental setup, as shown in Fig. 4, is designed for
micro-scale fiber-peeling operations and relies on a set of lin-
ear actuators [PI, M-111· M-112 Compact Micro-Translation
Stage], force sensors [peeling force sensor: TEI, FSB101,
and pretension sensor: AEP Transducers®, TCA, CTCA1K5],
and a micro-gripper [SmarAct, SG-1730 - Micro-Gripper] to
achieve precise and synchronized manipulation of the target
fiber at the micrometer level.

Determining an adhesion constant for plant fibers requires
knowledge of the following three quantities: the peeling force
F , the peeling angle θ, and the fiber diameter D. The setup
also is designed to enable a peeling angle of 90◦ to be
maintained during the entire peeling test and for a controlled
tension to be applied on the fiber bundle, both factors being
essential for the proper application of the peeling model.

A fiber bundle is fixed and visually centered between screw-
secured jaws along the x-axis, with a single elementary fiber
extending from it along the z-axis. One of the jaws has a
rotating head that enables the fiber to be properly oriented
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facing the micro-gripper without twisting the bundle. The fiber
bundle tension between the jaws is applied and adjusted using
a manual micro-positioning stage to minimize the deflection
of the fiber bundle during peeling, ensuring a rigid peeling
substrate. The micro-gripper clamps the elementary fiber, and
the gripper actuator retreats along the z-direction, exerting
force to peel the fiber off from its parent bundle. Two larger
manual XYZ tables allow the positioning of the bundle and
micro-gripper parts of the setup relative to each other.

In order to measure the peeling force exerted by the micro-
gripper, a connection with the peeling force sensor that inhibits
a rigid body interaction is necessary. For this reason the micro-
gripper is placed on a custom 3D printed support, mounted on
a IKO slider rail system on one hand and to the force sensor on
the other. This configuration offers a degree of freedom to the
micro-gripper, with respect to the force sensor, allowing for
a relative, low friction, linear displacement between the two
components along the z-axis. In this way their independent
operation and thus the accurate measurement of the peeling
force is guaranteed.

The fiber-bundle adhesion constant is determined as per
the aforementioned Kendall model, Eq. 2, based on the force
measured in this peeling action. This force is measured during
the peeling test by the peeling force sensor that is located
behind the micro-gripper.

The second term in the adhesion equation is the peeling
angle. To eliminate the need for a continuous measurement of
the peeling angle during the test and to contribute to higher
repeatability and consistency between tests, a constant peeling
angle is desired. For this purpose, an actuator is used at the
bundle level on the x-axis and moves in synchronization with
the micro-gripper actuator in the opposite direction to that of
the peeling propagation, maintaining a constant peeling angle
throughout the peeling test. Thus, the simplified Kendall’s
hypothesis is satisfied and the cos θ term is taken out of the
equation.

Fig. 5 shows an illustration of a mounted bundle with its
elementary fiber grasped by the micro-gripper, highlighting the
motion of the actuators during the peeling action.

In addition to maintaining a constant peeling angle, the
second linear actuator plays an important role in the obser-
vation of the peeling process during the tests. A telecentric
camera, mounted above the sample on the setup and positioned
above the peeling zone, provides a visual output of the area of
interest. The telecentric lens provides constant magnification
and a high depth of field without distorting the observed fiber
in order to measure its apparent diameter. The synchronized
movement of the two actuators allows for the peeling zone to
stay inside the frame of vision of the camera during the test.

The different electronic components of the experimental
platform are controlled via Simulink allowing automated con-
trol and execution of the peeling operations according to
specified input parameters (peeling speed and distance). The
block diagram shown in Fig. 5 summarizes the mode of
operation of the experimental platform.

Fig. 4. Experimental setup for plant fiber peeling with the main components
highlighted: the jaws used for gripping the fiber bundle, the bundle tension
sensor and its control stage, the two positioning actuators which ensure the
synchronized movement of the bundle (x-axis) and the micro-gripper (z-axis)
that is connected to the peeling force sensor. The camera provides footage in
real time of the peeling (camera view shown in the bottom right corner).

Fig. 5. Experimental platform block diagram showing the communication
between the different components of the setup: thick black arrows represent
user input (test parameters), thin black and dark green arrows component
control, light green component output (collected test data), and dark blue
arrows movement direction during peeling.

D. Peeling test calibration

With the implementation of the rail system at the micro-
gripper-peeling-force-sensor level, and due to the inertia of
the different components, the peeling force sensor output data
would consist of not only the measured peeling force required
to separate the plant fibers, but also the friction forces that are
present during the micro-gripper movements. To obtain the
force related to the peeling of the fiber, the frictional forces
must thus be characterized through a calibration process and
subtracted from the total force as follows:

Fpeeling = Fmeasured − Fcorrection (3)



AKLEH et al.: AUTOMATED ROBOTICS PEELING PLATFORM 5

The calibration is performed by moving the micro-gripper,
without any samples on the setup, backwards and forwards
along the z-axis, in the direction of peeling and returning
to the initial position, respectively, at various speeds over 5
repetitions. The retreating motion occurs at low speeds over
the adopted peeling distance of 5mm.

With the goal of performing the peeling tests at a low
quasi-static speed of 0.001 mm/s to minimize the effect of
time-dependent phenomena on the observed peeling behavior,
the calibration is repeated with a total of 25 speeds within
the range of 0.001 − 0.100 mm/s; with a convergence of
the measured force as a function of the distance traveled at
a certain relatively high speed, a calibration test could be
performed before each peeling test, providing thus a test-
specific correction.

As seen in Fig. 6, the average standard deviation of the
force, measured by the peeling force sensor along the z-axis,
calculated for the 5 repetitions at a single speed does not
exceed 10−4N for any tested speed, which corresponds to the
peeling force sensor noise, indicating good repeatability of the
peeling force sensor output. Fig. 6 highlights two calibration
tests at speeds of 30 and 71 µm/s, with the 5 repetitions at
each speeds; only a single repetition is shown in color for ease
of reading the plot. The superposition of the 5 curves indicates
high repeatability of the measurements at one speed, with a
standard deviation of the 5 being lower than 10−4N when the
measured forces are of the order of 10−1 N .

However, regarding the linear fit of the obtained data for
each tested speed, the linear slope presents a significant
difference of 3.5% between its value at the standard peeling
speed (0.001mm/s) and the next tested speed (0.0051mm/s).
Therefore, the correction to be applied to the peeling force
must be extracted at the standard peeling speed, thus prevent-
ing the possibility of running a calibration for each individual
peeling test.

As a result of this calibration campaign, a single calibration
test is performed over a 5mm distance along the z-axis at a
speed of 0.001mm/s and its output is applied as a quadratic fit
correction for the peeling force for the entire testing campaign
for an expected high precision of the measured force within
the sensor noise.

E. Experimental protocol

1) Sample mounting: To mount the manually prepared
fiber sample on the experimental setup, the micro-gripper is
removed from its seat on the rail system and placed on an open
surface for ease of manipulation. The elementary fiber that is
partly separated from its parent bundle is grasped by the micro-
gripper and both are then placed back on the experimental
platform. The fiber bundle is visually centered along the axis
of the gripping jaws before locking it in place using screws.
A tension load is applied to the mounted bundle by the means
of the manual positioning stage to remove any existing slack
to avoid fiber bundle deflection during the peeling.

At this stage, adjustments are made to the sample position,
viewed under the setup camera, so that the peeling zone - the
meeting point of the elementary fiber and its parent bundle - is
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Fig. 6. Impact of calibration speed on the adopted force correction with a
focus on two calibration tests results at speeds of 30 and 71 µm/s showing
5 repetitions each (with only one highlighted for ease of reading).

visible and in-focus. Based on the camera display, the peeling
angle is set to 90◦ by adjusting the positions of the sample
and the micro-gripper.

2) Peeling force reference: One important aspect of the
peeling test preparation and its later data processing is having
a specific reference point for the force measurement. The
manipulation of the micro-gripper during the mounting of
each sample, especially its removal and placement on its rail
system that is directly attached to the force sensor, leads to
the variation in the baseline of the peeling force measurement
at the beginning of each individual peeling test.

To reliably define the reference point for a peeling test,
the micro-gripper grasping the mounted elementary fiber is
moved, using a manual precision positioning stage, to the
closest point possible to the mounted bundle which is the
limit stop of the positioning stage. At this point, the grasped
elementary fiber is released from the micro-gripper hands
ensuring thus that the latter experiences no load.
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The movement of the micro-gripper to the limit stop of the
positioning stage ensures protocol repeatability throughout all
peeling tests, and the release of the elementary fiber eliminates
any load exerted by the fiber on the micro-gripper due to
any potential buckling of the fiber following this forward
movement.

A two-minute idle state marks this step in the peeling force
sensor output data and serves to determine the reference point
during the data processing phase. The average value of the
reference force obtained using this protocol is used to shift the
measured peeling force. The result of this shift is the actual
peeling force calculated via the following equation:

Fpeeling = Fmeasured − Fcorrection + |Freference| (4)

Fig. 7 shows the steps of the implemented experimental
protocol at the campaign level and at the individual peeling
test level.

Fig. 7. Experimental protocol steps.

III. RESULTS & DISCUSSION

The peeling test data is processed and plotted against the
peeling distance. The gathered data is rich in information,
however, the force plot alone is not sufficient to form a
complete image of the peeling process and the phenomena
involved in it. Therefore, the peeling force plot is paired with
the peeling video and the synchronization of the two correlates
the observed peeling force with certain mechanisms taking
place at various interesting points during the peeling. A peeling
video is made available in the supplementary data of this paper.

A. Peeling force

Typical results for the tested plant fibers are presented in the
graphs of Fig. 8 where the measured peeling force is plotted
against the peeling distance for two different hemp varieties
and one nettle.

The characteristic ”stick-and-slip” behavior appears in the
plot in both cases; the peeling force shows a cyclic behavior
where it increases until a local threshold at which it experi-
ences an instantaneous drop; this increased peeling force is the
force needed for the decohesion initiation, and it is typically
followed by a force drop until the fiber, now slack, becomes
tensioned again. This particular peeling pattern is attributed to
two observed decohesion mechanisms, discussed in detail in

the next section, taking place during the peeling process. In
the graph of the second hemp fiber, instances of the impact
of the different peeling mechanisms on the measured peeling
force are marked with the letters corresponding to the images
of those mechanisms in Fig. 9.

Fig. 8. Peeling force plots of 2 hemp fibers and 1 nettle fiber as a function
of the peeling length with the peeling force profiles (a., b. and c.) of the
different decohesion mechanisms referenced in Fig. 9 (a synchronized plot
of the peeling force with the peeling video is available in the supplementary
files for the article).

An order of magnitude for the peeling force of hemp fibers
can be deducted from the tests. In the studied cases, the
hemp fibers and nettle fibers necessitate an average force of
7.40 ± 4.03 mN and 7.40 ± 4.17 mN , respectively, to be
peeled off. The standard deviation of the peeling force in both
cases is relatively high due to the different peeling mechanisms
taking place, detailed in the following section. The adhesion
constant, consisting in the normalized peeling force by the
area of the contact surface between the peeled fiber and its
parent bundle, falls in the range of 0.28± 0.15mN/mm and
0.24±0.11mN/mm for hemp and nettle respectively. Table I
offers a comparison between the interfacial adhesion force of
the tested fibers and other objects at the micro-scale [4], [31].

B. Peeling mechanisms

A detailed inspection of the obtained graphs reveals firstly
a non-null peel force baseline, as well as notable force drops
following specific peaks. A closer analysis of these points
correlates them to two main rupture mechanisms observed
all throughout the nominal peeling process: the debonding of
kink-bands and the peel-off of fiber-bridging areas.
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Peeling force
(mN )

Adhesion constant
(mN/mm)

Fish scales [31] N/A 38.6± 9.8
Wood [4] N/A [100, 300]
Hemp fibers (this pa-
per) 7.40± 4.03 0.28± 0.15

Nettle fibers (this pa-
per) 7.40± 4.17 0.24± 0.11

TABLE I
EXPLOITATION OF INTERFACIAL ADHESION PEELING DATA MEASURED

FOR THE FIRST TIME FOR HEMP AND NETTLE FIBERS, AS COMPARED WITH
FISH SCALES AND WOOD.

The peeling force baseline characterizes the nominal peeling
mechanism in which the peeling happens between the individ-
ual peeled fiber and its parent bundle and consists in tearing
away the ”adhesive” holding the fibers together (Fig. 9.a),
this being mainly pectin. The observed peeling force peaks
correspond to the kink-bands (Fig. 9.b) and fiber-bridging
areas (Fig. 9.c) which require a significant amount of force
for the crack initiation and the peeling due to their particular
morphology.

Fig. 9. Peeling mechanisms of the pectic adhesive layer between the
elementary fiber walls (a.), the kink-bands (b.), and the fiber-bridging regions
(c.) observed during a peeling test of a hemp fiber.

These mechanisms, introduced in Fig. 1, and governing the
decohesion of plant fibers, are observed during the peeling
tests using the setup camera. Fig. 9 showcases the three
decohesion mechanisms as observed during the peeling test
of a single fiber specimen. A video presenting the working
principle of the experimental setup and showing a commented
peeling video is available for viewing in the supplementary
data to this paper.

IV. CONCLUSIONS

This work addresses the currently limited understanding of
the magnitudes of forces involved in the intra-fiber adhesion
and the testing methodologies regarding micro-scale peeling
of elementary plant fibers. To the knowledge of the authors,
no known experimental system has been previously identified
capable of such peeling with minute force amplitudes (mN)
and great displacements (mm). However, an experimental
platform is successfully developed that allows for the gripping
of all three ends of the plant fiber, the application of controlled
tension, and the performance of peeling while maintaining a
90◦ angle. By integrating synchronized movements, the peel-
ing process can be observed and analyzed under a microscope.
A direct measurement of the interfacial adhesion forces is thus
made possible.

Initial estimates of force magnitudes for natural fibers (mN)
are obtained, indicating that an approximate force of a few

mN is required to initiate peeling. The obtained results reveal
comparable figures in terms of the adhesion energy of the plant
fibers, tested using the presented experimental setup, with
respect to other similar bio-materials at the micro-structural
scale, such as the interfibrillar interfaces in wood [4].

Furthermore, various phenomena occurring in the plant fiber
peeling process are identified and their prints on the peeling
force profile highlighted. In addition to nominal peeling, kink-
band and fiber-bridging-areas peeling are also encountered,
giving the force profile observed during peeling its character-
istic stick-and-slip appearance.

Based on this work, it is now possible to conduct micro-
scale peeling tests on elementary plant fibers. An interesting
future perspective would be the implementation of methods to
improve the precision of contact area estimation. Additionally,
the exploration of these techniques on other similar bio-based
objects of interest, as well as the incorporation of multi-modal
measurements, such as 3D geometry measurements, could
further enhance understanding in this field.
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