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Abstract

Purpose: This article explores the challenges and solutions in the physical char-
acterization of materials at the microscale using robotized systems, with a specific
focus on manipulating and characterizing micrometer-sized particles with dif-
ferent and complex 3D shapes and internal sub-micrometer structures. In this
paper, the studied particles are Molybdenum diSulfide (MoS2) based materials
generated within the contact interface during friction.These particles are being
studied because they offer a particularly promising solution for reducing mechan-
ical friction and the associated high energy losses. However, they are distributed
randomly within the contact area and possess intricate sub-micrometer structures.
Methods: Characterization demands precise manipulation techniques in an
in-situ Scanning Electron Microscope(SEM) environment. To address these
challenges, existing commercial micro and nanomanipulation tools are inte-
grated within a vacuum SEM chamber, and robotics strategies are investigated
to enable the whole process from particle preparation, and manipulation
setup definition, to effective MoS, particle characterization all in-situ SEM.
Results: A set of several complementary experimental investigations are done
and involve force measurement and deformation estimation studies, leading to




the first qualitative results on MoS, based particles directly from the friction
track. The work contributes to advancements in both microscale manipula-
tion and characterization. It also has implications for lubrication research.

Keywords: microrobotics, in-situ, micromanipulation, categorization, third-body,
Molybdenum diSulfide (MoS5).

1 INTRODUCTION

In recent years, the utilization of robotics within the Scanning Electron Microscope
(SEM) environment has garnered significant interest due to its diverse and promising
applications in various fields, including nano-electronics, instrumentation, and mate-
rials research [1-3]. The ability to perform a sequence of tasks, ranging from sample
preparation, separation, and manipulation, to multimodal characterization, under the
SEM presents a multitude of opportunities for scientific advancements and techno-
logical innovations. Among the compelling applications, the study of the third-body
material stands out as an area of interest. Self-created inside the contact interface
during friction, the third body drives lubrication and wear performances [4][5]. Reli-
able characterization of its physical properties offers key information to help reduce
friction, one of the most significant sources of energy losses [6]. It also opens up the
route to far-reaching implications for future ecological and sustainable solutions.

Understanding and characterizing third-body particles’ mechanical properties,
including forces and deformations, are compelling, given their relevance in addressing
friction-related challenges. Several studies have demonstrated the potential of using
nanomanipulation platforms inside a SEM for motion control [7] and multi-physical
characterization [8]. Michelson et al. notably succeeded in doing compression tests
in-situ SEM useful to demonstrate the superiority of the developed structure [9]. The
studied structures are cubes that differ from the ones studied in the present paper.
Indeed, the complexity and dimensions of these particles (micrometer-sized non-
identical 3D structures) necessitate advanced tools and robotic strategies to achieve
a complete sequence of tasks within the SEM environment. Adam et al. [10] also
highlighted the importance of considering force sensors and robots together when
doing microrobotic-based force sensing while Govillas et al. [11] showed the strong
influence of angular imperfections during compression tests. Specific strategies can
also be investigated based on accurate force and or position dynamic measurement to
succeed in achieving complex tasks at the microscale [12, 13].

In this study, the challenges posed by the manipulation and characterization of
these microstructures are not only specific to this study but also extend to numerous
other applications. This common problem calls for the development of robust and
innovative strategies to facilitate a wide range of tasks in the SEM environment. It is
in this context that this article aims to propose an approach to tackle the complexities
of manipulating and characterizing micrometer-sized 3D particles, offering insights
and solutions applicable across various fields of research.



Through the integration of existing commercial micro and nanomanipulation
tools, along with advanced robotic strategies, this study endeavors to shed light on
the potential of using robotics for the precise manipulation and analysis of materials
with intricate 3D structures. By addressing the challenges of limited workspace,
tool selection, and automation, this case study aims to contribute to the broader
understanding of the lubrication mechanisms involving solid third-body materials
while paving the way for future advancements in microscale materials research,
friction studies, and lubricants.

2 MATERIALS and METHODS

2.1 3D microscale particles

The aim of this study is to make it possible to use several in-situ characterization tools
sem using the inherent versatility of robots. In order to best demonstrate the capabili-
ties of this approach, the characterization of 3D grains with complex microstructures
is considered as a case study, corresponding to numerous applications. In this paper,
we especially investigate, as case-study, the characterization of third-body MoS, wear
particles. MoS2 and MoS2 based materials offer a particularly promising solution for
reducing mechanical friction and the associated high energy losses. Better understand-
ing of the wear particles properties may help find new directions towards improving
its performances.

This case study focuses on investigating the mechanical properties/response of
three distinct types of particles: (i) raw Molybdenum disulfide (MoS;) grains originat-
ing from commercially available powder (Sigma Aldrich), (ii) third bodies generated
by friction on pure MoS; coating deposited by burnishing commercially available
MoS2 powder on steel substrates [14], and (iii) third bodies generated by friction
on MoS;+Tantalum (Ta) coating deposited by PVD deposition technique [15]. These
third-body particles are created during friction, and while some are trapped within
the contact interface, others are ejected outside, Fig. 1(c). In our specific study, these
third bodies are created under ambient air conditions, during the pure sliding test,
Fig. 1(a). Pure MoS, coating exhibits higher fiction than MoS,+Ta. MoS, started
to fail to lubricate around 480 cycles when the substrate started to be exposed lead-
ing to a sudden peak of friction. MoS,+Ta achieved long-lasting lubrication over
the 1000 cycles, Fig. 1(b). Friction tracks are covered with third body materials and
MoS; shows higher ejection of particles around the friction tracks on both the ball
and the disc. Fig. 1(c) shows how large the region covered by ejected particles can be
as compared to the region in contact with the disc substrate and undergoing friction.
The figure also shows that particles exhibit a large range of geometry and sizes. Cut-
ting those particles using FIB can damage the structure and even melt them, coping
with the heterogeneity of their geometries is mandatory and a solution must be found
to select, manipulate, and characterize them mechanically. That constitutes the main
objective of the present study.

Each of these particles exhibits distinct structures, sizes, and morphologies (Fig.
2(b)). Particles originating from pure MoS, lubricated contact exhibit a dense and
continuous structure while raw MoS, particle has an anisotropic lamellar structure
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Fig. 1: a- Schematic of the friction test and related contact conditions. b- Friction
coefficient with standard deviation (shaded areas) resulting from friction tests with
MoS, and MoS;+Ta. c- SEM images of the contact area on the ball and its vicinity,
with zoomed-in images to show how particles are distributed and the randomness in
sizes, from pure MoS; sliding tests.

with layers stacked in a parallel arrangement, Fig. 2(a). In such a configuration, it is
agreed that the lubrication properties of MoS, are undertaken by the layered nature
which offers easy slippage between the basal planes, and consequently low friction.
Submitting the pure MoS, coating to friction results in third body particles which
appear very different from raw material. Although similar in shape to the raw MoS;
material, the nanolayers disappear to the benefit of a relatively unified, continuous,
and more homogeneous microstructured body, Fig. 2(c). This transformation to a
third body may have implications for the material mechanical properties, such as
changes in its friction behavior, and lubrication performance. The addition of Ta
particles significantly alters the structure of MoS, [15], which eventually results in
the creation of a unique third body with granular microstructure. The MoS;+Ta third
body exhibits nanograins stuck together, forming a cohesive microscale body, Fig.
2(d). As lubrication is undertaken by the third body, and considering the significant
differences in morphologies of the 3 types of particles, their mechanical properties
are most likely very different, which require individual characterization. Investigating
the structural modifications and mechanical responses of the pure MoS; third-body



and the granular structure of the MoS,+Ta third-body leads us to comprehend its
potential as an effective friction-reducing material.
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Fig. 2: a- MoS; grain, visualizing the nanolayers forming a microparticle. b- Different
MoS, particles, scaling from 10 to 25 um before cleaning process. c- Third-body
particles created from pure MoS,. d- Third-body particles created from MoS,+Ta.

Raw MoS; particles also present additional interest for the study. As mentioned
earlier, the burnished MoS; coating is made from raw MoS, commercial powder simi-
lar to the one from which particles are extracted. Burnishing consists of gently rubbing
the powder on the substrate surface to build up a thin coating that subsequently under-
goes friction. Furthermore, the alignment of the layers implies very different in-plane
and out-of-plane mechanical properties, which must play an important role in influ-
encing the mechanical response of raw MoS; during manipulation and deformation
processes. Additionally, the lamellar behavior of raw MoS; in the microscale opens
up opportunities to explore its unique responses to force application along different
orientations, providing complementary information to the existing literature [16, 17]
on its mechanical properties.

To quantify the mechanical properties of these different particle structures, force-
displacement measurements should be performed in different directions of interest.
Through the integration of advanced robotic systems and nanomanipulation tech-
niques within the SEM environment, the objective is to gain insights into the
mechanical behavior of these particles under precise, directional, and controlled force
application. By characterizing these different particle structures and quantifying their




mechanical properties using the same system, this study aims to provide data for eval-
uating their performance as third-body materials and their potential applications in
reducing friction and energy losses.

2.2 uROBOTEX platform

The tROBOTEX platform used in this study is a system that combines the capabilities
of a Scanning Electron Microscope (SEM) with Focused Ion Beam (FIB) and Gas
Injection System (GIS) technologies, Fig. 3(a). This powerful platform allows for both
additive and subtractive approaches, enabling precise manipulation and fabrication at
the microscale and nanoscale [18-20].

The SEM provides high-resolution imaging, to observe and analyze samples at
the nanoscale level. The FIB technology complements the SEM by offering the ability
to leverage a secondary view with a 54-degree angle at low power and perform
material removal and patterning at the microscale with great precision at high power.
Additionally, the GIS allows gas injection control, further enhancing the versatility of
the platform.

The platform’s sample stage offers 5 Degrees of Freedom (DoF), providing high
flexibility for positioning and orienting samples during manipulation and analysis.
Additionally, a nanopositioner is added and contributes 3 DoF, facilitating precise
movements at the nanoscale level for fine manipulation and as attached the sample
stage to provide synchronized movement as shown in the kinematic drawing in Fig.
3(b). The micro/nano-positioning SEM robot has 6 DoF, enabling precise and smooth
multi-directional, long-ranged movements.
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Fig. 3: a- Inside SEM vacuum room, different system view. b- Kinematic diagram
showing the SDoF sample holding stage and the 3DoF nanopositioner attached to
it. c- Kinematic diagram of the nanopositioning SEM robot developed at the AS2M
department [21].
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The combination of these advanced technologies and robots not only enables
seamless coordination between imaging, manipulation, and characterization tasks but
also serves to minimize the frequency of opening the SEM vacuum chamber. This
reduction is crucial to prevent pollution of the samples and particles but also particle
loss due to pressure differences and saves valuable time that would otherwise be spent
rechecking and restarting the entire system for manipulation confidence purposes.



The kinematic diagram of the robotic systems, Fig. 3(c), anchored inside the
vacuum chamber of the SEM platform, illustrates how each component works to
achieve the desired tasks. This platform is used to explore the mechanical properties of
micrometer-sized 3D grains, enabling insights into friction and lubrication phenomena
and advancing nanomanipulation techniques.

2.3 Robotic tools
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Fig. 4: Microgripper and vision control systems.

In this study, several robotic tools were used to achieve precise and controlled
manipulation of micrometer-sized 3D grains within the SEM environment. The
first tool employed was a specialized tip for sample preparation, which allowed for
the precise handling and positioning of the grains during the initial stages of the
experiments.

A microgripper (one finger actuated and one instrumented finger, both of capaci-
tive principle, ref. FT-G32, FemtoTools company) has been integrated with the SEM
nanopositioning robot providing a seamless and coordinated approach to achieve
complex manipulations at the micro and nanoscale levels, Fig. 4. This setup enabled
us to grasp, move, and place the grains with accuracy.

To accurately measure the forces exerted on the grains, even during the manipula-
tions, two force-sensing methods were employed. First, the instrumented microgripper
itself provided force-sensing capabilities, allowing for real-time force feedback during
the manipulation tasks, reaching up to 70uN. Secondly, a piezoresistive force sensor
was integrated on top of the nanopositioner system, as shown in Fig. 5. This sensor
provides precise force measurement capabilities with a larger and variable force range,
reaching up to 5 mN, and offers a precision of less than 1 uN. This sensor is similar
to the one introduced by Komati et al. [22]. To ensure additional safety during the
experiments, a SmarAct X-axis rotator was also incorporated into the system, which



raises the piezoresistive force sensor in Z directions while executing fast particle stage
movements to evade collisions and fracturing the sensor.
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Fig. 5: Piezoresistive sensing system for force measurement application.

The integration of these robotic tools and force-sensing technologies was used for
the mechanical categorization of the micrometer-sized 3D particles displayed in the
following sections. The combination of automated control and teleoperated manip-
ulation with real-time force feedback allowed a smooth, controlled, and supervised
view of forces and deformations experienced by the particles during the handling and
manipulation processes.

2.4 Measurement Traceability

Due to the reliance on force measurement data for interpretive analysis, values given
by the force sensor must be accurate, meaning near the "true force value". To do so, a
preliminary process of "calibration" is needed, where the identification of the relation
between the sensor’s output and a referenced force applied is calculated. For example,
for a force sensor with an output voltage variation AU considered as linear with the
force applied F, the parameter identified is the sensitivity S in V/N with the formula:
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Up to now, it is essential to note that there is currently no established standard for
force measurement at small scales, despite the growing demand for such standards
across various applications. This absence poses a challenge, as many fields require



precise force measurements at small scales to ensure the comparability of obtained
results. As highlighted in [23], laboratories are developing their own processes to
compensate for this lack, and three primary methods are commonly employed to
calibrate force sensors in the context of a tethered robotic system. They all rely on
applying a determined reference force along the measured direction of the sensor
to be calibrated, assuming the reference force and force estimated by the sensor to
be equal. However, this approach induces many parameters influencing the accuracy
of the measurement, for example, angles between the two forces, the direction of
the relative motion generated to bring the sensors in contact, and drifts induced by
ambient conditions changes.

The propagation of these influential parameters to the force measurement is called
traceability and results in a confidence interval onto the final force measurement also
called force uncertainty [24]. The method chosen to calibrate the piezoresistive sensor
involves using a commercial force sensor, a choice made based on a compromise
between uncertainty and configuration versatility. It is proposed to analyze the main
sources of uncertainty during the calibration process, and their final impact on the
force measured by the piezoresistive sensor.

2.4.1 Calibration process

A FemtoTools micro force sensor FT-S270 with a 2,000uN force range shown in Fig.
6(a) is considered as the reference force sensor in this study. To measure the signals
from both force sensors, the displacement, and environmental parameters, a precisely
synchronized I/O Device at a 100Hz frequency is used.

To create the force, the two test bodies of the piezoresistive sensor and the reference
are aligned and approach/retract cycles are controlled. For that, a 3-axis nanopositioner
PI-562.3CD with a 200um travel range is used, paired with its controller PI-E712
in closed-loop control. The motion is a staircase with a maximum position value
corresponding to a reference force over 1,200 uN (Fig. 6(b)). The speed of the
positioner is set to 1um/s, the same value used in the mechanical tests. Each level of
the staircase lasts for 1 second. The use for this is to calculate an average value of
each level, leading to more precision in the identification of the sensor’s sensitivity.
This identification is calculated by a least squares linear regression, based on the
assumption that the sensor used is linear (Fig. 6(c)). To prevent from specific possible
behaviors happening around the contact, only values above 10uN are used for this
linear regression.

2.4.2 Uncertainties analysis

The sensitivity of the piezoresistive sensor is identified to be S = 1.263.1072 V/uN
which is used in the formula 1. The traceable calibration process of the reference force
sensor used is typically documented in [25] and conducts to a global uncertainty of
0.27% of the force measured for the calibrated sensor with a 95% confidence interval.
This interval means that any force F measured by this sensor has a 95% to be in the
interval F' +0.27%. The main source of this uncertainty was the angle consideration
at the contact point because it introduces shear stress in the reference force sensor.
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Fig. 6: Calibration process of the piezoresistive micro-force sensor. a) Schematic view
of the solicitation setup. b) Time-dependent curves of the position desired, measured,
reference force, and output voltage of the piezoresistive sensor. c) Calibration results
of the first approach obtaining S = 1.263.10~3 V/uN. d) Experimental validation

measurements providing the resulting force estimates compared with the reference
force applied.

To reduce it, authors analyzed planar and out-of-plane angles effects on the force
uncertainty by controlling them. They finally considered a small default of 0.3°.
Because no angle control strategy is used in our study, we considered a worst-case
of 5° scenario. By using the relation given by [25] between the angles uncertainties
in both planes and the propagated force uncertainty, the relative uncertainty of the
reference force becomes 3.2% with a 95% confidence interval. This value corresponds
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to the force accuracy of the piezoresistive sensor in this configuration and will be the
value considered in this paper.

To evaluate the dispersion of the measured values, a statistical study is conducted
based on the repetition of approach/retract cycles more than 400 times. Environmental
variations such as temperature (£0.5°C), hydrometry (£2%) and pressure(+2mbar)
were measured during the test. In these conditions, we considered that the global
dispersion uncertainty can be evaluated as the difference between estimated/measured
force and reference force (Fig. 6(d)) during every cycle. This difference reaches a
maximum absolute value of 35uN when the maximum sensor range is reached i.e.
for 1200 uN.

2.5 Vision algorithm
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Fig. 7: Vision algorithms behavior detecting changes in the micrometer scale.

This study introduces a vision algorithm designed to assess the deformation
of micrometer-sized 3D particles subjected to a force. Leveraging advanced image
processing techniques, the algorithm analyzes alterations in particle shape and dimen-
sions, offering valuable insights into their mechanical responses to external forces.
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By optimizing the algorithm for Scanning Electron Microscope (SEM) video data,
including considerations such as resolution, contrast, and illumination; and integrat-
ing it with force sensor measurements, a holistic understanding of particles’ physical
and visual properties is achieved. The approach enables detailed force-deformation
curve generation, exemplified in Fig. 11, shedding light on the nuanced mechani-
cal behavior of particles under varying force conditions. The algorithm’s refinement,
involving validation and testing, ensures precision by comparing against manual cat-
egorization and iteratively adjusting. Integration of the algorithm’s results with force
sensor measurements enhances the categorization process, offering a comprehensive
view of particle characteristics. Video analysis and tracking of multiple points, as
depicted in Fig. 4, enable accurate displacement measurements. Robust error mitiga-
tion strategies address challenges such as anomalies in scanning speed affecting point
tracking, ensuring the reliability of distance estimations.

Tests on the vision algorithm were conducted at different scales to validate its
performance under various conditions. In the first validation test, the algorithm demon-
strated its reliability in handling larger-scale changes in the micrometer range. A point
on the nanopositioner Piezosystem Jena was tracked while applying a linear input
spanning 0 to 80 um (Fig. 7). Despite observed stair-like deviations attributed to SEM
scanning speed, the algorithm maintained accuracy.

In the second test, the FT-G32 was utilized to apply a force of 60 uN alongside
a rigid glass bead, aiming to evaluate the algorithm’s performance at the nanoscale.
Quantitative assessments of the minimum force required to induce a 1nm deforma-
tion in the glass silica bead were integral to understanding its mechanical behavior.
Employing Hooke’s Law, the force F was estimated using the formula F = E - A - &%,
where E represents the elastic modulus, A is the cross-sectional area, Ax is the defor-
mation, and L is the original length. Considering E = 45GPa, the calculated force was
approximately 1.92 N. The application of a force of 60uN alongside the rigid glass
bead in experimental tests is insufficient to visualize any notable deformation. The
test results of the vision algorithm exhibited minimal drift, with a maximum error of
merely 6 nm (Fig. 10). Precautionary measures were implemented during subsequent
tests to mitigate rare occurrences of bead slipping. This precision instills confidence
in the algorithm’s application for subsequent experiments.

3 SAMPLE PREPARATION

The sample preparation and manipulation procedures were essential steps in the study
of micrometer-sized 3D particles, raw MoS,, MoS;-based third-body, and MoS,+Ta-
based third-body. Initially, raw MoS, grains were in a dispersed state, randomly
scattered within the workspace, Fig. 2(b). To remediate this problem, we mixed the
particles with ethanol (to enable a good dispersion of the particles) and an ultrasonic
cleaning bath (to remove the nanograins that could be attached to the main particles
of interest), which allowed us to visualize them clearly, Fig. 2(a). However, the third
bodies were directly extracted from the friction track vicinity (outside contact area on
the sliding ball), and placed on the SEM stage.
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To begin the manipulation process, a metalized (Chromium layers by Physical
Vapor Deposition) glass probe, refined using the FIB technology, Fig. 8(a), was
employed to carefully isolate the individual particles of interest from the surrounding
third body materials. Very fine precision is required during this step to ensure that the
grains are not damaged or altered during the process.

Fig. 8: a- Refined probe using the FIB. b- Manipulation of particles using the micro-
gripper.

Once isolated from the surrounding materials, each particle was transferred to
a clean silicon wafer substrate by using a force-controlled microgripper for further
analysis and manipulation. Then, two different mechanical tests are performed:

1- micro-compression testing using the force-sensing microgripper (Fig. 9(a)).
After repositioning the particles appropriately for optimal gripping (particle orienta-
tion and position between the fingertips), the compression test is performed without
physical contact between the particle and surface, Fig. 8(b). The feasibility of this
approach is attributed to the microgripper’s design, which incorporates one actuated
finger and one sensing finger.

2- micro-compression testing using the piezoresistive force sensor visualized in
Fig. 9(c). The particles were positioned to a specific, triangular FIB-formed, gap on the
silicon-based support. As such, they are "cornered" to enable compression tests with
the piezoresistive force sensor. This approach ensured accurate particle placement, to
firmly anchor the particles in place, Fig. 9(b). Throughout this manipulation sequence,
the micropositioning SEM robots played a pivotal role in leveraging both the probe and
the microgripper, to offer precise control over particle movement, and guaranteeing
their accurate relocation for a comprehensive range of testing and analysis purposes.

Several challenges were encountered and addressed to ensure accurate and reliable
results. The manipulation of micrometer-sized 3D particles posed unique difficulties,
such as dealing with charging effects on the tools within the SEM environment which
highlights the importance of grounding all the components of the workspace, and
the occurrence of particle attachment to the robotic tools due to various phenomena,
Fig. 9. Additionally, the precise positioning of the robotic tools was crucial to avoid
unintended damage to the delicate components during the manipulation process.
Moreover, the complexity of the 3D particles required careful planning and adaptation
of the robotic strategies to achieve successful manipulation.



Fig. 9: a- The use of a fixed probe to remove the particle adhered to the gripper. b-
MoS,+Ta third-body positioned into the wall gap for force application. c- View of the
piezoresistive force sensor’s tip during force applications.

To overcome these challenges and enhance the efficiency of the experiments,
automation played an influential role. Automating the manipulation tasks not only
saved time but also reduced the risk of human error, ensuring reproducible results,
especially for the specific orientation of the force application. The sample preparation
and manipulation, coupled with the integration of advanced robotic tools and force-
sensing technologies, allowed us to exploration of the micrometer-sized 3D particles’
mechanical properties. Moreover, the successful automation of manipulation tasks
highlights the potential of robotics in optimizing nanomanipulation processes.

4 Results

The validation of the different robotic systems was an essential step in ensuring the
accuracy and reliability of the results. To achieve this, several complementary tests
were conducted on the instrumented microgripper and the piezoresistive force sensor.
The validation procedures aimed to verify the precision of force measurement, and the
overall performance of the robotic tools within the SEM environment, while providing
a reference about the behavior of the tools.

4.1 Validation

The validation phase of the microgripper (FT-G32) in its working environment started
with essential gripping tests to check its repeatability (commercially available gripper
with already established characteristics). By performing gripping actions without
any specimen, we evaluated the tool’s behavior across multiple trials and verified its
reliability for subsequent manipulations. Additionally, the drift of the tool’s behavior
was examined under steady contact and no contact conditions, providing insights into
its sensitivity and accuracy during gripping operations. To establish the accuracy and
reliability of the microgripper, solid plain rigid silica glass bead has been used, within
the scale of the particles, as reference material, Fig. 10(a). The glass bead served
as a benchmark to compare the force response obtained from the gripper with the
known properties of the reference material. This comparison allowed to validate the
accuracy of the gripper force readings, Fig. 10(c), and assess the performance of the
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vision algorithm developed for nanoscale measurements, Fig. 10(b), as nanometric
displacement observed (signal noise of SEM measurements for such cases).
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Fig. 10: a- Gripping of a rigid silica bead. b- Exhibited deformation obtained from
the vision algorithm. c- Gripper estimated/sensing force when a V4 voltage is applied
to its actuator.

Post-experiment validation verified the sensor’s stability and ability to maintain
accurate force measurements even under challenging conditions during manipulation
tasks. An empty test application provided essential baseline data for interpreting force
measurements during subsequent particle manipulations. The validation of the sensor
demonstrated its reliability and precision, proving its significance as a tool for accurate
force analysis during particle manipulation within the SEM environment.

4.2 Characterization of different particles

The vision algorithm allowed to estimate the deformation D of the particles during
force application using the FT-G32 microgripper, providing details on the mechanical
behavior of the different materials, Fig.11.

Fig.11 shows the deformation of the particle during sequential loading (cf. Sup-
plementary Information section). The particle undergoes compression to a specific
load, then it is unloaded to zero compression load, reloaded to a higher load, unload-
ing. Deformation under compression at maximum load is shown by the empty circle,
and the remaining deformation after unloading but not releasing the particle is shown
by the asterisk. The asterisk at AD = 0 nm implies fully elastic recovery, and the
asterisk at AD > Onm implies plastic remaining deformation. Each circle corresponds
to a test performed on the particle in the deformation state at the previous asterisk,
i.e the test at 58 uN with MoS;+Ta third body (Fig.11-particle c.2) is done on a
plastically deformed state (previous asterisk at AD = 50 nm). The particle is under-
going higher deformation at S8 uN than at 70uN. That comes from the fact that the
material enters the plastic deformation regime above 40uN. As it deforms, and as
the load increases, it eventually reaches a maximum deformation upon compaction.
At 58 uN, the material undergoes large plastic deformation (1.2 um residual defor-
mation after unloading), it hence becomes highly densified and compacted. There is
little room left for deformation, even at a higher load (70 N). Such behavior is in line
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Fig. 11: Estimated force £ vs deformation AD of the different particles.

AD1 represents the deformation of the particle a.2 between the initial state (no applied
force) and the intermediate state where the desired force is applied.

AD? illustrates the difference in deformation between the initial state and the final
state when no force is being applied to the particle anymore.

with the evolution of the force as a function of the estimated deformation of the par-
ticle obtained from a compression test performed on a similar particle. Fig.12 allows
to visualize the sudden crack events that affected the thickness of the particle and
are highlighted by the yellow arrow on instants (b), and (c) after a large deformation.
Such events lead to permanent plastic deformation of the particle. The particle, sim-
ilarly to particle c.2, undergoes large permanent deformation, and upon unloading,
only a low elastic recovery of about 100 nm is observed. The second particle, particle
c.1, exhibits much lower deformations upon loading. It however demonstrates fully
elastic behavior below 40 uN, and an almost fully perfectly plastic behavior above
40 uN compression loading. The change in mechanical response around the 40 uN
threshold is relevant to particle c.2.

Contrary to MoS,+Ta third body particle, which can exhibit significant deforma-
tion (up to 1,200 nm) and permanent plastic deformation, the third-body created from
pure MoS; exhibited very limited deformation of approximately 80nm highlighting
its exceptional stiffness (Fig.11). Moreover, it also fully returns to its initial state after
force retraction, which demonstrates fully elastic behavior upon compression, in the
range of the applied force. Interestingly, it appears that the deformation upon com-
pression exhibits 3 different elastic regimes: one very stiff in the 20 uN to 45 uN
force range, which corresponds to 20 nm to 30 nm of deformation. Outside the spec-
ified range, the Force vs. Deformation curve exhibits a slope that is at least half of
that within the range. However, irrespective of the deformation extent, the material
consistently returned to its initial state upon unloading.

When analyzing raw MoS; particles, the deformation response of particles aand b
are consistent, and a maximum AD of nearly 400nm is displayed upon applying a force
of 70uN. Although chosen to be displayed, the data points of 18 uN (particle a.2)
appear not relevant considering that unloading the contact results in 80 nm shrinkage
of the particle. These outliers removed deformation upon loading and follow similar
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trends in terms of both variations and values (forceF” and AD). When increasing the
compressive loading, both particles demonstrate alternatively either large or small
(even null sometimes) permanent deformation. That shows elastic, elastic-plastic, and
fully plastic behaviors, but those happen alternatively and successively upon loading.
To identify if plastic deformation occurs progressively or suddenly, force£” has been
plotted against voltage V4 (Fig.13). The response is intriguing considering that upon
unloading a constant forceF' is maintained before unloading (Force wise) eventually
occurs. Force variations during unloading appear very similar to the loading variations.
Both loading to the next compressive force, and subsequent unloading, follow the
same pattern as the previous loadings, which would support fully elastic behavior.
Only the vision algorithm allowed to evaluate the existence of plastic deformation. The
cyclic loading demonstrates that the response of the raw MoS2 consistently follows
the same trends, even after minor plastic deformation, which questions the occurrence
of a possible reconfiguration of the stacking of the layer comprising the particle. This
behavior is observed for all raw MoS, particles tested, it is hence reproducible. In the
study [17] it is shown that when the stacking of MoS, basal planes comprises above
20 basal planes (nearly 20nm in thickness), the deformation behavior under in-plane
compressive loading resulted in sudden kink formations and that the mechanism is
almost fully reversible as most kinks disappear upon unloading. The nano-sheet (stack
of the 20 basal planes) fully unfolds to get back in place. Further, in-depth analyses
are needed to fully understand the underlying mechanisms leading to the observed
behaviors.

The results from the microgripping experiments have been compared with those
obtained with the piezoresistive sensor, which relied on applying a compressive force
on particles "cornered" in place on a wafer patterned with angular holes. Upon
compressive loading until failure, similar behaviors are observed:

(i) Very stiff for third body particles from MoS, coating with no crack events.
(ii) Plastic behavior of MoS,+Ta based third body particle, the first cracks event
appearing below, but close to, 100 uN. Multiple events then follow until the particle
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gradually collapses and the piezosensor tip gets into contact with the wafer, at N,P =
78um. After that £ increases linearly, which reflects the stiffness of the SensiTip.
(iii) Occurrence of sudden crack or reconfiguration events leading to a sudden and
moderate drop of force £ at NP =74 um for raw MoS2 particle. Following the mod-
erate drop, forces increase until the complete fracture of the particle at N,P =77um.
The shape of the force increase and the sudden moderate force drop correlate well
with the experiment of [17] who showed similar increase and drop when kink forms
within the MoS2 planes.

That emphasizes the need to pursue investigations regarding the mechanisms
leading to those sudden events. Moreover, the first significant event occurs at 50 uN,
which is in line with the range of force where significant plastic deformation starts to
be detected during the compressive testing using the microgripper Fig.11.

In the context of lubrication, these observations appear to confirm the assumption
that lubricity from MoS;-based coatings is achieved through the creation of third
bodies that demonstrate ductile behavior (plastic flow) inside the interface [15, 26].
In the presented case, pure MoS;-based coating failed to lubricate the contact earlier
and provided higher friction, which is in line with the fact that the third body is very
rigid and does not demonstrate plastic behavior. The MoS,+Ta coating, on the other
hand, succeeded in lubricating and provided low friction, which is in line with the
elastic-plastic behavior identified and the occurrence of large permanent deformation
upon compression, even at low loads.

The comparison of results obtained from the vision algorithm hence provides a first
quantitative evaluation of the force/deformation mechanical response of the 3rd body
materials directly extracted from the friction tracks. The study provides unprecedented
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and observation of multiple crack events mainly from the raw MoS, and the third-
body formed from MoS,+Ta; and the fracture of the raw MoS,.

information on the mechanical properties of the third bodies, combined with the fric-
tion performances. The varying deformation responses and recoverability observed
in the different materials shed light on their distinct mechanical characteristics.

S CONCLUSIONS

The present study presents the challenges and achievements in the manipulation and
characterization of micrometer-sized particles with 3D structures having different
geometries and complex internal sub-micrometer structures. Throughout the study,
several complementary commercial and lab-developed micro and nanomanipula-
tion tools have been integrated within the vacuum SEM chamber environment. This
integration allowed us to conduct precise and automated force-displacement measure-
ments accompanied by carefully devised robotic strategies to enable the whole process
from micron-sized particle selection, manipulation, and characterization in-situ SEM.
The characterization includes highly controlled compressive testing (in terms of force
and displacement) monitored in-situ by the SEM. Through an in-house developed
vision algorithm, particle deformation upon compressive has been determined. First,
quantified results have thus been obtained, with compression forces typically lying
in the range of a few micro-Newtons to several hundreds of micro-Newtons, and
deformations lying in the range of 10 nm to above 1 um. Two complementary tools
have been operated: a commercial microgripper and an in-house developed piezosen-
sor. They have been calibrated in-situ and combined with nanopositioning devices to
ensure the reliability and versatility of the resulting in-situ testing platform.

A case study on the evaluation of mechanical properties of tribological materials
has been conducted. It focuses on 3 distinct MoS; based particles: 2 third body wear
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particles generated during friction from 2 different lubricated contacts, and one pris-
tine purely crystalline particle. The three materials demonstrated different mechanical
responses under force application. The pure MoS,-based third-body exhibited the
highest stiffness and purely elastic behavior in the range of forces explored, while
the third-body formed from MoS, and Ta displayed an elastic-plastic behavior with
cracks and large plastic deformation occurring at low forces (around 50 uN). These
findings provide unprecedented quantitative information into the mechanical prop-
erties of these materials and how they correlate with their lubrication efficiency.
Beforehand, such correlation only relied on qualitative assumptions. The study hence
offers possibilities for better understanding their role in friction, which paves the way
for further application in various engineering scenarios, and fundamental studies on
the role of the mechanical properties of third bodies in the tribological behavior of
materials. These initial results show promising coherence and open avenues for fur-
ther exploration and exploitation. Better-controlled experiments with perfectly known
regular-shaped geometries are needed to complement measures on unmodified par-
ticles and to pursue the quantification of the mechanical properties of the particles
using the methodology developed here. The 3D geometry of each and every unmod-
ified particle tested must also be known to extract stress/strain relationships. Finally,
a statistical approach is mandatory considering the dispersion in the particles mor-
phologies. Future investigations, though combined studies with numerical modeling
for example [27], will also contribute to a deeper understanding of the underlying
mechanisms and potential applications of these unique nanoscale structures.

Overall, this article’s primary contribution lies in the first quantified results on
MoS, particles and their third-bodies, showcasing the utilization of advanced tools
and robotics for simultaneous manipulation and characterization of materials with
complex 3D structures at the micro and nanoscales.
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Supplementary Information

Fig.15 shows the test sequence corresponding to multiple loading compression tests
using the Ft-G32 microgripper, which is referred to as sequential loading in the main
body of the manuscript. The input signal is the voltage. The gripper is closed up to
step #1, which corresponds to gripping the particle without compressing it. At this
step, the particle is held but not compressed, i.e load is equal to O uN. This provides
the particle’s initial size. Voltage is then increased to step#2, which results in a force
and deformation state. Voltage is maintained constant, as well as both the load and
the deformation in the present case. Neither viscoelasticity nor viscoplasticity have
been observed. The deformation under compression (delta D1) is hence measured.
Then the particle is unloaded to return to zero load (step#1), where again the particle
size (delta D2) is measured. If the size is equivalent to the size at the previous load-
ing step, then the plastic deformation is null; if it is different, then the particle has
deformed and the deformation is the difference between the two sizes. In this way,
the resulting deformation of each loading and unloading step is evaluated. The total
plastic deformation is the sum of the deformations measured at each step.
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Fig. 15: Test sequence using the Ft-G32 micro-gripper (a) and the resulting data (b)
plotted in two different ways: Estimated force F' vs. Estimated Deformation D as it is
presented in the main body of the paper, and Estimated deformation upon compression
and after unloading for each loading step. Cumulative deformation of the particle is
also presented.
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