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Abstract

During active object manipulation, the finger-object interactions give rise to complex fingertip skin deformations. These deforma-
tions are in turn encoded by the local tactile afferents and provide rich and behaviorally relevant information to the central nerv-
ous system. Most of the work studying the mechanical response of the finger to dynamic loading has been performed under a
passive setup, thereby precisely controlling the kinematics or the dynamics of the loading. However, to identify aspects of the
deformations that are relevant to online control during object manipulation, it is desirable to measure the skin response in an
active setup. To that end, we developed a device that allows us to monitor finger forces, skin deformations, and kinematics dur-
ing fine manipulation. We describe the device in detail and test it to precisely describe how the fingertip skin in contact with the
object deforms during a simple vertical oscillation task. We show that the level of grip force directly influences the fingerpad
skin strains and that the strain rates are substantial during active manipulation (norm up to 100%/s). The developed setup will
enable us to causally relate sensory information, i.e. skin deformation, to online control, i.e. grip force adjustment, in future
studies.

NEW & NOTEWORTHY We present a novel device, a manipulandum, that enables to image the contact between the finger and
the contact surface during active manipulation of the device. The device is tested in a simple vertical oscillation task involving 18
participants. We demonstrate that substantial surface skin strains take place at the finger-object interface and argue that those
deformations provide essential information for grasp stability during object manipulation.

grasping; sensorimotor; tactile; touch

INTRODUCTION

Humans are exquisitely skillful at dexterous manipulation
of objects with their fingers. This dexterity partly relies on
optimally adjusting the grip force (GF), the force exerted nor-
mally to the object surface, to the load force (LF) due to the
object weight and inertia, and the fingertip-object contact
friction (1). Indeed, an excessive amount of force is undesir-
able as it leads to excessive expenditure of energy and could
potentially crush the object. However, an insufficient grip
force will let the object slip from the hands. Accordingly, we
usually exert a grip force just above the minimum, thereby
continuously varying GF according to LF and the level of
friction (2–5). Deformations and vibrations produced in the

skin during object manipulation are faithfully encoded by
the numerous tactile afferents innervating the hand and fin-
gers. These afferents in turn provide the central nervous sys-
tem with rich and behaviorally relevant tactile information
content (6–10). This, for instance, allows the central nerv-
ous system to adjust the grip force exerted on a manipu-
lated object to the grip conditions (11). Without tactile
afferent feedback, we fail to react to unexpected perturba-
tions in object load or surface friction and to maintain a
stable grip force to load force ratio, hence highlighting the
critical role played by tactile feedback during object
manipulation (12–14).

In vivo biomechanics of the fingerpad has been exten-
sively studied in passive conditions, highlighting the
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systematic occurrence of partial slips at the periphery of the
fingertip-object contact during the tangential loading of the
fingerpad (15–19). Indeed, we have shown that slip is not in-
stantaneous and that the transition from a stable to a slip-
ping contact develops progressively with partial slips
initiating at the periphery and progressing towards the cen-
ter of contact until the point of a full slip. As a consequence
of the relative movements between the nonslipping regions
and the slipping regions, partial slip is associated with sub-
stantial (up to 25%) surface-tangential skin strains (19).
Furthermore, we have shown that those skin strains caused
by partial slips are readily encoded by human afferents (8).
Besides, we have also demonstrated that human subjects can
consciously perceive incipient slip, before full slip is reached,
given that the surface-tangential skin strains are sufficient
(20). Taken together, those results have essential implica-
tions for object manipulation: indeed, the systematic occur-
rence of partial slips during tangential loading implies that
partial slips will take place during active manipulation.
Because partial slips provide a measure of how far from fully
slipping the contact is, they might be used by the central
nervous system to adjust GF to the object properties during
active manipulation.

It remains unclear, however, how much partial slips
spread inside the contact area during active object manipu-
lation and how they will be affected by the gripping condi-
tions, including the biomechanical properties of the
fingertips. Indeed, for a given object load, the amount of par-
tial slips depends on how much grip force is exerted on the
object and also on the frictional properties of the fingertip-
object contact (17).

To investigate this, we developed a new instrumented de-
vice that enables synchronously recording the forces exerted

by the fingers together with the fingertip skin deformation at
the finger-object contact with a high spatial and temporal re-
solution during active manipulation. The device was tested
in an experiment involving 18 subjects who were requested
to perform vertical oscillatory movements. We describe the
typical strain patterns taking place in the contact in parallel
with the kinematic and dynamic parameters of the task.

METHODS

Apparatus

To characterize the deformations taking place at the con-
tact between the fingerpad and an actively manipulated
object, we developed a manipulandum equipped with force
sensors as well as an imaging system. This system can cap-
ture images of the skin in contact with the object through a
flat and optically transparent plate of glass (Fig. 1).

The device is designed to be handled using a precision
grip (2), i.e., pinched between thumb and index. Its alumi-
num core supports two force sensors, one on each side of the
manipulandum, tomeasure the forces exerted by each finger
(Fig. 1B, orange, ATI Mini27 Ti, ATI-IA). On the outer side of
each force sensor, an aluminumpiece supports a transparent
plate of glass, where the object is contacted to be manipu-
lated. The rest of the device, including its top hat and diverse
small parts, is 3-D printed using PLA to be lightweight and
customized at will (Fig. 1, A–C). Only one finger can be
imaged, but the outer plate design is symmetric so that the
contacting surfaces are the same for both fingers. Both surfa-
ces can be removed and swapped quickly, allowing the experi-
menter to test materials of different properties (e.g., friction
or texture) during one experiment. An accelerometer (Fig. 1B,

accelerometer

force & torque
sensors

lighting

half-mirror

glass plates

camera

Y
X

Z

Lighting

Finger

Glass

Half
-m

irr
or

Camera

Finger
(not imaged)

A B C D

E

Figure 1. Detailed description of the device. A: assembly sketch of the device. B: cut of the device along the plane in Awith its key elements and sensors
highlighted. C: photograph of the manipulandum along with the definition of the reference frame used in the context of this study. D: custom optical sys-
tem to image fingerprints. Arrows show the trajectory of the light emitted by the “Lighting” and reflected at optical interfaces. In this study, the index fin-
ger was imaged and the thumb was not. E: typical image obtained with the system. The checkerboard pattern on the right of the image is used to
measure very small movements of the glass relative to the camera.
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red, LIS344ALH, STMicroelectronics) is included in the top
hat of the device. All signals are acquired using an ADC acqui-
sition system (NI6225, National Instruments).

Fingerprints in contact with the glass plate are imaged
using a custom optical system based on the principle of frus-
trated total internal reflection, with a coaxial light source
and camera (Fig. 1D). The light source (Fig. 1B, black, LFL-
1012-SW2, CCS Inc.) is placed on the opposite side of the
imaged finger. The light passes through a half-mirror to illu-
minate the finger. Part of the light is reflected by the contact-
ing glass and part of it is transmitted. The light transmission
index is increased where the fingerprints contact the glass,
causing less reflection and therefore dark fingerprints in the
captured images (Fig. 1E). The light is then collected by a
small and lightweight monochrome camera equipped with a
macro lens (Fig. 1B, green, camera: GO-5000M-PMCL, JAI,
monochrome, 2,560 � 2,048 full pixel resolution; macro
lens: Cinegon 1.8/16, Schneider Optics). The setup enables us
to image the entire fingerprint at a high spatial (1,696� 1,248
pixels) and temporal (100 Hz) resolution. Note that only a
subset of the camera field of view was recorded because of
constraints related to the architecture of the device, in par-
ticular the size of the area illuminated by the light source.
Optical tracking allows us to measure partial slips from fin-
gerprint images and to derive the skin strains (18, 19). A
checkerboard pattern is glued on the glass on the side of
the field of view to track very small glass movements rela-
tive to the camera caused by the elastic deformation of the
device. The squares of the checkerboard, whose dimen-
sions are 0.5 � 0.5 mm, enable us to measure the image re-
solution (64 pixels/mm) and to verify that the effects of
optical distortion and elastic deformation of the manipula-
ndum are minimal. The width of the device, i.e., the dis-
tance between both fingers gripping the object, is 50 mm.
The total mass of the device is 540 g.

Participants

Eighteen healthy subjects (9 women, ages 20–34 yr) par-
ticipated in the experiment. Each subject provided written
informed consent to the procedures and the study was
approved by the local ethics committee at the host institu-
tion (Institute of Neuroscience, Universit�e catholique de
Louvain, Brussels, Belgium).

Experimental Procedures

For this experiment, the device was held by a system of
pulleys and a counterweight with the same mass as the de-
vice, such that the net weight of the whole system was close
to zero, but its inertia was twice that of the device alone. The
goal was to isolate the forces and deformations related to
dynamic interactions (inertial forces) as opposed to static
weight. Moreover, an optical distance sensor (DT20-P224B,
SICK Sensor Intelligence) was placed above the device and
measured its vertical position continuously.

Subjects were asked to grab the device with their index
and thumb at the center of the glass plates such that the fin-
gerprints were centered in the field of view of the camera
(Fig. 1, C–E). Then, they were instructed to move the device
up and down producing an oscillatory movement between
two targets spaced by 20 cm for 30 s (Fig. 2). The period was

set to 1.5 s, therefore generating 20 oscillations for each block
(Fig. 2A). A short tone was played every 750 ms to indicate
the instant when they were supposed to reach one of the tar-
gets. A higher-pitched tone indicated the end of the block
when the subjects were asked to release the object and pre-
pare for the next trial. The same procedure was repeated for
15 blocks. Because we observed that subjects tended to apply
an excessive level of grip force, a subset of them (six) were
explicitly asked to try tominimize the grip force.

Moreover, at the end of the experiment, the subjects were
asked to rub their index finger against the glass surface
repeatedly using a published procedure (21), to evaluate the
coefficient of friction as a function of the normal force. A
power function was fit to the data (μ = k(NF)n–1, where m is
the coefficient of friction). It was used to predict the slip
force.

The forces, torques, position, and acceleration were
acquired at 200 Hz. The images were captured at 100 frames
per second at a resolution of 1,696 by 1,248 pixels.

Figure 2. Experimental protocol and image processing. A: subjects per-
formed vertical oscillations with a peak-to-peak amplitude of 20 cm, delim-
ited by visual targets and rhythmed by auditory cues every 0.75 s (at each
peak of the movement). B: the device was held in a precision grip. A sys-
tem of pulleys and a counterweight completely compensated the weight
of the device. C: image processing pipeline. From the raw images, the
contact area is extracted. Feature points are then detected inside this con-
tact area and tracked from frame to frame. A Delaunay triangulation is
computed from the first frame and the strain rate tensor of each triangle
can be computed for each pair of images. GF, grip force; LF, load force.
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Data Analysis

Force, torque, and position signals were low-pass filtered
(4th-order Butterworth, zero phase-lag, cutoff 40 Hz). The
grip force (GF) was obtained by computing the average of the
force normal to the surface from the two force sensors (along
the z-axis, see Fig. 1C). The load force (LF) is the sum of the
vertical component of the tangential force from the two force
sensors (along the y-axis, see Fig. 1C). The object velocity was
obtained by numerical differentiation, and the positive ve-
locity peaks were used to split the data into individual oscil-
lations during which different parameters were computed
(mean GF, max LF, . . .). The vertical position of the center of
pressure (COP) was obtained using COPy = (Tx � Fy·z0)/Fz,
where T is torque along a given axis, F is force and z0 is the
normal distance between the contact surface and the sen-
sor's surface. It measures the vertical position of the result-
ant force exerted by the index finger normally to the glass.
The slip force (SF) is the minimum normal (grip) force
needed to avoid slip. It was obtained from the power func-
tion fit for each subject as a function of the tangential force
(TF = μSF = k(SF)n). The GF and LF modulations were
obtained for each oscillation by subtracting the minimum
value from themaximum value of the specific oscillation.

Image Processing

We used an image processing pipeline already described
in previous work to detect the slipping regions and evaluate
the surface skin strains inside the contact area (18, 19). It is
summarized here (see Fig. 2C). First, the gross contact area
was extracted from the background using a two-stage proce-
dure. The first stage consists in manually depicting the con-
tact area contour for a small subset of frames (typically 10 to
20 frames/subject). In the second stage, features relevant for
the segmentation (22) are computed and fed to a machine
learning algorithm (classification tree, fitctree function in
MATLAB) that is trained on the manually segmented data to
extract the contact area and then used to extract the contact
area on the whole sequence of frames.

Second, for each oscillation, three sets of features having
good gradient properties for tracking (23) were sampled at the
first, the middle, and the last frame of each oscillation respec-
tively. Indeed, the contact area varies during the movement
due to rolling of the fingertip, i.e., some skin parts are coming
into contact and other parts are leaving contact during the
active movement. It is therefore essential to re-sample fea-
tures at different times to cover the contact area with features
during the whole oscillation. The minimum spacing between
features for feature detection was set to 17 pixels. Then, those
features were tracked from frame to frame using a classical
algorithm implemented in OpenCV (24, https://opencv.org/).
Depending on the initial frame (first, middle or last), the fea-
tures were either tracked forward or backward in time (or
both). Finally, the three sets of features (first, middle, and
last) were merged, and those overlapping were suppressed.
The very small glass movements that occurred due to the
compliance of the force sensors and the plates (of the order of
a couple of pixels) were monitored by tracking features
located on a checkerboard attached to the glass. The velocity
of the glass movement was subtracted from the velocity of the
fingerprint movement before further analyses.

Third, a Delaunay triangulation was performed on the fea-
tures from their location in the first frame. And the triangle
strain rate from frame to frame was computed as described
earlier (19), to yield a 2-by-2 strain rate tensor for each trian-
gle and each pair of consecutive frames (Fig. 2C). The strain
rate norm was obtained by computing the norm of the strain
rate tensor for each triangle and each pair of consecutive
frames. Moreover, if the triangle’s center moved by more
than 1/2 of a pixel between 2 consecutive frames, it was con-
sidered as slipping whereas if the movement was smaller
than 1/2 pixel, it was considered nonslipping or stuck to the
glass. The stick ratio, the ratio of nonslipping area to the
total contact area, was obtained for each pair of consecutive
frames.

Statistical Analyses

All statistical analyses were performed in MATLAB, using
the functions corr (for Pearson correlation), ttest (for paired t
tests) and regress (for linear regression). The power-law fits
were obtained by computing the coefficients of a linear
regression on the logarithmic transformation of the data.

RESULTS
We asked subjects to perform paced vertical oscillations

holding the manipulandum in precision grip, i.e., with the
thumb and index finger (Fig. 2B). Figure 3 shows the evolution
of the recorded variables during a typical experimental block.
A video of the fingerpad during a typical trial is also provided
at Figshare (Supplemental Video S1; all Supplemental material
is available at https://doi.org/10.6084/m9.figshare.15142071.
v1). The manipulandum weight was fully compensated by a
counterweight, and therefore LF was only due to the object
acceleration and was zero when the object was still. Thus, as
expected, the manipulandum movement (Fig. 3A) generated
cyclic fluctuations in LF due to the inertial forces, and we
observed two peaks of load force that were very similar in am-
plitude, one in the upper and one in the lower part of the tra-
jectory. The load force variations were accompanied by
variations of the grip force applied by the subjects (median
correlation across oscillations, r = 0.61±0.17, means ± SD
across subjects, n = 18, see also here below and Fig. 6), and LF
peaks gave rise to synchronized grip force peaks (Fig. 3B).
These GF peaks were such that the GF/LF ratio was kept above
the friction limit in most cases (in red, Fig. 3C), and therefore
the object did not slip. However, even though full slip was
avoided during most oscillations, the zone of stable contact
also fluctuated, as partial slip was observed andwas quantified
by the stick ratio (SR, Fig. 3D), which typically reached a mini-
mum when the constraints were maximal, that is at the maxi-
mum of LF or the minimum GF to LF ratio. As described
earlier in a passive context (19), partial slip is accompanied by
significant strain patterns in the slipping regions. The heat-
maps provided in the bottom part of Fig. 3 show the evolution
of the three independent components of the strain rate tensor
at each point of the contact area during one oscillation (Fig.
3E). The last line shows the norm of the strain rate tensor (Fig.
3F, see METHODS). While it does not bear any physical meaning,
the strain rate norm provides a clear picture of the distribution
of the strains and their intensities inside the contact area, irre-
spective of the type of deformation and invariant to rotation.
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As expected from previous reports, the strains take place at the
periphery of the contact and propagate further toward the cen-
ter as the SR decreases, i.e., when the GF to LF ratio comes
closer to the friction limit. As shown in a typical trace in Fig. 3,
each oscillation was isolated based on its trajectory (Fig. 3A,
see METHODS) and analyzed separately.

Forces and Strain Patterns during Oscillations

As all signals followed a stereotyped pattern for each oscil-
lation, we looked at the averaged evolution of the traces dur-
ing all oscillations (Fig. 4). The GF, LF, and SR patterns
follow the behavior described earlier (Fig. 4,A and B, see also
Fig. 3). That is, the maximum GF and the minimum SR were
observed on average at the time of the maximum LF. We also
looked at the vertical displacement of the center of pressure
(COP, Fig. 4C), which is mainly caused by a redistribution of
the pressure inside the contact area and the rolling of the fin-
ger. We observed that the COP moved significantly down-

ward during the first half of the oscillation and upward dur-
ing the second half of the oscillation. Even though each oscil-
lation showed a slightly different pattern of deformation and
widely different levels of minimum SR across subjects (see
Different Levels of Grip Force during Manipulation), the gen-
eral shape follows a trend that is expected from previous work
(19). The strain rate amplitude, as measured by the 90th per-
centile of the strain rate norm across the entire contact, typi-
cally followed a trajectory similar to the variation of LF, or LF
rate. Figure 4E shows the averaged pattern of strain rate dur-
ing one oscillation for a typical subject. As the central stuck
zone is pulled up by the glass during the upper part of the tra-
jectory (and pulled down during the lower part of the trajec-
tory), the vertical strains (eyy) were tensile in the lower regions
of the contact area and compressive in the upper region of the
contact area (Fig. 4E). As a consequence of the elastic proper-
ties of the skin, horizontal strains (exx) appeared following the
same pattern as the vertical ones, except that they were
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tensile where the vertical strains were compressive and vice
versa. They were also smaller in amplitude. Finally, shear
strains (exy) were substantial on the proximal (left) and distal
(right) parts of the contact area. The norm of the strain rate
(en) shows the areas of the skin where the strains are the larg-
est, irrespective of the direction of the strains. It can be
observed from those that a wave of strains progresses from
the exterior of the contact area towards its center as the stick
ratio decreases. In Fig. 3, the wave of strains doesn’t reach the
center of the fingertip as the stick ratio doesn’t reach zero.

Different Levels of Grip Force during Manipulation

Looking at subjects’ gripping behavior (Fig. 5), as described
by the average GF value during one oscillation, we found
that it was consistent across the entire experiment (Fig. 5A).
Indeed, even though the average grip force was on average
slightly higher in the first block, this difference was not sig-
nificant when compared to the last block (Fig. 5B, paired t
test, t(17) = �1.14, P = 0.272). Within a block, there was a clear
tendency of subjects to progressively decrease their grip
force (Fig. 5A). This was not related to a change in the move-
ment kinematics, which should affect the load force. Indeed,
even though the first two oscillations of each block seemed
to sometimes generate a higher load force (i.e., faster

movement), the average load force of the third movement
was already at the same level as the last movement (paired t
test, t(17) = �1.59, P = 0.130). Interestingly, GF progressively
decreased during the experimental block and the difference
between the grip force of the third and the last movement
was highly significant (Fig. 5C, paired t test, t(17) = �3.67,
P = 0.002), as previously observed during similar experi-
ments (13).

While the skin deformation patterns were similar across
subjects and the grip force levels were constant across the
experiment, we observed that different subjects used very
different levels of grip force leading to very different
amplitudes of deformations. Indeed, we found that the
subjects that were instructed to use a minimal GF tended
to apply an amount of GF just above the minimum
required by friction, as shown by the peak in GF being just
above the slip force estimated thanks to the friction meas-
urements (Fig. 5D). However, other subjects applied an ex-
cessive amount of GF. This is not resulting from the
subject not coordinating their GF with the LF, as the sub-
jects applying excessive GF also showed a high level of GF
modulation, thereby taking into account the LF modula-
tion (Fig. 5E). It was rather explained by a high level of
mean GF.
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Mechanical Parameters Related to Different Grip Force
Levels

The different levels of GF that individual subjects used to
perform the oscillations led to different observations about
the parameters of themanipulation (Fig. 6). First, the vertical
displacement of the COP (see METHODS) tended to strongly
decrease with the grip force level (Fig. 6A). This decrease was
observed across subjects, with a relationship that followed a
negative power law (Fig. 6A, left, R2 = 0.91, F(1,16) = 165.65,
P < 0.001, f(x) = a·xb, with a = 10.93 and b = �0.84). It was
also observed within-subjects, with a negative correlation
that was significant at the group level (Fig. 6A, right, paired t
test, t(17) =�4.45, P< 0.001). This trend was not followed for
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the two subjects with the lower GF values, probably because
of the very small range of GF (as shown by the very small
horizontal whiskers for the two blue dots in Fig. 6A, left). The
skin displacement range was also quantified. It measures the
maximal vertical range of motion of a fingerprint feature
inside the contact area and therefore quantifies how much
the skin moves within the slipping regions (Fig. 6B, left).
This variable is strongly correlated with the maximum level
of skin strain rate (shown in Fig. 6C, correlation r = 0.88).
Both variables decreased with the grip force, according to a
power-law (Fig. 6B, left, displacement range: R2 = 0.63, F
(1,16) = 26.99, P < 0.001, f(x) = a·xb, with a = 1.79 and b =
�1.27; Fig. 6C, left, strain rate norm: R2 = 0.61, F(1,16) = 25.50,
P < 0.001, f(x) = a·xb, with a = 84.37 and b = �1.04), and the
negative correlation within subjects was also observed (Fig.
6B, right, displacement range: paired t test, t(17) = �3.55, P =
0.002; Fig. 6C, right, strain rate norm: paired t test, t(17) =
�3.32, P = 0.004). Again, the within-subjects correlation was
lower for some subjects having small variations of GF across
trials.

The maximal strain rates were substantial, and ranged
from 6%/s to 100%/s (Fig. 6C, left). Obviously, the maximal
strain rates strongly correlated with the maximal strain val-
ues observed during an oscillation (r = 0.99), which ranged
from 1% to 17% depending on the subject’s GF level. Finally,
as could be expected, the minimum value of the stick ratio
within an oscillation was low for low levels of grip force and
tended to 1 for very high levels of grip force (Fig. 6D, left). We
did not observe any significant tendency at the group level
in the within-subjects correlation (Fig. 6D, right, paired t
test, t(17) = 1.60, P = 0.128). As a control, we verified that the
use of a high level of grip force was not related to the level of
load force, but rather to an inappropriate adjustment to fric-
tion. We found that indeed, although there were some varia-
tions in the level of load force across subjects, related to
variations in the movement acceleration from trial to trial,
the correlation with the grip force was low (r = 0.17, Fig. 6E,
left). However, within-subjects, we observed a clear positive
correlation at the group level, meaning that the subjects
adapted their level of grip force to the movement kinematics
(Fig. 6E, right, paired t test, t(17) = 5.74, P < 0.001). As could
be expected, this tendency was strongest for the low GF val-
ues, for which the risk of slip is higher, and therefore a tight
coupling between LF and GF is required.

In summary, we showed that higher levels of GF yielded
less fingertip rolling (as measured with the vertical displace-
ment of the center of pressure), fewer skin strains (as meas-
ured with the strain rate norm) and a higher proportion of
the skin remaining stuck on the glass (as measured with the
stick ratio).

DISCUSSION
In this paper, we described a novel device that enables

synchronous monitoring of strains in the fingertip skin in
contact with a manipulated object and the forces exerted by
the fingers on the object. The device was tested in an experi-
ment involving 18 subjects and permitted to describe and
quantify the strain patterns emerging from active object
manipulation. This is the first study showing that substantial
skin strain rates (>50%/s) take place inside the contact area

during active manipulation, even though the object is in a
stable, non-fully slipping contact and the object never
dropped from the hand of the subjects.

The development of this device was inspired by a previous
publication presenting a much simpler apparatus (26). This
equipment was also manipulated in a precision grip and
comprised force sensors under each finger and a camera to
monitor the stick ratio, which relied on 167 manually drawn
points on the fingertip to monitor skin displacement from
frame to frame. Importantly, our setup has a much higher re-
solution (64 pixels/mm) and therefore enables an accurate
measurement of local skin strains, which was not possible
earlier.

Given the substantial amplitude of the strain rates meas-
ured in this study, it is reasonable to assume that those
strains can be faithfully captured by the tactile afferents, and
in particular the FA-I afferents (fast adapting type I affer-
ents). Indeed, we recently demonstrated, in a passive setup,
that FA-I afferents are sensitive to the compressive strain
rates related to partial slip, comparable in scale to those
observed here (8). Those strains therefore likely provide tac-
tile feedback about grip safety (27).

There was awide range ofmean grip force levels used by dif-
ferent subjects observed in this study. Some subjects tended to
apply a grip force level just above the friction limit while some
others exerted a much higher grip force. Those behaviors lead
to very different feedback. The “safe” strategy—exerting a high
level of grip force—leads to a very limited amount of partial
slip and a low level of deformation. Therefore, it also provides
a limited amount of information related to contact stability.
The “risky” strategy—using a grip force level just above the
friction limit—leads to a large fraction of the contact area in
partial slip and substantial strain rates inside the contact.
Therefore, this strategy enables rich tactile feedback about the
contact state at each oscillation.

While there was a clear relationship between the level of
grip force and the amount of skin strains (Fig. 6C), there was
also a large variability. This variability can be explained by
individual differences in skin properties. Indeed, the finger-
pad can have very different mechanical and geometrical
properties: stiffness (28), humidity (29), size (30), and all of
those likely influence deformation and perception (30, 31).

Limitations

The developed device has some limitations. First, for a de-
vice that is intended to be used in precision grip, that is
pinched between the thumb and index finger, its mass is
rather large (around 500 g). This limitation can be compen-
sated by a counterweight, as done in this work, but it modi-
fied the weight/inertia relationship of the object, which
makes it more remote from natural object manipulation. The
manipulation of an object with no weight but high inertia, as
done in the present study, is comparable to object manipula-
tion in weightlessness in terms of contact forces with the
object. Furthermore, due to the counterweight setup, we are
limited to vertical movements. In addition, we used smooth
transparent glass. While this is a very convenient material
for imaging the skin-object contact, the flat contact with a
glass surface is very different from the rough contact experi-
enced withmost natural objects.
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As summarized above, some subjects tended to use a high
level of grip force, much higher than the friction limit. This
contrasts with previous work showing that, under normal
sensory feedback, people tend to manipulate objects with a
grip force close to the slip limit (13). This might be explained
by three factors. First, the instrumented object might look
fragile and subjects tended to apply excessive GF levels to
make sure not to drop it. Second, by compensating the
weight of the object with a counterweight (see METHODS), the
experienced weight is much lower than the one expected
from the object appearance and size, which may surprise the
subjects. As a result, it is likely that an excessive GF is
exerted by caution.Moreover, there is a discrepancy between
the perceived weight of the object, which is zero, and the
interaction force resulting from the doubled inertia.
Therefore, it cannot be excluded that the motor system
might have determined the object weight through its inertial
parameters and attempted to set the grip force accordingly.
Finally, glass remains a material having particular frictional
properties, with a coefficient of friction that can vary by up
to one order of magnitude depending on several factors (18,
32, 33), and might therefore encourage higher safety margin
even if not needed.

Conclusion

The device developed in this study will enable the moni-
toring of fingertip skin strains at the finger-object contact
and provide a window into the feedback from tactile affer-
ents inside the contact area during manipulation. The device
will enable to test if unexpected changes in the object param-
eters, such as a change in friction, can be quickly detected
and accounted for thanks to the feedback provided by partial
slip.

SUPPLEMENTAL DATA
Supplemental Video S1: https://doi.org/10.6084/m9.figshare.

15142071.v1.
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