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Faster indentation influences skin deformation to 
reduce tactile discriminability of compliant objects 

 
Bingxu Li, Student Member, IEEE, Steven C. Hauser, and Gregory J. Gerling, Senior Member, IEEE 

Abstract—To discriminate the compliance of soft objects, we 
rely upon spatiotemporal cues in the mechanical deformation of 
the skin. However, we have few direct observations of skin 
deformation over time, in particular how its response differs with 
indentation velocities and depths, and thereby helps inform our 
perceptual judgments. To help fill this gap, we develop a 3D stereo 
imaging method to observe contact of the skin’s surface with 
transparent, compliant stimuli. Experiments with human-
subjects, in passive touch, are conducted with stimuli varying in 
compliance, indentation depth, velocity, and time duration. The 
results indicate that contact durations greater than 0.4 s are 
perceptually discriminable. Moreover, compliant pairs delivered 
at higher velocities are more difficult to discriminate because they 
induce smaller differences in deformation. In a detailed 
quantification of the skin’s surface deformation, we find that 
several, independent cues aid perception. In particular, the rate of 
change of gross contact area best correlates with discriminability, 
across indentation velocities and compliances. However, cues 
associated with skin surface curvature and bulk force are also 
predictive, for stimuli more and less compliant than skin, 
respectively. These findings and detailed measurements seek to 
inform the design of haptic interfaces.  

 
Index Terms—touch, tactile, softness, compliance, skin 

mechanics, stereo imaging, psychophysics. 

I. INTRODUCTION 
The skin is a deformable and stretchable organ embedded 

with thousands of neural afferents that encode mechanical 
contact interactions. Observations of its surface over time are 
vital to deciphering how we perceive the physical properties of 
objects, such as softness, roughness, and texture, amongst 
others. Within the broad category of softness [1], an object’s 
compliance is important in our daily activities, e.g., inspecting 
the ripeness of fruit [2]. Understanding both how compliant 
stimuli are encoded at the skin’s surface and how such 
deformation patterns evoke a percept is a fundamental topic and 
prerequisite in designing haptic actuators [3]–[5] and rendering 
algorithms [6].  

Our percept of compliance is thought to be encoded, most 
notably, in cutaneous skin tissue near the contact interface [7]–
[9], though also at joints and muscles [10], [11], non-contacting 
skin regions on the back of the digits and hand [12], and near 
the nail [13]. Moreover, as Xu, et al. show in modulating 
cutaneous inputs, our percept of compliance is a product of both 
sensation and volition [10]. At the skin contact interface, the 
relevant mechanical cues are not yet resolved, but likely involve 
gross contact area [7], [14], indentation depth [15], contact 
force [16], [17], skin stretch [15], [16], and surface stress [18]. 
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Also likely vital is their evolution over the time-course of 
contact [8], [19], [20]. 

To evaluate relationships of these mechanical cues with 
perception, a variety of empirical measurement techniques and 
experimental paradigms have been employed. For instance, in 
fabricating elastomeric slabs with controlled thickness and 
surface structure, Dhong et. al found that indentation depth and 
contact area contribute independently to perceived compliance 
[15]. Ink-based methods have estimated contact area at an 
indentation’s terminal point [18], [20]. Similarly, stationary 
foam displays with a joint angle encoder have evaluated the 
contributions of finger displacement, joint angle, and change in 
contact area [7]. Spring cells with rigid plates have explored 
relationships of force and displacement, finding kinesthetic 
input alone is insufficient to discriminate compliance [21]. 
Similarly, Bergman Tiest and Kappers used elastomeric 
cylinders to compare kinesthetic force and displacement with 
cutaneous skin surface deformation cues, showing the 
importance of the latter [9], [22]. Moreover, sensors using 
piezoelectric materials at the skin surface have been built to 
assess contact area spread rate, pressure distribution, stress rate, 
slip detection, and force feedback [14], [23]–[25], while 
mechatronic devices have considered surface stretch [26], [27]. 

However, prior works have not directly observed the time-
course of the skin surface while in contact with compliant 
objects, nor captured the how its deformation response differs 
with indentation velocity, depth, and duration, thereby shaping 
our perceptual judgments. These factors are necessary to 
consider because of the skin’s non-linear and time-dependent 
properties [28]. Moreover, prior studies indicate indentation 
velocity can influence neural firing and our perception of 
compliance [29]–[31]. Therefore, in effort to tease apart the 
1mechanical cues at the skin surface that most optimally drive 
our perceptual response, across a range of stimuli varying in 
compliance, indentation depth, velocity, and time duration, the 
work herein develops equipment and an experimental approach 
to image the time-course of the skin surface while in contact 
with transparent, compliant stimuli. 

II. MATERIALS AND METHODS 
To measure how spatiotemporal cues evolve over the course 

of contacting soft, compliant objects, we developed a 3D stereo 
imaging method. Silicone-elastomer stimuli were fabricated 
that span a range of compliances greater and lesser than that of 
the finger pad skin. From images of the skin surface taken 
through transparent stimuli, 3D point clouds that represent the 
geometry of the surface deformation of the finger pad are 
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generated every 100 ms using a disparity-mapping algorithm. 
These measurements were distilled into skin deformation cues 
of contact area, penetration depth, eccentricity, curvature, and 
force; and their time derivatives. Psychophysical experiments 
of pairwise discrimination, using a two-alternative forced-

choice (2AFC) strategy, in passive touch, were conducted 
across a prescribed range of stimulus compliances (5 to 184 
kPa), as well as indentation depths (1.0 and 2.0 mm), velocities 
(1.0 to 6.5 mm/s), and time durations (0.3 to 2.0 s). In particular, 
the experimental paradigm included discrimination of stimuli 

 
Fig. 1. Mechanical indentation and imaging apparatus, and data processing procedures, to capture 3D point clouds representing skin surface deformation 
upon indentation with compliant stimuli. (A) Apparatus with cantilever, 3D printed fixtures, cameras, load cell, and stimuli, relative to the indentation of a 
participant’s finger. A 184 kPa stimulus in contact (left camera image) with a participant’s finger pad at an indentation depth of 2 mm. (B-D) Data processing of 
a 3D point cloud, with raw data of the finger pad and partial outline of the aluminum ring at the surface image plane, masking of peripheral noise in the point 
cloud, and refined point cloud post-masking. (E-F) Ellipses are fit to each point cloud at image planes in 0.25 mm increments for more compliant (45 kPa) and 
less compliant (184 kPa) stimuli at a terminal indentation depth of 2 mm. (G) The evolution of the ellipses over the time course of a 2 mm indentation as the 
finger pad contacts stimuli of two compliances, along with a graphical description of the derived skin deformation cues. (H) The comparison of the time course 
evolution of five skin deformation cues between the two stimuli. One can observe, for instance, that the contact area is larger for the more compliant stimulus (45 
kPa) and grows more slowly, while the force is higher for the less compliant stimulus (184 kPa).  
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less compliant than skin, more compliant than skin, and 
overlapping with the skin’s compliance. As well, it includes 
three cases where the time duration was equalized by varying 
velocity and indentation depth (e.g., 2.5 mm/s at 1 mm and 4.5 
mm/s at 2 mm, where both yield a time duration of 0.4 s).  

A. Apparatus 
An abbreviated description of the imaging apparatus is 

provided below and in Fig. 1A. For additional details on its 
validation, refer to prior work [32], [33]. Overall, the apparatus 
consists of an electrical-mechanical motion controller and load 
sled (ILS-100 MVTP, Newport, Irvine, CA, USA) with two 
cameras and a load cell installed on a cantilever. Up to five 
compliant stimuli can be delivered individually to a stationary 
finger pad at controlled indentation depth, velocity, and 
duration. Participants are seated in an adjustable chair with their 
elbow resting on a table surface during an experiment. Each 
participant’s forearm is placed on a custom rigid support, 
oriented at an angle of 30 degrees with respect to the table’s 
horizontal surface. A plastic curved support fixes the finger 
position beneath the point of contact.  

An aluminum disk with a glass plate on the non-contact side 
houses each silicone-elastomer stimulus. Several stimuli were 
fabricated that vary in modulus and were mounted within 
custom 3D printed plastic arms to a rotary center, controlled by 
a servo motor. Displacement of a stimulus into the finger pad 
surface is controlled and measured by the motion controller, 
and force is measured at the stimulus by a load cell at 150 Hz, 
with a resolution of ±0.05 N (LCFD-5, Omegadyne, Sunbury, 
OH, USA). Two webcams (Papalook PA150, Shenzhen Aoni 
Electronic Industry Co., Guangdong, China) above the stimulus 
capture images at 30 frames per second, at a maximum 
resolution of 1280 by 720 pixels, and are able to maintain a 
manual focus.  

B. Compliant Stimuli Fabrication 
Seven silicone-elastomer stimuli were constructed with 

modulus values from 5 to 184 kPa. For reference, the bulk 
modulus of human skin at the finger pad is about 42 – 54 kPa 
[34], [35]. One stimulus (45 kPa) lies within this range, with 
three stimuli fabricated to be more compliant (5, 10, 33 kPa) 
and three less compliant (75, 121, 184 kPa). Each formulation 
of silicone-elastomer was poured into its container, made by 
sealing a clean, dry glass disc (5.1 cm radius by 0.3 cm thick) 
into an aluminum collar (5.4 cm outer radius by 1.6 cm thick) 
using 0% diluted Solaris and heated at 100 Celsius until fully 
sealed. The more compliant stimuli (5, 10, 33 kPa) were made 
of two-component silicone rubber (Solaris, Smooth-on Inc., 
Macungie, PA, USA), mixed at a 1:1 ratio and then diluted with 
silicone oil (ALPA-OIL-50, Silicone oil V50, Modulor, Berlin, 
Germany) at ratios of 400% (4:1 ratios of silicone rubber to oil) 
for 5 kPa, 300% for 10 kPa and 200% for 33 kPa. Each stimulus 
rested at room temperature until its air bubbles were released, 
then cured in an oven at 100° Celsius for 25 min to fully 
solidify, before being returned to room temperature. To 
eliminate surface stickiness, a 0.04 mm layer of 100% diluted 
Solaris silicone rubber was applied to each substrate’s surface, 
before being cured at 100° Celsius for 15 min. Stimuli harder 
than skin (75, 121, 184 kPa) were made of a different two-
component silicone rubber (Sylgard 184, Dow Corning, 

Midland, MI, USA), mixed with silicone oil at ratios of 100%, 
50%, and 0% respectively. A sample (0.1 cm diameter by 0.1 
cm height) was extracted for measuring the modulus of each 
stimulus formulation, indented by a glass plate at 1 mm/s 
velocity and 1 mm depth. The modulus of the stress-strain curve 
obtained from the force-displacement data was evaluated at 0.1 
strain, following a standardized procedure [35]. 

C. 3D Surface Reconstruction and Image Processing 
To generate 3D point cloud data that captures the surface 

deformation of finger pad skin, a disparity-mapping based 
approach was used, as defined previously [32], [33]. Point 
clouds were obtained by co-locating the ink points on the skin 
surface. The identified pixel brightness values between left and 
right images are the coordinates of the points in the 3D domain 
(Fig 1B). For noise reduction, we first filtered out high-
frequency noise caused by surrounding light sources, then 
manually extracted the area of contact between the skin and 
stimulus by masking the remaining areas (Fig 1C). On average, 
each 3D point cloud contains about 30,000 discrete points after 
noise reduction. We apply these two steps (filtering and 
masking) per image frame to ensure the data lie within the 
region of interest (Fig 1D).  

D. Ellipse Method to Generate Image Planes 
To characterize the geometric change of the skin surface over 

the time-course of indentation, we developed a method to fit the 
3D point cloud into vertically stacked ellipses with the same 
orientation [33]. The benefits of this ellipse representation are 
in its dimensionality reduction and data denoising, from 30,000 
discrete points. We defined each ellipse as an image plane. Each 
ellipse contains at least 98% of the points in an image plane 
with 95% confidence. With the procedure, the 3D point cloud 
is divided into image planes at an increment of 0.25 mm, which 
is twice the resolution of the stereo images in the vertical 
dimension, i.e., 0.12 mm [32], starting from the plane 
representing surface contact through that with deepest finger 
pad penetration. Therefore, the first image plane was defined as 
the ellipse with deepest finger pad penetration and the last 
image plane represents the contact surface (Fig 1E, F).  

E. Derived Dependent Metrics 
From using the ellipse method to characterize the geometric 

change of the skin surface, five dependent metrics, or skin 
deformation cues, were defined as penetration depth, curvature, 
eccentricity, contact area, and force.  

Penetration depth is defined as the distance between the first 
and last image plane, in units mm, Eqn. 1, where N is number 
of image planes. Curvature is defined by discrete slope values 
averaged across all ellipses for that point cloud, Eqn. 2. The 
slope between two adjacent ellipses is estimated by the radius 
of the major axis of the ellipse and distance between them, with 
r as the radius and i the image plane.  
 

𝑃𝑃 = (𝑁𝑁 − 1) ∗ 0.25                             (1) 
 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 =
∑ 𝑟𝑟(𝑖𝑖 + 1) − 𝑟𝑟(𝑖𝑖)

𝑟𝑟(𝑖𝑖)
𝑖𝑖=𝑁𝑁
𝑖𝑖=1

𝑟𝑟(𝑖𝑖)
    (2) 
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𝑒𝑒 = �1 −
𝑏𝑏2

𝑎𝑎2
                                         (3) 

 
Eccentricity is used to describe the shape of the contact 

surface, Eqn. 3, where a is the semi-major axis and b is the 
semi-minor axis of the defined ellipse. Eccentricity equals 0 if 
the contact shape is a perfect circle. Contact Area is the last 
image plane formed on the contact surface while Force is 
measured at the load cell. This method of estimating contact 
area has been validated previously [32], [36].  

F. Human Subjects Experimental Paradigm 
Biomechanical measurements of skin surface deformation 

and psychophysical experiments of pairwise discrimination 
were conducted, in passive touch. The seven stimulus 
compliances (5, 10, 33, 45, 75, 121, and 184 kPa were delivered 
to the center of the finger pad individually, using displacement-
control, at velocities of 1, 1.75, 2.5, 3.5, 4.5 and 6.5 mm/s to 
depths of both 1 and 2 mm, without any hold of the stimulus 
after the end of the ramp. The time duration of the loading phase 
ranged from 0.3 s (3.5 mm/s at 1 mm) to 2 s (1 mm/s at 2 mm). 

G. Participants 
A total of 10 participants (mean = 23, SD = 1.2, 6 male and 

4 female) were enrolled in the experiments, which all fully 
completed. The experiments were approved by the local 
Institutional Review Board, and informed consent was obtained 
from each participant. All devices and surfaces were sanitized 
after each use, and participants wore facemasks, according to 
SARS-COVID-2 protocols. During the perceptual experiments, 
participants were blindfolded to eliminate any visual cues. 

H. Psychophysical Experiments 
A series of psychophysical experiments of pairwise 

discrimination were performed to evaluate combinations of 
stimulus compliance, across indentation velocity, depth and 
duration. Four compliant pairs (184/121, 33/5, 45/10, and 45/75 
kPa) were used, whereby the 184/121 kPa pair is less compliant 
than the skin, and the 33/5 kPa is more compliant than the skin, 
and the remaining pairs span the skin’s modulus in either 
direction. Each stimulus of a pair of stimuli was delivered to a 
participant’s finger pad sequentially in randomized order with 
a 2 s interval. Participants reported which of the two stimuli was 
more compliant, either first or second. In total, there were 4,800 
indentations, consisting of 2 stimuli within a pair, 4 compliant 
pairs, 6 velocities, 2 depths, 5 repetitions, and 10 participants. 
The average experimental duration per participant was about 80 
min including breaks. The biomechanical and psychophysical 
experiments could have been conducted all in one, but we 
separated them to attain the highest quality imaging data. Such 
can involve cleaning a small amount of residue from the 
transparent stimuli, which requires time per indentation (3-5 s) 
and can produce a lengthier, inconsistent duration between 
paired psychophysical experiments. Furthermore, each 
participant’s psychophysical experiment was conducted before 
their biomechanical experiment, as it required greater cognitive 
attention.  

I. Biomechanical Experiments 
A series of biomechanical experiments of skin surface 

deformation evaluated these same stimulus combinations. In 
total, we analyzed 2,520 indentations, including 7 stimulus 
compliances, 6 velocities, 2 depths, 3 repetitions, and 10 
participants. Note that at the indentation depth of 1 mm, since 
the compliant pairs were not discriminable at 3.5 mm/s, we did 
not examine velocities any faster. The average time to complete 
this experiment was 70 min, including a 10 min break. At the 
beginning of each participant’s experiment, their index finger 
was secured to a curved plastic support and a thin layer of blue 
ink was applied using a paint brush, with its bristles normal to 
the skin surface. Each stimulus was brought into the finger pad 
with a light contact force (< 0.1 N) before indentation, then 
slowly retracted to 0 N. This pre-calibration procedure helped 
ensure a consistent contact state between trials.  

J. Statistical Analysis 
All image processing procedures were performed using 

MATLAB Computer Vision Toolbox and all data analysis were 
performed using Python 3.6. ANOVA tests evaluated statistical 
differences at p < 0.05.  

III. RESULTS 

A. Results of Psychophysical Experiments 
Fig 2A illustrates the modulus of the four compliant pairs, 

relative to the bulk modulus of the skin. Figs. 2B-C show the 
results in discriminating stimuli at 1 and 2 mm indentation 
depths, across indentation velocities. Overall, no participant 
was able to discriminate a stimulus pair at a time duration of 
less than 0.4 s. In particular, the 45/10 kPa compliant pair was 
discriminable above 75% correct at indentation velocities of 2.5 
and 4.5 mm/s, and slower, at depths of 1 and 2 mm, 
respectively. Moreover, as Figs. 2B-C indicate, participants 
were less able to correctly discriminate compliant pairs at lower 
displacements and higher velocities. The 45/10 kPa pair was the 
most discriminable, and nearly so at a velocity of 6.5 mm/s at 2 
mm. In contrast, the 75/45 kPa compliance pair was never 
reached a 75% level of correct discrimination. The 
discrimination rates for the 184/121 and 33/5 kPa pairs were 
higher than the 75% discrimination threshold, where the 
compliance values of these pairs lie to either side of the skin’s 
modulus.  

Furthermore, we performed a 3-way repeated ANOVA test 
of the major experimental factors, yielding significant effects 
for compliant pair (F3,387 =565.7, p<0.001), velocity (F5,387 
=1427.8, p<0.0001) and depth (F1,387 =1072.5, p<0.0001). 

B. Approach 1: Skin Deformation at Discrete Time Points 
In a first approach to comparing the skin deformation cues 

and perceptual judgments, we evaluated the cues at discrete 
observation time points, every 0.1 s. In particular, we conducted 
pairwise statistical t-tests between compliant pairs every 0.1 s 
from 0.1 s to the terminal duration of that indentation. Data for 
the eccentricity cue are shown in Fig. 3, with that for all cues in 
Appendix, Figs. 1 and 2. As can be observed in Fig. 3A, at a 
stimulus depth of 1 mm and velocity of 1.75 mm/s, there are 6 
observation points for each of the 7 compliant stimuli, where 
eccentricity decreases with indentation time. In Fig. 3B, the 0.6 
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s time point alone is analyzed, as highlighted with the grey bar 
in Fig. 3A. Statistical evaluations of four compliant pairs are 
given in Fig. 3C, where a colored tile indicates statistical 
significance (p<0.05), and the framework’s background of 
white (1 mm depths) or grey (2 mm depths) indicates a lack of 
statistical significance. These four pairs are all statistically 
significant. Note in Fig. 3C the red frames around a group of 
four tiles, which refers to an evaluation of perceptual 
discriminability at or above 75% correct, with a diagonal within 
these tiles indicating a lack of perceptual discriminability. 
These data come from Fig. 2. In this way, one can compare 
differences in skin deformation cues and perceptual judgments. 

At least two observations can be made in Fig. 3. First, for 
some of the cues, notably eccentricity, we observe statistical 
differences in the skin deformation between compliant pairs 
before they are perceptually discriminable. For example, at a 
depth of 1 mm and velocity of 1.75 mm/s, the eccentricity cue 
is distinct for all four compliant pairs at 0.6 s, even though only 
the 45/10 kPa pair is perceptually discriminable, Fig. 3C. 
Second, we observe the force cue is distinct only for the less 
compliant 184/121 kPa pair, Fig. 3D, whereas the perceptual 
predictiveness of the contact area cue is mixed, Fig. 3E.  

Indeed, with this approach we observe differences in skin 
deformation at early time durations, before they are 
perceptually discriminable. However, several issues arise in 
using this approach to tie the skin deformation cues with the 
perceptual outcomes. In particular, it cannot differentiate if 
perceptual differences are informed by the skin cues at that 
given observation’s time point or accumulated over multiple 
prior time points. If only individual time points are evaluated, 
then no time history information is included, yet Fig. 2 indicates 
that time duration and velocity impact perception. For this 
reason, we sought a second approach to evaluate how the cues 
evolve over time, in line with prior works [37]–[39]. 

C.  Approach 2: Change Rates of Skin Deformation over the 
Time Course of the Indentation 

In a second approach to comparing the skin deformation cues 
and perceptual judgments, we evaluated change rates in the 
cues, per indentation, over the time course of the indentation. In 
this way, the single estimate produced per indentation is made, 
and then compared with that of the other stimulus of the pair.  

An example application of this procedure is given in Fig. 4. 
Fig. 4A-B describes forming a singular estimate of the 
magnitude for a first stimulus, then an estimate of a second 
stimulus, so to difference those estimates to generate a single 
discriminability estimate, Fig. 4C. In particular, the change 
rates of contact area for 45 and 10 kPa stimuli at 1.75 mm/s 
velocity are calculated as 48 mm2/s and 67 mm2/s, Fig. 4A. 
Over the series of change rates representing the entire time 
course of an indentation, the middle value in the sequence is 
selected. The median value was used, rather than the mean, to 
better represent the central tendency over the indentation and be 
robust to outliers given the distribution of our datasets. Next, in 
Fig. 4B, these median change rates at the 1.75 mm/s velocity, 
and at all velocities, are plotted. Building up further, Fig. 4C 
shows the contact area rate difference from Fig. 4B for this 
45/10 kPa compliant pair, and all compliant pairs across all 
velocities. The results in Fig. 4C indicate that the contact area 
rate difference decreases as velocity increases, especially for 
the 45/10 kPa compliant pair. Also the order of the stimulus 
pairs in Fig. 4C, with 45/10 kPa first, then 35/5 and 184/121 
kPa, and 75/45 kPa follows discrimination results in Fig. 2.  

In effort to statistically correlate the skin deformation cues 
with the perceptual judgments, we performed a regression 
analysis. A subset of the perceptual results for two indentation 
velocities are plotted in Fig. 4D, with contact area rate 
differences in Fig. 4E. Then regression is performed between 
these two variables, Figs. 4F-G. The analysis for the entire set 
of velocities and depths can be found in the Appendix, Fig 4. 
The results indicate that the contact area cue well correlates 
with perceptual discrimination across the compliant pairs and 
indentation velocities, with R2 values greater than 0.7. 
Correlations for cues of contact area, as well as curvature, force 
and eccentricity, are summarized in Fig. 4H. Interestingly, the 
curvature cue exhibits high correlation with the perceptual 
results for the more compliant pairs (33/5 and 45/10 kPa). In 
contrast, the force cue exhibits high correlation for the less 
compliant pairs (184/121 and 75/45 kPa), while the eccentricity 
cue is well correlated at the extremes of the compliant pairs 
away from the stiffness of the skin (184/121 and 33/5 kPa 
pairs). The rate difference data that underlies these cues can be 

 
Fig. 2. Psychophysical evaluation of compliant pairs across indentation 
depths and velocities. The error bar represents two standard deviations 
within the sample. In panel (A), four compliant pairs were selected to be more 
compliant than that of the skin (33/5 kPa), less compliant than skin (184/121 
kPa) and overlapping (75/45 and 45/10 kPa). Skin stiffness is about 42 – 54 kPa. 
(B) Pairwise perceptual evaluation of stimuli indented sequentially into the 
passive index finger pad to 1 mm depth at four indentation velocities, resulting 
in time durations of 1, 0.56, 0.4, 0.3 s. (C) Stimulus indentation to 2 mm depth 
at six indentation velocities, resulting in time durations of 2, 1.14, 0.8, 0.56, 0.4, 
0.3 s. The findings indicate that the compliant pairs are not discriminable before 
a time duration of 0.4 s. Beyond that time point, pairs delivered at higher 
velocities are more difficult to discriminate. The 45/10 kPa pair is the most 
discriminable and the 75/45 kPa pair is not discriminable above a level 75% for 
any indentation velocity. 
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found in Appendix, Fig. 3. Indeed, it indicates that the 
difference in the curvature change rates decreases with velocity 
only for the more complaint pairs (33/5 and 45/10 kPa); the 
difference in force rates decreases for the less compliant pairs 
(184/121 and 75/45 kPa); and decreases for eccentricity for all 
except the 45/10 kPa pair.  

Moreover, as associated with the results in Fig. 4H, we 
conducted a one-way ANOVA to evaluate the dependency of 
overall rate difference in skin deformation cues on 
discrimination performance per compliance pair, across all 
velocities. The results indicate that perceptual discrimination is 
significantly associated with differences for contact area for all 
compliant pairs (F1,175 = 19.6, p < 0.05 for 184/121 kPa pair, 
F1,175 = 22.1, p < 0.01 for 75/45 kPa pair, F1,174 = 88.8, p < 0.001 
for 45/10 kPa pair, F1,174 = 27.2, p < 0.01 for 33/5 kPa pair), 
whereas curvature is correlated with discrimination only for 
45/10 kPa (F1,174 = 30.1, p < 0.001) and 33/5 kPa (F1,174 = 16.3, 
p < 0.05) pairs, compared to the force cue, which is only 
significant for the less compliant pairs (F1,175 = 25.8, p < 0.01 
for 184/121 kPa pair, F1,175 = 26.3, p < 0.01 for 75/45 kPa pair), 
and the eccentricity cue has an impact on perception for 
184/121 kPa (F1,175 = 49.0, p < 0.001), 75/45 kPa (F 1,175= 31.2, 
p < 0.001), and 33/5 kPa (F1,174 = 20.9, p < 0.05) compliant 
pairs.  

In summary, correlations between skin surface deformation 
and perceptual judgements are observed across the stimulus 

compliance and indentation velocity. However, the highest 
correlations are observed between rate differences in contact 
area, which are consistent across all compliances and velocities. 
Moreover, curvature exhibits high correlation for the more 
compliant stimuli, force for the less compliant stimuli, and 
eccentricity for the most and least compliant stimulus pairs. The 
utility of the force cues with less compliant stimuli, in 
particular, align with prior psychophysical studies which have 
utilized stiffer stimuli [2], [10], [20], [40], [41]. The eccentricity 
cue, which describes the contact shape, has been found to be 
correlated with percept of friction [42]. The work herein 
supplements such with results with more information on the 
utilization of cues for predicting perception regarding factors of 
stimulus compliance, indentation velocity and depth.  

D. Dependency between Skin Deformation Cues 
As indicated in Fig. 4H, the perceptual results may be 

associated with more than a single cue, e.g., for the less 
compliant 184/121 kPa pair, where both contact area and force 
are strong predictors. Therefore, we evaluated the degree of 
independence between the cues in statistical correlations 
conducted across stimulus compliance, indentation velocity and 
depth, using Pearson correlation. Of all the cues in Fig 5, only 
one, penetration depth, relatively highly correlates with other 
cues, in particular curvature (r = 0.70, p <0.001) and contact 
area (r = 0.62, p <0.001), in agreement with prior works [20]. 

 

Fig. 3. Using Approach 1 to compare skin deformation cues calculated at discrete time points with the perceptual results, across the compliant pairs, 
indentation velocities and displacements. As a unit, panels (A-C) describe the approach 1 process for the eccentricity cue. (A) Observations for eccentricity 
over the time course of indentation for the seven stimulus compliances at a velocity of 1.75 mm/s and displacement of 1 mm. The error bar indicates two standard 
deviations. (B) The four compliant pairs at 0.6 s from panel (A). (C) An evaluation of statistical significance for these four compliant pairs, where each block 
represents an evaluation of a compliant pair, and the use of colored block, as opposed to the gray or white framework, indicates statistical significance for this 
condition. Blocks in the framework with a grey background represent a stimulus displacement of 1 mm and a white background 2 mm. Moreover, blocks outlined 
in red indicate compliant pairs where psychophysical experiments were conducted, with open blocks being perceptually discriminable above 75% and a crossed-
out blocks represent a lack of discriminability at that level. These data come from Fig. 2. For the eccentricity cue, the blocks in (C) indicate that all four compliant 
pairs are statistically different, yet only the 45/10 kPa pair is perceptually discriminable. Panel (D) shows the results for force cue which is more distinct for the 
less compliant pairs, and (E) shows the results for contact area cue which indicates mixed results. In summary, Approach 1 does not lead to clear connections 
between any of the cues and the perceptual outcomes. 
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The low degree of correlation between the other cues implies 
statistical independence, indicating together with Fig. 4 that we 
indeed may utilize more than just one skin deformation cue to 
form perceptual judgments.  

IV. DISCUSSION 
As we go about daily interactions with soft and compliant 

objects, the neural afferents innervating our skin signal patterns 
in its surface deformation. Such patterns are shaped by the 
compliance of a contacting object relative to the skin’s stiffness, 
as well as its indentation velocity, depth, and duration. This 
work sought to better understand both how compliant stimuli 

are encoded in patterns of deformation at the skin’s surface and 
how such patterns may be correlated with evoked percepts. 
These are fundamental topics in somatosensory perception and 
prerequisites in designing haptic actuators and rendering 
algorithms.  

Herein, we conducted human-subjects experiments with a 
custom-built 3D stereo imaging system to observe the skin 
through transparent, compliant stimuli. The results show that a 
minimum contact duration of at least 0.4 s is required for 
perceptual discriminability. Beyond that point, compliant pairs 
delivered at higher velocities are increasingly difficult to 
discriminate, in agreement with smaller changes in skin 

 

Fig. 4. Using Approach 2 to compare the difference in rate of change in contact area between compliant pairs with discrimination performance. (A-B) 
An example of the steps in calculating the rate differences in contact area, from discrete time points to change rate across six velocities. Change rates of contact 
area for 45 and 10 kPa stimuli at 1.75 mm/s velocity are calculated, with median values of 48 mm2/s and 67 mm2/s. Change rates at all velocities are plotted. (C) 
The contact area rate difference for the 45/10 kPa compliant pair, as well as all compliant pairs across all velocities, showing a decrease with increased indentation 
velocity. The error bar is computed using bootstrapping, showing estimates of the true mean and 95% confidence. (D) Psychophysical discrimination results from 
Fig. 2 for the four compliant pairs at 1.75 and 4.5 mm/s velocities in which there are 50 points per compliant pair per velocity, and (E) corresponding differences 
in contact area rate differences from (C). (F-G) Regression associates contact area rate difference with discrimination per compliance pair, with correlations listed. 
(H) Summary of the correlations of all skin deformation cues, with those higher than 0.7 are highlighted in gray. In summary, high correlations between rate 
differences in contact area are observed across all compliances and velocities, while curvature exhibits high correlation for the more compliant stimuli, force for 
the less compliant stimuli, and eccentricity for the most and least compliant stimulus pairs. 
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deformation. In a detailed quantification of the skin’s surface 
deformation, we find that several, independent cues aid in the 
discrimination of compliant pairs. In particular, we find that 
temporal changes in the gross contact area well correlate with 
discriminability, regardless of stimulus compliance and 
indentation velocity. However, other independent cues tied to 
surface curvature, eccentricity, and bulk force are likely 
complementary in informing perceptual judgements, in certain 
situations, e.g., bulk force when a contacting object is less 
compliant than the skin itself.  

A. Indentation duration and velocity shape discrimination 
We find that a contact duration of 0.4 s is required for 

perceptual discriminability. This observation is robust across 
combinations of indentation depths and velocities, which vary 
the stimulus duration between 0.3 – 2.0 s, Fig. 1B-C. In 
particular, the 45/10 kPa pair is discriminable in two cases 
where time duration is 0.4 s, both a velocity of 2.5 mm/s and 
indentation depth of 1 mm, and at 4.5 mm/s and 2 mm, 
indicating that the duration of the indentation is impactful 
beyond its velocity alone. At constant depths of indentation, 
slower velocity results in longer duration contact, which has 
been shown to facilitate a greater accumulation of information 
[38], [39]. With a shorter duration of contact, the relatively 
weaker contribution of the first stimulus makes it more difficult 
to discriminate from the second stimulus. Interestingly, in terms 
of observations of skin deformation, in particular contact area, 
we begin to observe pairwise differences between the 45/10 kPa 
stimulus pair slightly earlier, at 0.3 s.  

The study’s experimental paradigm also varied the velocity 
of the indentation ramp from 1 – 6.5 mm/s to evaluate its effects 
on skin deformation and perception. We observe a greater 
degree of perceptual discriminability between compliant pairs 
at the slower velocities, Fig. 2B-C. Discriminability was 
reliable across three compliant pairs at 1 mm/s for the 1 mm 
depth and 3.5 mm/s for the 2 mm depth. Likewise, we observed 
greater differences in the skin’s deformation between compliant 
pairs at slower velocities, in particular, for the contact area rate 
cue, Fig. 4C, but also for the curvature, eccentricity and force 
rate cues (Appendix, Fig. 2).  Moreover, at velocities of 1.75 
mm/s and 4.5 mm/s, the skin deformation cues, in particular the 
change rate of contact area between compliant pairs are well 
correlated with rates of perceptual discrimination, Fig. 4H. 
Indeed, prior studies have indicated that indentation velocity 
can influence neural firing and our perception of compliance 
[29]–[31]. For instance, LaMotte and Srinivasan found the 
discharge rate of neural afferents increases monotonically with 
velocity. As denoted by our findings herein, we extend these 
efforts by defining the contributions of those skin deformation 
cues that are most robust at reliably encoding object 
compliances across a range of indentation velocities.   

B. The utility of distinct skin deformation cues 
In a detailed quantification of the skin’s surface deformation, 

we find that several cues independently aid in the 
discrimination of compliant pairs. Among the five skin 
deformation cues, the change rate of contact area over the 
indentation is most highly correlated with perceptual 
judgments. In particular, large differences in this cue between 
compliant pairs were observed across the full range of object 

compliances, which well correlate with rates of perceptual 
discrimination (R2 values of 0.72 to 0.89), Fig. 4H. That said, 
other cues related to skin surface curvature and bulk force were 
correlated with perceptual judgments, for stimuli more and less 
compliant relative to the skin, respectively, Fig. 4H. In this way, 
the findings indicate that the change rate of contact area is a 
very useful all-around cue, though not per se at static or terminal 
snapshots in time. Compared to prior work which has pointed 
to the utility of contact area cues [7], [14], [15], [23], we 
distinguish its rate of change. Encoding via a rate of change 
metric also appears to be important in accounting for individual 
differences in skin properties [14], [19], [23], and in active 
touch, where volitional movements are made to optimize force 
rate while minimizing object deformation [10], [20].  

The magnitudes of contact area measured in this study align 
closely with prior efforts using both rigid [43]–[45] and elastic 
[7], [20], [32], [34] stimuli in passive touch. In particular, using 
an ink-based technique, Hauser and Gerling measured the 
contact area as about 80 and 65 mm2 when the finger pad was 
indented by 120 and 22 kPa stimuli at a 2 mm depth, 
respectively. Similarly, the measurements in this study range 
from 78 mm2 for 121 kPa and 54 mm2 for 10 kPa stimuli. 
Similarly, Dzidek et al. estimated contact areas of about 90 and 
100 mm2 at forces of 1 and 1.5 N, when the finger was indented 
by a rigid plate at a 30-degree angle, which is close to our 
measurements of 83, 89 mm2 for the 184 kPa stimulus that has 
a lower modulus than a rigid plate [43]. That stated, one should 
note that magnitudes of contact area measured in the literature 
can vary significantly to the differences in experimental setup, 
such as finger contact angle and stimulus geometry. 
In addition to contact area, other skin deformation cues appear 
to be fruitful dependent on object compliance relative to the 
skin.  Herein we evaluated the discriminability of four 
compliant pairs (184/121, 33/5, 45/10, and 45/75 kPa), whereby 
the 184/121 kPa pair was less compliant than skin, and 33/5 kPa 
was more compliant than skin, and the remaining pairs spanned 
the skin’s modulus in either direction. The results indicate 
unique patterns in skin deformation. For example, in Fig. 4, 
with the highly compliant 45/10 kPa pair, we observed the best 
correlation with perceptual judgments for contact area and 
curvature, whereas for the less compliant 184/121 kPa pair, 
contact area and force produce the highest correlation. These 

 
Fig 5. Evaluating the degree of independence between the skin deformation 
cues (change rates from Approach 2). Only the penetration depth cue exhibits 
a relatively high correlation with curvature (r = 0.70, p <0.001) and contact area 
(r = 0.62, p <0.001). The low degree of correlation between the rest of cues 
implies they are not statistically dependent on each other.  
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findings also hold when the cues are evaluated at discrete time 
points using Approach 1, Fig. 3. In comparison with prior 
literature, our measurement of force is about 0.75 N at 1 mm/s 
velocity for a soft stimulus (45 kPa), similar with 0.7 N at 0.5 
mm/s for compliant stimuli [21], [41], and our results also align 
with the perceptual utility of the force cue for less compliant 
stimuli [2], [10], [20], [40], [41]. Indeed, most prior studies use 
stiff stimuli, relative to skin [35], and for this reason may be 
distorting our understanding of a broader range of compliant 
interactions. Furthermore, we note that the compliant pairs at 
equal 30 kPa intervals, i.e., 33/5 and 75/45 kPa, exhibit different 
rates of discriminability and preferred skin deformation cues. 
This distinction indicates a sensitivity to objects more 
compliant than the skin that is perhaps ecologically driven. 
Although further work is necessary to fully define the non-
linearities in touch relative to stimulus modulus, such 
perceptual tuning aligns with psychophysical findings in 
audition.  

C. Discrimination strategies for rate-based encoding 
Two approaches were developed to compare skin 

deformation cues and perceptual judgments. In particular, with 
our imaging setup, we evaluated skin deformation cues at 
discrete observation time points (Approach 1) as well as by 
their change rates over the indentation (Approach 2). We found 
that cues associated with the latter approach better correlated 
with discriminability. Over the series of change rates 
representing the entire time course of an indentation, our 
approach used the middle value in the sequence.  This was done, 
rather than using the mean, to represent the central tendency of 
the data over the indentation and to be robust to outliers.  Other 
approaches could have averaged or summed the data or 
accumulated change rates in a temporally weighted manner.  

Others have employed somewhat similar approaches. For 
example, Xu et.al (2020) evaluated the dissimilarity between 
force rates based on the discrete time differences in 
discriminating between naturalistic objects, and found a 
correlation with perceptual performance [37]. Indeed, memory 
representations in discriminating compliance are affected by 
exploration length and temporal delay in which haptic 
information is gathered and integrated in a continuous manner 
[38], [39]. Further efforts, likewise, have shown that temporal-
based cues such as accumulative discrete-time difference and 
average change rate difference, are largely correlated with 
perceptual discrimination [9], [19], [20], [23], [33], as opposed 
to cues defined at terminal indentation [7], [14], [15]. 
Additional efforts will be required to refine the nature of how 
information is accumulated over time in order to arrive at 
judgments. 
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