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Abstract

Of the various dimensions that underlie our sense of touch — e.g., roughness, texture,
and stickiness — compliance is particularly important in our daily lives. For example, we
routinely inspect the ripeness of fruit and affectively touch others. To discriminate the
compliance of soft and compliant objects, we rely upon spatiotemporal cues in the
mechanical deformation of the skin, which is embedded with hundreds of neural afferents.
However, since direct observations of skin dynamics are challenging, we do not yet
understand, in touching objects of various compliance, how skin deformation patterns
evolve over time and thereby inform perceptual judgements, how do such relations vary
among individuals, and how can we create a close-loop system that simulates tactile
sensations with simultaneous observation of skin dynamics. First, to obtain visual access
of skin dynamics and quantify skin deformation, we developed a 3-D stereo imaging
technique for use in passive touch to observe contact of the skin’s surface with
transparent, compliant substrates. In doing so, we derive skin deformation cues to
quantify and characterize the skin’s movements with varying stimulus compliance,
indentation depth, velocity, and time duration. Our results indicate that compliant stimuli
at higher velocities are more difficult to discriminate because they induce smaller
differences in deformation, beyond a minimum contact duration of 0.4 seconds. Moreover,
we find that several independent cues aid our perception of compliance. In particular, the
change rate of contact area best correlates with tactile discriminability regardless of
indentation velocities and stimulus compliance, while cues associated with skin curvature
and bulk force are predictive for stimuli more and less compliant than skin, respectively.
Second, we study the differences in skin properties and tactile acuity among individuals
where factors of skin stiffness and fingerprint breadth have been underexplored.
Therefore, we recruited a cohort of young participants who present a diverse range of
finger size, stiffness, and fingerprint breadth, and investigated relationships between their
fingertip properties and perceptual discriminability. We found that the ability of participants
to discriminate compliance could be differentiated by their finger stiffness. In support of
this finding, in softening the participants’ skin with hyaluronic acid, we observed an
improvement in their perceptual discriminability, which further validates the high
correlation between finger stiffness and perception. Finally, to develop a close-loop haptic



system, we designed a transparent, reconfigurable, multi-channel hydraulic haptic
actuator. Through actuation, we can control the movement of skin surface and optically
observe skin deformation with distinct elasticities that produce distinct percepts. Profiles
of the contacting surface are directly visualized through actuated channels to match
observations with solid substrates, and seek to enable personalized calibration in the

future.
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Overview of aims

Our sense of touch is a powerful tool that helps us effectively communicate and interact
with others and our environment. In contacting a surface, we are able to acquire
information about an object’s physical properties such as its softness, texture and shape;
and we can naturally convey social expressions such as excitement and happiness with
other people. Our skin is a deformable and stretchable organ that enables and encodes
mechanical contact through hundreds of neural afferents that are embedded within.
Those afferents are extremely sensitive to external stimuli and are recruited by subtle
deformation at the skin surface. We rely on their input to interpret the physical properties
of an object, in which compliance is a prominent attribute amongst others, due to its
importance in our daily activities especially with natural objects. To encode the
compliance of an object, we utilize spatial and temporal cues generated in deformation of
the skin which then are further transited to our brain for making perceptual judgements.
Therefore, it is important to understand how those cues evolve over the course of time

and how they drive our percepts.

The overall objective of this dissertation is to address the correlation between skin
deformation and tactile perception of material compliance. We investigate factors of
indentation velocity, depths, contact time duration, stimulus compliance, and evaluate
their impact on perceptual discriminability of compliance. We further study differences in
skin properties including finger size, stiffness, and ridge breadth across individuals, and
how those factors affect perceptual acuity. We employ 3-D imaging techniques to optically
observe skin movements which are characterized as skin cues, and we conduct human-
subject experiments in psychophysical evaluations. The correlation between physical
contact and perceptual responses is evaluated by regression analysis, and using such
correlation statistical models are built to predict individuals’ discrimination performance.
Ultimately, we design and fabricate a soft haptic actuator that modulates skin movements
to drive distinct percepts while maintaining direct visualization of contact surface during

actuation.
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Figure 1.1. Scope of this dissertation. Aim 1 characterizes the change of skin deformation
evoked upon indentation by objects varying in compliance, velocity, depth and time duration.
Aim 2 evaluates the impact of fingertip properties on one’s discrimination performance. Aim
3 designs a soft haptic actuator that produces distinct and naturalistic percepts of compliance.

Aim 1: Characterize change of skin deformation evoked upon indentation in
varying stimulus compliance, velocities, depths, and contact durations. To help in
discriminating compliance of an object, we rely upon cues within the spatial and temporal
deformation of the skin. To empirically understand how such cues evolve over the course
of stimulus indentation, and drive perceptual response, we developed a 3-D stereo
imaging technique to observe the skin through transparent, compliant stimuli. Passive-
touch experiments were conducted with stimuli varying in compliance, as well as
indentation velocity, depth and contact time duration. Image processing methods were
employed to pre-process images for noise reduction and for selecting regions of interests.
Then we developed spatiotemporal cues to characterize skin deformation by using
geometric modeling. In experiments with human participants, factors considered including
differentiating between objects softer and harder than skin, and determining how
indentation velocities influence the evolution of cues and percepts, in space and time.
Finally, we tied skin deformation with psychophysical responses in discrimination tasks
to decipher our percepts in compliance.



Aim 2: Evaluate the impact of individuals’ skin properties on their tactile
discriminability. Individual differences in tactile acuity are observed within and between
age cohorts, which may result from many factors including gender, age, finger size and
stiffness, as well as additional cognitive and behavioral factors. This aim considered
individual differences, within a younger cohort of participants, in discriminating compliant
surfaces with a focus on finger stiffness, size and fingerprint ridge breath which were
measured by a digital caliper, rigid body compression test and image processing tools,
respectively. Next, the participants completed pairwise psychophysical discrimination of
sets of compliant surfaces, ranging from stiffer to softer than finger pad skin. Along with
the psychophysical evaluation, we used machine learning models to find distinct groups
with differences in skin properties and perceptual performance. Then, we built statistical
models to predict an individual’s tactile discriminability based on the skin properties.
Finally, to further validate the results from those models we directly modulated the skin
state and the changes in perception were observed.

Aim 3: Design soft haptic actuators to visualize the finger pad surface at distinct
percepts of compliance. The virtual rendering of compliance, or ‘softness’, at the finger
pad may enable interactions such as touching the hand of another or of tissue in surgery.
Though numerous tactile interfaces have shown programmable compliance, most are
evaluated only perceptually. In contrast to those, this aim sought to demonstrate control
of the deformation of the skin surface, by optically observing it being indented with
elasticities that product distinct percepts. First, we evaluated the mechanical parameters
of the actuator including vertical displacement, inner channel pressure and contact force.
Second, the 3-D imaging method was used to generate skin profiles of contact surface at
various actuation states, and those profiles were then compared with solid substrates.
Ultimately, psychophysical experiments were conducted to validate the actuator’s

performance in delivering differentiable percepts of compliance.
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Background

Rendering technologies for skin cues that underlies percept of compliance. Our
percept of compliance is thought to be encoded by cues at various points in the body,
notably at the skin contact interface, though as well at joints and muscles, skin regions
on the back of the digits and hand, and near the nail [1]-[3]. The utility of particular cues
may be tied to the magnitude of compliance of the stimulus, and the relevant cues are
likely involve contact area [4], [5], penetration depth [6], contact force [7], [8], skin stretch
and surface stress [9]. For example, in prior work, Srinivasan and LaMotte noted that
compliances near the modulus of skin tissue or less may be perceived differently than
those stiffer [10]. Likewise, subsequent work shows that force-related cues are optimal
for the range stiffer (~160 kPa) but not softer (~30 kPa) [11].

To identify cues that evoke a percept of compliance, we need to understand how the
skin’s surface deforms in space and time, while in contact with an object. Along these
lines, empirical measurements and unique experimental paradigms were developed to
study skin deformation cues that associate with our perceptual responses. For instance,
elastomeric slabs have been fabricated at controlled thickness and distances to consider
the effects of indentation depth and contact area on tactile perception [6]. Ink-based
methods have estimated contact area at the terminal point of indentation [11], [12]. More
recently, vision-based approaches have provided high resolution empirical
measurements of the contact surface using cameras in order to observe time-dependent
changes in the skin. Usually, rigid surfaces such as glass plates are brought to the finger
and a camera captures the image of skin surface for evaluation. This technique has been

employed for slip detection and friction rendering [13]-[15].
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Figure 1.1. Prior experimental paradigms to examine skin deformation cues. (A) Elastomeric slabs for contact area and
penetration depth. (B) Ink-based method for contact area at terminal indentation. (C) Camera-based technique for contact
area.

Individual differences in skin mechanics and tactile acuity. As haptic displays
become ubiquitous, designers are beginning to adapt them to individual users. To
effectively do so, we need to understand the extent and impact of individual differences,
which can impact the efficacy of such displays [16]. Indeed, individual differences in tactile
acuity are observed within and between age cohorts. Prior scientific investigations
indicate that such differences may result from many factors, including skin properties such
as finger size and stiffness, sex/gender, age, as well as additional developmental,
cognitive, and behavior aspects. In particular, those with smaller fingers exhibit better
tactile spatial acuity [17], [18]. The rationale is that smaller fingers, with the same number
of tactile afferents, afford a higher density to inform our perceptual judgements. Age and
gender, in addition, may influence tactile performance. For instance, 2-point
discrimination thresholds increase for elderly as compared to young cohorts [19]. As one
contributing factor, decreased tactile acuity is expected as we age due to a loss of elastin
fibers and with it increased wrinkling of the skin. Finger pad skin stiffness — decoupled
from aging — may impact tactile acuity, as the work of Vega-Bermudez and Johnson
indicates, though there is not yet consensus on this topic. In particular, Woodward and
Peters found no relationship between skin compliance and tactile acuity [18], [20],
however, Vega-Bermudez and Johnson argued that that such results could be biased
due to the compliance calculation, group division for the statistical tests, and the variance
of acuity measurements [21]. This work indicated that young people with softer fingers
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have lower tactile detection thresholds, which aligns with finite element analysis of the
skin [22].

Design approaches of haptic actuator that render compliance. The emergence of
haptic interactions embedded into wide-ranging applications - in virtual reality, medical
simulation, surgical training, and soft robotics - demands human-computer interfaces
(HCI) with reconfigurable, natural, and portable feedback. To effectively create dynamic
haptic sensations with soft objects, displays involving various actuation approaches have
been explored. The most common approaches utilize hydraulic [23], [24] and pneumatic
mechanisms [25], [26], which use fluids or gases to deform the geometry of the contact
surface. More recently, non-contact actuation techniques involving air flow and ultrasound
have been proposed [27], [28]. Another approach is to use magnetism so that the
mechanical properties of fillers respond to an externally applied field, such as with
magnetorheological (MR) fluids [29]. Skin-like, soft and conformable interfaces are
appealing in the field of HCI because they provide users with more comfortable and
natural touch interactions than traditional rigid interfaces. For instance, prior works with
soft user interfaces have explored printing soft dielectric materials or conductive ink on
elastomers [iSkin, Tacttoo, Tactile Widget, Aditya and Daniel's work, skin-on interfaces].

(Frediani and Carpi, 2020) (Leroy et al., 2020) (Stanley et al., 2013)

Figure 1.2. Actuation approaches that have been commonly used for delivering compliance sensations. (A)
Pneumatic actuation. (B) Hydraulic actuation. (C) Jamming technique using sparse particles.
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Aim 1: Characterize change of skin deformation evoked upon
indentation in varying stimulus compliance, velocities, depths

and contact durations

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
[30], an object’'s compliance is important in our daily activities, e.g., inspecting the
ripeness of fruit [31]. 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 [23], [32], [33] and rendering algorithms [34].
Our percept of compliance is thought to be encoded, most notably, in cutaneous skin
tissue near the contact interface [5], [35], [36], though also at joints and muscles [2], [37],
non-contacting skin regions on the back of the digits and hand [3], and near the nail [38].
Moreover, as Xu, et al. show in modulating cutaneous inputs, our percept of compliance
is a product of both sensation and volition [37]. At the skin contact interface, the relevant
mechanical cues are not yet resolved, but likely involve gross contact area [4], [5],
indentation depth [6], contact force [7], [8], skin stretch [6], [8], and surface stress [9]. Also,
likely vital is their evolution over the time-course of contact [11], [35], [39].

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 [6]. Ink-based methods have estimated contact area at an
indentation’s terminal point [9], [11]. Similarly, stationary foam displays with a joint angle
encoder have evaluated the contributions of finger displacement, joint angle, and change

in contact area [5]. Spring cells with rigid plates have explored relationships of force and
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displacement, finding kinesthetic input alone is insufficient to discriminate compliance [10].
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 [36], [40]. 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 [4], [41]-[43], while mechatronic devices
have considered surface stretch [44], [45].

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.
Considering such factors are necessary given the skin’s non-linear and time-dependent
properties [46]. Moreover, prior studies indicate indentation velocity can influence neural
firing and our perception of compliance [47]-[49]. Therefore, in effort to tease apart the
mechanical 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.

Material and Methods

To measure how spatiotemporal cues evolve over the course of contacting soft, compliant
objects, we developed a 3-D 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, 3-D point clouds
that represent the geometry of the surface deformation of the finger pad are 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).
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In particular, the experimental paradigm included discrimination of stimuli less 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).

Apparatus

An abbreviated description of the imaging apparatus is provided below and in Fig. 2.1A.
For additional details on its validation, refer to prior work [50], [51]. 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.
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 [52],
[53]. 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
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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 [53].

3-D 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 [50], [51]. 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. 2.1B). 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. 2.1C). 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 2.1D).
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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 [51]. 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 3-D 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 [50], 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. 2.1E, F).
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, Eqgn. (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.

P=(N—-1)%0.25 (1)

i+ 1) = (D)
S0)
r@

Slopeave = (2)
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e= [1—-— (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, represents the last formed ellipse, at
the surface contact plane which is always the largest ellipse. Force is measured from the
load cell. This method of estimating contact area has been validated previously [50], [54].
Those skin deformation cues would be applied in Aim 2 and Aim 3 as well.

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)to2s (1 mm/sat2mm).
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.

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
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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.
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 O N. This pre-calibration procedure helped ensure a consistent contact

state between trials.
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.
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Figure 2.1. 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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Results

Results of Psychophysical experiments

Fig. 2.2A illustrates the modulus of the four compliant pairs, relative to the bulk modulus
of the skin. Fig. 2.2B-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 Fig. 2.2B-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 (F33s7 =565.7, p<0.001), velocity
(Fs,387 =1427.8, p<0.0001) and depth (F1,387 =1072.5, p<0.0001).

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.
2.3, with that for all cues in Appendix, Fig. A1 and Fig. A2. As can be observed in Fig.
2.3A, 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. 2.3B, the 0.6 s time point alone is analyzed, as highlighted with the grey bar
in Fig. 2.3A. Statistical evaluations of four compliant pairs are given in Fig. 2.3C, 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.
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These four pairs are all statistically significant. Note in Fig. 2.3C 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. 2.2. In this way, one can compare differences
in skin deformation cues and perceptual judgments. At least two observations can be
made in Fig. 2.3. 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. 2.3C. Second, we observe the force cue is distinct only
for the less compliant 184/121 kPa pair, Fig. 2.3D, whereas the perceptual predictiveness
of the contact area cue is mixed, Fig. 2.3E. 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. 2.2 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 [55]-[57].
Approach 2: change rate 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. 2.4. Fig. 2.4A-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. 2.4C. In particular, the change rates of contact area for 45 and 10 kPa
stimuli at 1.75 mm/s velocity are calculated as 48 mm?/s and 67 mm?/s, Fig. 2.4A. Over
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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. 2.4B, these median change
rates at the 1.75 mm/s velocity, and at all velocities, are plotted. Building up further, Fig.
2.4C shows the contact area rate difference from Fig. 2.4B for this 45/10 kPa compliant
pair, and all compliant pairs across all velocities. The results in Fig. 2.4C 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. 2.4C, with 45/10 kPa first, then
35/5 and 184/121 kPa, and 75/45 kPa follows discrimination results in Fig. 2.2. 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. 2.4D, with contact area rate differences in Fig. 2.4E. Then
regression is performed between these two variables, Fig. 2.4F-G. The results indicate
that the contact area cue well correlates with perceptual discrimination across the
compliant pairs and indentation velocities, with R? values greater than 0.7. Correlations
for cues of contact area, as well as curvature, force and eccentricity, are summarized in
Fig. 2.4H. 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 found in Appendix, Fig. A3. 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. 2.4H, 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
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for 75/45 kPa pair, F1,174 = 88.8, p < 0.001 for 45/10 kPa pair, F1174 = 27.2, p < 0.01 for
33/5 kPa pair), whereas curvature is correlated with discrimination only for 45/10 kPa
(F1,474 = 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 for stiffer stimuli [11], [31], [37], [58], [59]. The eccentricity cue, which
describes the contact shape, has been found to be correlated with percept of friction [60].
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.

Dependency between skin deformations cues

As indicated in Fig. 2.4H, 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. 2.5, 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
[11]. The low degree of correlation between the other cues implies that the cues are not
statistical dependent, indicating together with Fig. 2.4 that we indeed may utilize more

than just one skin deformation cue to form perceptual judgements.
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Figure 2.2. Psychophysical evaluation of compliant pairs across lndentation depths and velocities. 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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Figure 2.3. 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. (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. 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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Figure 2.4. 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, 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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Figure 2.5. 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 statistical independence.

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 3-D 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
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
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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.

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. 2.1B-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 [56], [57]. 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. 2.2B-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. 2.4C, but also for the curvature, eccentricity
and force rate cues (Appendix, Fig. A2). 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. 2.4H.
Indeed, prior studies have indicated that indentation velocity can influence neural firing
and our perception of compliance [47]-[49]. For instance, LaMotte and Srinivasan found
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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.
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 (R? values of 0.72 to 0.89), Fig. 2.4H.
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. 2.4H. 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 [5], [4], [6], [41], 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 [4], [39], [41], and in
active touch, where volitional movements are made to optimize force rate while

minimizing object deformation [11], [37].

The magnitudes of contact area measured in this study align closely with prior efforts
using both rigid [12], [61], [62] and elastic [5], [11], [50], [52] stimuli in passive touch. In
particular, using an ink-based technique, Hauser and Gerling measured the contact area
as about 80 and 65 mm? 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 mm?
for 121 kPa and 54 mm? for 10 kPa stimuli. Similarly, Dzidek et al. estimated contact
areas of about 90 and 100 mm? 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 mm?
for the 184 kPa stimulus that has a lower modulus than a rigid plate [12]. That stated, one

should note that magnitudes of contact area measured in the literature can vary
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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. 2.4, 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 findings also hold when the cues are
evaluated at discrete time points using Approach 1, Fig. 2.3. 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 [10], [59], and our results
also align with the perceptual utility of the force cue for less compliant stimuli [11], [31],
[37], [58], [99]. Indeed, most prior studies use stiff stimuli, relative to skin [53], 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.
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
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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 [55]. 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 [56], [57]. 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 [11], [36],
[39], [41], [51], as opposed to cues defined at terminal indentation [4]-[6]. Additional
efforts will be required to refine the nature of how information is accumulated over time in

order to arrive at judgments.

Aim 2: Evaluate the impact of individuals’ skin properties on

their tactile discriminability

Introduction

Tactile acuity varies among individuals and declines over one’s lifespan, as influenced by
fingertip size, skin stiffness, age, gender, and cognitive factors. Declines related to aging
intertwine several causes [63]—-[66]. In contrast, in younger age cohorts, finger size alone
has been correlated with acuity [17], [18], [67], [68]. The current working hypothesis is
that the density of neural afferents determines perceptual acuity. Given that individuals
generally have the same number of afferents, smaller fingers lead to higher afferent
density and superior ability [18]. Therefore, women, due to smaller fingers on average,

tend to demonstrate higher tactile acuity than men. However, as has been noted in Peters,
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et al. (2009), observed inter-individual variance in tactile acuity remains yet unexplained

even upon accounting for finger size.

In addition to his or her finger size, an individual’s skin mechanics may influence tactile
acuity. For instance, in cases of age-related degradation, decreased tactile sensitivity has
been observed with changes in skin mechanics, apart from changes in cognitive
functioning [19], [69], [70]. Indeed, such reductions in tactile acuity may result from a loss
of elastin fibers and increased wrinkling of the skin [71]. Moreover, aging women tend to
experience decreased skin thickness, which also reduces tactile acuity, and in a much
more dramatic way than for aging men [71], who start with larger and thicker finger pads,
due in part a thicker stratum corneum [18]. Furthermore, and most evident when isolated
in younger people in their 20s and 30s, increased skin conformance (a measure of how
much the skin invades the gaps in grating stimuli) is associated with lower tactile detection
thresholds [20], [21], [72]. Some have suggested that increased skin conformance may
increase neural firing rates of afferents responding to edge stimuli (13), though the results
yet remain inconclusive [74]. How such changes in the skin’s mechanics influence
perceptual discrimination remains unanswered. In addition to skin stiffness, fingerprint
ridge breadth may play a role. In particular, the dense papillary ridges of the skin are filled
with sweat ducts and sites of afferent innervation [71], [75]-[77] while underlying and
opposing intermediate ridges are sites where changes in the stiffness of skin layers may
amplify the response sensitivity of originating afferents, especially slowly adapting type |
fibers [78], [79].

Herein, we decouple the impact of three skin properties, including fingertip size, skin
stiffness, and fingerprint ridge breadth, on individual differences in perceptual acuity in
younger participants. In analyzing these factors, 3-D stereo imaging is used to capture
the deformation of the skin surface over the time course of stimulus indentation,
perceptual discrimination is evaluated across a robust and naturalistic range of object
compliances, and hyaluronic acid is used to soften the skin to directly modulate its

stiffness for perceptual evaluation.
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Material and Methods

Participants

A total of 40 young participants were recruited (mean = 28, range = 21 — 32, 19 males
and 21 females). None had prior experiences with discrimination tasks nor reported a
history of finger injury. Their fingers were free of calluses and scars. A written, informed
consent was obtained from each participant before conducting the experiments which
were approved by the local institutional review board. After used by a participant, all

devices and surfaces were sanitized.
Stimulus fabrication

As a reference, the average compliance of human fingers is about 42 kPa [80], [81].
Seven elastic stimuli were fabricated with compliance ranging from 5 to 184 kPa, in which
one stimulus (45 kPa) was close to human finger compliance, with three stimuli were
softer (5, 10, 33 kPa) and three harder (75, 121, 184 kPa). Each silicone-elastomer was
poured into an aluminum collar (5.4 cm outer radius by 1.6 cm depth) fitted and sealed
with a clean, dry glass disc (5.1 cm radius by 0.3 cm depth) using a syringe tip filled with
0% diluted Solaris, heated at 100 Celsius until fully sealed. To formulate the more
compliant stimuli (5,10,33 kPa), a two-component silicone rubber (Solaris, Smooth-on
Inc., Macungie, PA, USA) was mixed at ratio of 1:1, diluted by silicone oil (ALPA-OIL-50,
Silicone oil V50, Modulor, Berlin, Germany) with ratios of 200 wt.% for 33 kPa, 300 wt.%
for 10 kPa and 400 wt.% for 5 kPa. Each mixture was placed in a vacuum chamber under
29 mmHg for 5 minuets then rested in room temperature until all bubbles were released.
Next the transparent mixture was cured in an oven at 100 Celsius for 25 minuets to fully
solidify before returning to room temperature. To eliminate surface stickiness caused by
high dilution ratio, a thin layer of 100% diluted Solaris silicone rubber was applied on the
stimulus’s surface, then cured at 100 Celsius for 15 minuets. For the rest of stimuli (45,
75, 121, 184 kPa), a different two-component silicone rubber (Sylgard 184, Dow Corning,
Midland, MI, USA) was used and diluted by silicone oil with ratios of 200 wt.%, 100 wt.%,
50 wt.% and 0 wt.%, respectively.
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Measurements of finger skin properties

Finger size. The length and width of distal phalanx of the index finger were used to
estimate participants’ finger size. The length is measured as the distance between
fingertip edge and DIP joint, and the width is the distance from left to right edge of the
finger, where they intersect the center of finger pad. Then finger size is estimated as the
area of an ellipse which is formed by the length as its major axis and width as the minor

axis.

Finger stiffness. The finger stiffness is typically measured by a rigid body compression

test [82]. A glass plate (5.4 cm radius by 0.3 cm depth) is indented in the index finger at
a rate of 1 mm/s, while simultaneously measuring force. The stiffness is approximated as
the slope of linear regression of the force-displacement curve at 2 mm displacement.
Since contact area, determined by finger size, modulates compressive force measured
by the load cell and in turn potentially influences the measurements of finger stiffness, we
investigated the statistical correlation between finger stiffness and the contact area at 0.3
seconds which is within the linear region of force curve, shown in Appendix 1(c). The
results indicate that contact area does not have significant effect (R = 0.27, p <0.001) on

the measurement of finger stiffness.

Finger ridge breadth. During the indentation by a glass plate, the image of finger was

captured by the camera and the contact surface between skin and glass plate was extract,
shown in Fig. 3.2(f). To obtain a clear representation of fingerprint lines, we applied a
localized thresholding filter (OpenCV, Python 2.8) with adjusted contrast and brightness
in the grayscale image, shown in Fig. 3.1(b). Then we applied the same approach used
in [83] ,where the ridge breadth is measured as the length of a line that across ten parallel
ridges with no minutiae causing a break in the perpendicular line, indicating by the red
dash line. Furthermore, we converted the units from pixels to millimeters, illustrated in
Appendix A1 (a)-(b).
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Psychophysical experiments

A series of discrimination tasks were designed and conducted to evaluate the participants’
discrimination ability in compliance. Four pairs of stimulus comparison were prepared:
45/10, 184/121, 33/5 and 75/45 kPa, where 184/121 kPa pair is less compliant than the
skin, and 33/5 kPa pair is more compliant than the skin, and the remaining pairs span the
skin’s modulus in either direction. During the experiment, the participant was seated in an
adjustable chair and the finger was placed directly under the substrate. A blindfolder was
provided to eliminate any visual cue throughout the experiments. For each pair, each
stimulus was sequentially delivered to the participant’s index finger in randomized order
for a total of 20 trails. We also delivered the same stimulus twice to the finger to test the
individual biases. After indented by two sequential stimuli, the participant was asked to
report which of the two stimuli was more compliant, either the first or second. The
switching time between two stimuli was about 2 s. In total, there were 4,000 indentations,
consisting of 2 stimuli within a pair, 4 comparison pairs, 20 trails, and 25 participants. The
average duration of this experiment per participant was about 80 minuets including breaks.
We conducted the psychophysical experiments before biomechanical experiments for
two reasons: one is to maintain a consistent time interval between two stimuli, as in
biomechanical experiments the stimulus surface needs to be cleaned after each
indentation (3-5 s); and the other reason is to ensure a greater cognitive attention from

the participants.
Biomechanical experiments

During the experiment, seven compliant stimuli were delivered to the finger individually at
a rate of 1.75 mm/s at 2 mm displacement, repeated 3 times for each stimulus. A thin
layer of ink was applied on the finger using a paint brush with its bristles normal to the
skin surface. Before indentation, each stimulus was brought into the finger with a light
contact force (< 0.1 N) then slowly retracted to O N to ensure a consistency in initial
contact states between trails. The ink residuals were removed after each indentation to
attain the highest quality of imaging data. In total, there were 525 indentations, consisting
of 7 compliant stimuli, 3 repetitions and 25 participants. The average time to complete

this experiment was about 70 minuets including breaks.



37

Skin stiffness modulation

A new group of 15 participants were recruited in this experiment, and their skin properties
information is not included in the previous analysis. To modulate the skin stiffness, a few
drops of hyaluronic acid serum (Cosmedic skincare Inc. Rocklin, CA), an agent that helps
relax and hydrate the skin, was applied on the fingertip skin and waited to dry at room
temperature. We measured the participants’ skin stiffness and evaluated their perceptual

performance before and after the treatment the same way as described above.
Statistical analysis

To divide the participants into subgroups based on their finger size, stiffness and ridge
breadth, we used k-means clustering method (n = 25). Clusters of two appeared to be
optimal using the elbow method in which the sum of squared distance between each point
and the centroid in a cluster was plotted with number of clusters, shown in Appendix A2.
Principal component analysis (PCA) was used to assess the differences in use of
deformation cues between two groups. The total explained variances from the first and
second principal components for each cue were summed and compared for each group,
shown in Fig 3.5(c).

Next, we employed multivariant regression model for each group to predict the
discrimination performance across participants based on their finger properties. The data
was split into a training set (75%) and a test set (25%). The independent variables were
the change rate of five skin deformation cues and the dependent variable was the correct
discrimination from the psychophysical experiments. To validate the use of regression
models, we checked that the independent variables were not statistically dependent, and
the residuals were randomly distributed, in Appendix A3. We used 10-fold cross validation
to build subgroup models (n = 1050 in Group 1 model, n = 945 in Group 2 model), and
values of R? and RMSE were used as evaluation parameters for the model performance.

Results

Through a series of biomechanical, psychophysical, and statistical modeling experiments,
this work shows that an individual’s skin stiffness alone well predicts their ability to

perceptually discriminate compliant objects, by evoking more prominent distinctions in
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their skin surface deformation at the point of contact. First, relationships are evaluated
between measurements of fingertip size, skin stiffness, and fingerprint ridge breadth, and
each in turn with perceptual discrimination. Second, imaging is used to characterize
patterns, or cues, in the deformation of the skin’s surface, using a 3-D stereo technique.
Third, measurements of skin deformation indicate how the finger properties (stiffness,
size, and ridge breath) modulate levels of discrimination, respectively. Then, statistical
models are used to decouple fingertip size and stiffnress and characterize the
performance of two distinct subgroups of participants, which do not divide entirely upon
gender lines, but are driven more so by an individual’'s skin stiffness. Finally, hyaluronic
acid is applied to soften the skin stiffness of a new cohort of participants with pre- and
post-test of perceptual performance.

The results show that finger size and stiffness are positively correlated, and those who
have smaller and softer fingers achieve higher perceptual performance. Biomechanical
cues in the deformation of the skin surface are highly correlated with perception, in
particular the rate of change in contact area, and we observe that softer fingers generate
larger differences in contact area between pairs of stimuli, leading to better discriminative
performance. Consequently, finger stiffness is more correlated with such skin cues than
is finger size, indicating that stiffness is more effective in modulating local skin
deformation. Moreover, by changing an individual’s skin stiffness directly, while finger size
remains constant, the discriminative ability of each participant is shown to improve,
especially those beginning with the stiffest skin.

Experiment 1: Relationships between finger properties and perceptual discrimination

Perceptual discrimination of material compliance is evaluated in passive touch via
pairwise comparison. Four compliance pairs are used, 45/10, 184/121, 33/5 and 75/45
kPa, Fig 3.1(a). The 45/10 kPa pair is readily discriminable by all participants, while the
75/45 kPa pair is not discriminable at a threshold of 75% correct. Between these extremes,
both the 33/5 and 184/121 kPa stimulus pairs are discriminable. Note that the compliance
values of these two pairs were selected as they more certainly lie to either side of the
skin’s stiffness, observed to be approximately 42 - 54 kPa [53], [80]. Moreover, we were
aware that participants might experience learning phenomenon as they were getting more
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familiar with the tasks which could improve their discrimination correct rate. We compared
the psychophysical performance across five trails for a male and a female participant,
shown in Appendix 4 (a)-(b). We found that there was no noticeable difference in
discriminability between trails, indicating that the learning phenomenon does not have
significant on the participant’s perceptual judgement.

The finger properties of each participant, including fingertip size, skin stiffness and
fingerprint ridge breadth, were measured, as detailed in Methods, with variance observed
across the cohort. As indicated in Fig 3.1(b), the male participants of this study spanned
a range of finger widths of two standard deviations (mean = 18 mm) as compared with
the literature [84], while that for female participants lied closer to the average value (mean
= 15 mm) within one standard deviation. A high correlation was observed between
fingertip size and skin stiffness (R? = 0.9, p-value < 0.001, SE = 2.96 x 10*), with less
significant correlation between either of these metrics and fingerprint ridge breath, Fig
3.1(c). Fingerprint ridge breadth is correlated with finger size (R? = 0.76, p-value < 0.001,
SE =9 x 10*%), as noted similarly in prior works [75], [76], and was positively correlated
with stiffness (R?> = 0.7, p < 0.001, SE = 4.4 x 10°3).

When the three finger properties are each correlated with perceptual performance in the
compliance discrimination task, skin stiffness exhibits the highest correlation across
stimulus pairs (R? = -0.95, -0.93 and -0.77 for 184/121, 33/5 and 75/45 kPa pairs),
followed by finger size (R? = -0.91, -0.82 and -0.65) and ridge breadth (R? = -0.81, -0.70
and -0.43), respectively, Fig 3.1(d)- (f).

Experiment 2: Characterization of skin surface deformation

Local patterns in the deformation of the skin surface constitute the major factor driving
our percept of compliance [1], [85]. To evaluate if certain cues in the skin’s deformation
align with both correct discrimination and one or multiple finger properties, we image 3-D
high-resolution profiles of the skin’s surface using techniques described previously [39],
[51], [86], Fig 3.2. Basically, images taken by the two cameras through transparent,
compliant substrates are used to construct a 3-D point cloud which represents the
geometry of finger pad at the contact surface. This is done for the seven stimuli ranging
from 5 to 184 kPa. From the point cloud data, we evaluate five derived biomechanical
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cues to characterize the surface’s deformation over time, which include contact area,

curvature, penetration depth, eccentricity and force [51].

From representative point cloud data in Fig. 3.3, one can observe that the skin deforms
differently with respect to stimulus compliance as well as finger stiffness. Indented by a
less compliant stimulus (184 kPa, row 3 in Fig. 3.3(a)), the finger pad’s surface flattens
against the substrate, which generates higher contact area and force with a more circular
contact shape. In contrast, with a more compliant stimulus (45 kPa, row 1 in Fig. 3.3(a)),
the finger pad’s surface relatively retains its shape and penetrates into the substrate,
which produces higher curvature and penetration depth with a more elliptical contact
shape. Moreover, an individual’'s skin stiffness affects the way the skin surface deforms.
For instance, when the more compliant stimulus (45 kPa) is indented into softer skin
(0.097 N/mm), we observe greater contact area as opposed to stiffer skin (0.152 N/mm),
Fig. 3.3(a) rows 1 and 2, and Fig. 3.3(b), green lines. In comparison, for the less compliant
stimulus (184 kPa), finger stiffness appears to have less impact on contact area, Fig.
3.3(b), blue lines. However, such trends in contact area do not follow with cues such as

penetration depth, or for force with the more compliant 45 kPa stimulus.

Experiment 3: Individual differences in finger properties modulate skin deformation and

perceptual discrimination

Though skin stiffness is highly correlated with perception, are the distinctions in the skin
deformation cues, and perceptual discriminability of compliant pairs, sensitive to the
changes in finger stiffness? To address this question, we first compared the change rates
in the skin deformation cues between stimulus pairs with their corresponding rates of
correct discrimination as our perception is more tied with the rate-based cues rather than
the change itself, Fig 3.4(a)- (b). The change rate is defined as the median value from a
sequence of change rate calculated at a 0.1 s time interval, indicated as a red line
segment in Fig 3.4(a) for 184 and 121 kPa stimuli with median change rates of 34 mm?/s
and 41 mm?/s in contact area, respectively. Agreed with prior work which has shown that
the change rate of contact area is highly tied to perceptual discrimination of compliance
[4]-[6], the results show that two of the cues, i.e., change rates of contact area and
eccentricity, are highly correlated with the perceptual discrimination across the cohort of
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25 participants in distinguishing between 33/5 and 184/121 kPa stimulus pairs. Whereas
the change rates of force and curvature are correlated with perception for the less
compliant pairs (184/121 and 75/45 kPa) and more compliant pair (33/5 kPa), respectively.

Then we evaluated how finger stiffness, size and ridge breadth influence the change rate
of contact area and force, represented in Fig 3.4(c)- (d). Across either cue of contact area
or force, skin stiffness is the most highly correlated of the finger properties, in agreement
with Experiment 1, Fig. 3.1(c). Indeed, softer skin generates larger distinctions in skin
deformation, in particular in its contact area change rate (r? > 0.9 for 45/10, 33/5 and
184/121 kPa pairs), which are correlated with higher rates of perceptual discrimination,
regardless of fingertip size. On the other hand, stiffer fingers generate higher force rate
compared to soft fingers, but the difference in force rates becomes smaller as the skin

stiffness increases, as shown in Fig 3.4(d).

Experiment 4: Decoupling the impact of fingertip size and skin stiffness on perceptual

discrimination in subgroups of participants

Fingertip size and skin stiffness have been found to be highly correlated and both
contribute to perception acuity by tuning skin deformation at the point of contact surface.
Meanwhile, two groups are observed differing in their skin properties. Thus, we developed
statistical models to decouple the effect of fingertip size and skin stiffness on perceptual
acuity and evaluate the performance of subgroups. Two distinct groups are identified
based on three skin properties (size, stiffness and ridge breadth) using K-means method,
in Fig 3.5(a). Even though the groups seem to be mostly separated by genders, those
males who have small or soft fingers are categorized as in Group 1 which contains the
females who in general have smaller and softer fingers. The performance evaluated from
the psychophysical tasks is compared and found to be significantly different between
these two subgroups, even for 75/45 kPa stimulus pair which is not discriminable, in Fig
3.5(b). Moreover, we observe that the skin deforms differently for each group using
principal component analysis (PCA), indicating Group 1 which contains small and soft
fingers favors skin cues such as contact area, penetration depth and curvature, whereas
Group 2 which contains large and stiff fingers rely more on the force and eccentricity cues,
shown in Fig 3.5(c). Additionally, the discriminability seems to be affected by skin
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properties within subgroups. Six participants are selected from the groups, indicated by
the numbers in Fig 3.5(a), and their performance is individually compared. As expected,
participant 1 who has the smallest and softest finger, has the highest correct
discrimination, in Fig 3.5(d). When the fingertip size is similar but skin stiffness varies
(participant 3,4 from Group 1), lower skin stiffness leads to a higher discriminative
performance. In contrast, when the skin stiffness is similar but fingertip size varies
(participant 2,3 from Group 1 and participant 5,6 from Group 2), a large increase in size
does not necessarily result in a higher performance. This observation is aligned with
Experiment 3 suggesting skin stiffness affects perceptual discrimination more than
fingertip size does. Indeed, by using multivariant regression modeling that used to predict
the discriminative performance from skin properties, the results indicate that an
individual’'s perceptual abilities can be readily predicted based on their skin stiffness alone,
shown in Fig 3.5(e).

Experiment 5: Decreasing skin stiffness improves one’s perceptual discrimination

Another way to decouple fingertip size and skin stiffness is to change one’s skin properties.
It is unlikely to change someone’s finger size, however, the skin stiffness can be
modulated. Thus, to further investigate if skin stiffness plays a more dominate role than
fingertip size on tactile acuity, we directly soften the skin stiffness by applying hyaluronic
acid for a new cohort of participants (n=15). Two distinct groups are separated by the skin
stiffness and their psychophysical performance is evaluated before and after modulating
the skin surface. The results show that the participants’ skin stiffness can be largely
reduced by applying hyaluronic acid on the skin surface, in Fig 3.6(a). And their
discrimination performance is observed to be significantly improved after reducing skin
stiffness, especially for those with stiffer fingers (participant 9-15), Fig 3.6(b). Furthermore,
the overall performance across participants for each group is also statistically improved
for 75/45 kPa pair in Group 1 and for all three pairs in Group 2, as shown in Fig 3.6(c).
The results speculate that at both individual and aggregated level, reducing skin stiffness
results in a higher perceptual performance. In sum, this experiment has shown that skin
stiffness can be modulated, and by changing one’s skin stiffness directly, while fingertip

size remains constant, the discriminative performance is shown to be markedly improved
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which reinforces the finding that skin stiffness is more influential than fingertip size in
affecting perceptual acuity.
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Figure 3.1. Relationships between fingertip skin properties and perceptual discrimination. (a) Psychophysical
performance in pairwise discrimination of compliant stimuli indicates that the 45/10 kPa pair is discriminable always,
the 184/128 and 33/5 kPa pairs are each discriminable above a 75% correct threshold, and the 75/45 kPa pair is not
discriminable at this threshold. (b) Left: Fingertip contact with a glass plate for two example participants from which
ridge breath measurements were derived. Right: Overlay of the finger width of this study’s male and female participants
on a large-sampled dataset of 4000 people (25). (c) Relationships for each participant between their finger size,
stiffness, and ridge breath, indicating the highest correlation between finger stiffness and size. (d) — (f) Relationships
between the participants’ perceptual discrimination performance and skin properties. The highest correlation is
observed for finger stiffness, then finger size, and ridge breath.
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Figure 3.2. Experimental setup to generate 3-D point clouds for evaluating finger skin properties and
deformation. (a) A mechanical-electrical indenter delivers elastic, compliant substrates to the fingertip. (b) The left
image of fingertip indented by a 45 kPa substrate at 2 mm displacement. (c) A 3-D point cloud is constructed from left
and right images of the finger using a disparity-mapping algorithm. (d) The region of contact between the skin and
substrate is manually selected by masking. (e) A clean point cloud that represents the skin surface is generated, ellipses
are fitted to reduce its dimensionality, and five skin cues quantify patterns of deformation. (f) A glass plate is used to
measure each participant’s fingertip stiffness and ridge breath.
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Figure 3.3. Time-evolution of skin surface deformation for two exemplar stiff and soft fingertips indented by 45
and 184 kPa compliant stimuli at a rate of 1.75 mm/s to 2 mm displacement. (a) Changes over 0.3, 0.5, and 1
seconds of the 3-D point cloud that represents the skin surface, when stiff and soft fingertips make contact with more
(45 kPa) and less (184 kPa) compliant stimuli. (b) Comparisons of five skin deformation cues between these two
participants and two stimulus compliances. Contact area as well as the other cues differ between stimulus compliance.
In terms of participant finger stiffness, when a more compliant stimulus (45 kPa) is indented into the skin of each
participant, we see the curves differ for contact area, curvature, and eccentricity, though not penetration or force. In
contrast, for those three metrics, finger stiffness has less impact on skin deformation when indented by less compliant
stimuli (184 kPa), although the force cue becomes differentiable. These example cases are subsequently quantified
and statistically evaluated across a population of participants.
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Figure 3.4. Relationships between the skin deformation cues (change rate differences) for stimulus pairs and
correct perceptual discrimination as well as the fingertip property of stiffness, size and ridge breadth. Four
colored lines represent the stimulus pairs. (a) An example of the steps in calculating the change rate in contact area
from discrete time points. Change rate of contact area for 184 and 121 kPa stimuli are calculated, with median values
of 34 mm?/s and 41 mm?/s, respectively. The rate difference of 7 mm?/s is then plotted as a data point in (b). (b) Contact
area and eccentricity change rate shows high correlations with discrimination in differentiating between 184/121, 33/5,
and 75/45 kPa stimulus pairs, in contrast to the other three cues. (c) Finger properties are negatively correlated with
contact area change rate, in particular, finger stiffness shows the highest correlation, followed by size and ridge breadth.
(c) Finger stiffness is also highly correlated with force change rate for 184/121 kPa stimulus pair, indicating a dominate
role in modulating local skin deformation that drives discrimination perception.
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Figure 3.5. Multivariant regression models show that the participants can be separated into two distinct groups
and that discrimination performance can be well predicted from one’s finger stiffness alone. (a) Using a K-
means approach, the cohort of participants is clustered into two groups based on their finger size, stiffness, and ridge
breath. This clustering reveals that for the most part, though not entirely, these are groups of male and female
participants. (b) Statistical comparisons in perceptual discrimination between these two groups (p < 0.05), showing
these two groups performed significantly different in the discrimination tasks. (c) Differences in skin deformation cues
between two groups using PCA analysis, indicating that those in Group 2 (stiffer finger skin) rely more on force cues.
(d) Six participants from the groups (4 participants from Group 1 and 2 participants from Group 2) are selected and
their discrimination performance are compared, showing the performance is affected by finger properties within the
clusters. (e) Evaluation of model performance when the discrimination is predicted by the three factors of finger size,
stiffness, and ridge breath versus predicted by finger stiffness alone. Small improvements in prediction are achieved
by adding the other two factors.
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Figure 3.6. The finger stiffness of 15 new participants is modulated by applying hyaluronic acid on the skin
surface and the discrimination performance is significantly improved by decreasing the finger stiffness. Two
distinct groups are separated based on their finger stiffness before the treatment using K-means algorithm. (a)
compares the finger stiffness before and after applying hyaluronic acid, per participant. (b) shows the discrimination
performance of three stimulus pairs before and after applying hyaluronic acid, per participant. Participants are arranged
with increasing finger stiffness where participant 1 has the softest finger and participant 15 has the stiffest finger. (c)
shows that the overall performance between treatments is compared statistically for three stimulus pairs, indicating that
the performance is largely improved by decreasing the finger stiffness.
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Appendix 1. Steps of measuring finger pad ridge breadth. (a) contact region between the skin and a glass plate
from the compression test, the length and width are measured by a digital caliper. (b) Correlate the physical
measurements with digital images. (c) Validation of the effect of contact area on the measurements of finger stiffness.
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Appendix 3. Assumption check for the linear regression model. (a) statistical dependency between the
independent variables which are the change rate of contact area, eccentricity, curvature, penetration depth and force.
(b) the residuals from the linear model are randomly distributed which validate the use of such model.
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Appendix 4. Evaluation of psychophysical bias caused by learning phenomenon. The discrimination performance
is compared across five trails for (a) a female and for (b) a male participant, at 1.75 mm/s indentation velocity. The

results indicate that there are no significant perceptual biases in the psychophysical experiment.

Discussion

This work is one of the few studies that access individual differences in compliance
discrimination by investigating the finger properties and skin deformation. Usually, finger
size is found to be associated with tactile perception, however, we observed that finger
stiffness is at least as influential as finger size in discriminating compliance by modulating
local skin deformation. We also found certain skin cues are more effective than others in
capturing skin deformation as well as relating to perception, such as contact area.
Moreover, we found that one’s perceptual discrimination can be well predicted by finger

stiffness alone.
Importance of finger stiffness in predicting individual discrimination performance

Tactile acuity is known to be declined with increasing finger size as larger fingers tend to
have a lower density of mechanoreceptors given there is no significant difference in total
number of afferents across males and females [18], [67], [75]. The impact of gender on
acuity can be explained by the physical differences between the fingers of males and
females, that is women who on average have smaller fingers have higher receptor
densities, which result in a better perception [18], [20], [68], [71]. In this study, we found
that those who have small fingers also tend to have soft fingers, and they outperform
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those have big and stiff fingers in the discrimination tasks. Finger stiffness is found to
significantly influence local skin deformation and perceptual responses. Thus, addition to
finger size which contributes to innervation density, finger stiffness can also affect tactile
perception by modulating skin deformation which in turn varying the firing rate and
population of afferents, and moreover it shows a stronger statistical correlation in
predicting perception than finger size does. To hypothesize that a superior tactile
perception comes from a lower finger stiffness not smaller size, we compared the
perceptual performance between two participants who shared similar finger size but
different stiffness (participant #3,4), also between two participants who shared similar
finger stiffness but different size (participant #2,3) in Fig 3.5(a). The results show that the
performance is significantly lower with higher finger stiffness, but smaller finger does not
largely improve the performance when finger stiffness is about the same. Indeed, in the
literature there are studies investigating the relationship between skin modulus and
perceptual acuity. Hamasaki et.al developed a finite element model for human finger that
contains the simulation of stratum corneum, a tissue determines skin stiffness. The
results indicate that changing skin stiffness would influence tactile perception by affecting
the stress distribution around Merkel Cells [22]. Woodward (1993) found no significant
correlation between skin compliance and perceptual acuity, however, Gibson and Craig
(2006) argued that such insignificance might have resulted, given the force-controlled
paradigm used, from an insensitivity to forces greater than 50 g whereas tactile sensitivity
is largely affected between 0 and 25 g. Moreover, attempts have been made to directly
change skin stiffness by applying venous occlusion to the finger pulp [74], which
significantly influences the firing activities of rapidly adapting mechanoreceptors. Similarly,
researchers have observed that by hydrating the fingertip skin, contact area can be
largely increased [87] which aligns well with our findings that softer fingers afford a higher
degree of skin deformation which allows more information collected at the local contact.

Two distinct participant groups (can be used to approximate) that predict discrimination

performance

Individual differences in touch behavior have been often neglected by research [88],
nonetheless, some studies observed that people exhibit different preference based on
their motivation and ability to use haptic information, evaluated by the Need for Touch
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scale (NFT) [89]. For example, people with high NFT tend to feel more confident in
exploring objects when haptic information is available; women shows a higher need for
tactile input than men in making product evaluations [90]; for those who are motivated to
touch, a communication that incorporates sensory feedback leads to increased affective
response and persuasion [91]. Those examples show that individual differences are
observed in touch behaviors across a population, but also can be classified based on
their need of haptic information.

In this work, we observed individual differences in tactile perception and two groups of
participants were found in distinction of finger properties and discriminability, in which
their discrimination performance can be predicted by the finger stiffness. Yet, how exact
to draw the line in assessing individual differences still needs further investigation, in other
words, at what level we should care about individual differences. For example, we might
observe more than two distinct groups if more participants were recruited and vice versa.
Moreover, as this work is only focused on the perception in compliance, we do not know
how meaningful perceptual differences will be presented in other attributes and tasks.

Skin deformation cues useful as a surrogate for neural population response

Our sense of perception is provoked by the activities of afferents embedded under our
skin, transmitting local skin deformation into sensory signals for perception. The current
technique is limited to record single unit afferent response, and by now, it is nearly
impossible to get afferents population responses due to the technical and ethical issues
even though some efforts have been done to access afferents population activities using
Calcium imaging for mice, but not for humans [92]. Therefore, skin cues are developed
and found to be associated with afferents responses that drive our perceptual responses,
such as contact area [4], [5], penetration depth [6], [93] and contact force [7], [8]. In this
work we observed certain cues are more effective than the others in capturing skin
deformation but also in predicting perceptual discrimination, shown in Fig 4. Additionally,
we found that people with different finger properties utilize different skin cues which has
not been reported in the literature. For example, those who have stiffer fingers tend to
use force cue whereas those with softer fingers prefer curvature and penetration depth

cue.
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Changing skin mechanics state influences perception

Studies have shown that changing skin mechanics may have impact on tactile perception.
Hudson (2015) inspects the responses of cutaneous mechanoreceptors before and after
using venous occlusion to change the finger stiffness. The results show that increasing
stiffness of the skin affects the firing rate of SA Il type afferents, however, weather such
effects can alter perceptual discriminability still remains unanswered [74]. Moreover, even
if the change in skin mechanics affects perception, does it adjust our behavior and
decisions as well? Indeed, in active touch where the force and displacement are not
constrained, people are observed to choose different strategies to achieve optimal
discrimination. In particular, for those who have stiffer fingers, they tend to apply higher
force and larger displacement when differentiating compliant objects [1]. From this insight,
our future work leads to investigate the changes in participants’ discrimination behaviors
mechanics in an active touch paradigm when the skin mechanics is altered. Specifically,
we can compare the force, displacement and reaction time utilized by the participants
before and after the skin modulation.

Aim 3: Design soft haptic actuators to visualize the finger pad

surface at distinct percepts of compliance

Introduction

Our perception of compliance, or softness, plays an essential role in object manipulation
and social interaction. Yet how compliance is encoded at the cutaneous skin surface
remains ambiguous. In general, our somatosensory system relies on a variety of
mechanosensitive afferents that are activated by patterns of deformation, which is
quantified in terms of skin surface cues such as contact area [4]-[6]. Such cues can
predict perceptual performance [39], [93], [94]. However, in order to fully understand the
utility of particular skin cues on the perception of compliance, efforts are needed to directly

control the skin surface while simultaneously monitoring it.
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Several prior efforts have developed reconfigurable haptic displays to simulate compliant
interactions. One class of devices optimizes the movement of rigid surfaces [95]—[98].
Another uses elastomers and other soft materials that conform to the shape of the finger
and change its geometry [99]-[101]. For instance, hydraulic and pneumatic mechanisms
can inflate and displace an membrane’s surface, and in turn deform the skin’s surface
[23], [24], [26], [102]-[104]. Properly configured, these actuators can generate vertical
displacements of 3 mm and forces of 1 N [23]. Dielectric elastomers have also been
adopted to induce tactile patterns, but the range of protrusion is relatively limited due to
high voltages [32], [105]. Also, external stimulus-responsive actuators can modulate their
stiffness via particle jamming [106], [107] and have used smart materials such as
magnetorheological particles and hydrogels [29], [108], [109].

Yet in few of these compliant, conformable, and reconfigurable actuators can one directly
assess the resultant deformation of the skin surface. Indeed, evaluation of their
performance is limited to perceptual judgments. To directly observe the skin during
actuation, transparent soft actuators have been built, but with limited mechanical
actuation force, e.g., 0.25 to 300 mN, and surface displacement of less than 1 mm [24],
[110]-[112]. Moreover, few of devices have sought to mimic skin cues, such as change
in contact area, which is correlated with perceptual discriminability [6], [39]. Conversely,
other devices can regulate contact area and indentation depth [23], [103], [113], [114] but

are unable to directly assess the actual deformation of the skin surface.

In contrast, this work describes the design and evaluation of a transparent, reconfigurable,
multi-channel hydraulic actuator. The transparency of this actuator enables the
observation of skin deformation profiles concurrently during actuation. These profiles are
used in the evaluation of the actuator in addition to perceptual judgments. Overall, by
directly observing the skin surface through the actuated channels, the intent is to
introduce a testbed capability, as opposed to a consumer device, to decipher cutaneous
cues that drive perception, by precisely controlling and replaying them.
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Material and Methods

Fabricated of transparent elastomer, the actuator contains a pattern of discrete concentric
ring channels pressurized by fluids of similar refractive index. Profiles of the contacting
skin surface can be directly visualized through actuated channels to match observations
with solid substrates. First, the actuator is fabricated by selecting its mechanical structure,
material, and channel filler. Then, its mechanical performance is evaluated at different
actuation states in terms of channel displacements and contact forces. Next, we perform
3-D imaging through the actuator to reconstruct skin surface geometry and deformation.
Finally, biomechanical experiments compare patterns of skin deformation obtained
between the actuator and solid elastic substrates. Perceptual discriminability across
configured levels of stimulated moduli is evaluated and compared to levels deemed
discriminable with standard solid elastic stimuli.

Fabrication of transparent, multi-channel actuator

Three primary factors were considered in selecting the actuator material: elasticity,
transparency and de-moldability. Solaris silicone rubber was chosen to construct the
actuator, due to its low viscosity, optical clarity and high elongation at break (290%). To
further increase its compliance, we diluted the elastomer with silicone oil at a 100% ratio.
Demolding the actuator was a significant challenge due to the complex milli-fluidic
structures and small distance between channels. After iterating on various mold materials
and geometries, we created a custom machined aluminum mold that employs optimized
minimum channel dimensions (1.25 mm width, 1.5 mm height, 1.5 mm wall thickness),
Fig. 4.1A-left. The actuator is comprised of two bonded elastomer layers with the
actuation control ports in the bottom layer (Fig. 4.1A-right). The four actuator channels
are dual-ended and arranged in an elliptical shape mimicking the finger pad. Each
channel can be actuated independently for localized control and minimized crosstalk. A
cross-section through the actuator midline in Fig. 4.1B reveals the channel geometry and

0.5 mm thick actuator surfaces.

The detailed fabrication steps are as follows: First, the silicone-elastomer solution is
prepared by mixing silicone rubber (Solaris, Smooth-on Inc., Macungie, PA, USA) with
the curing agent at a ratio of 10:1, and then diluted with silicone oil (ALPA-OIL-50, Silicone
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oil V50, Modulor, Berlin, Germany) at a ratio of 100% (1:1 ratios of silicone rubber to oil).
Second, a thin layer of mold release agent (Mann Release Technologies, Inc., Macungie,
PA, USA) is sprayed upon the aluminum plate and dried at room temperature. Then, the
diluted PDMS solution is slowly poured into the mold, avoiding trapping extra air during
the process. The mold is transferred to a vacuum chamber for 3 min at 25 inHg until the
air bubbles release and is then cured at 70 C for 20 min. Once the bottom and top layers
are solidified, they are carefully demolded from the aluminum plate using a micro spatula.
Undiluted Solaris is then used as an adhesive agent for connecting the layers, tubes, and
glass substrate.

Once constructed, the final step was to select a filler fluid for the channels. When filled
with air, the channel edges appear visible, causing light glare and introducing imaging
noise. Ideally silicone oil would be used, however it can degrade the silicone-elastomer.
Propylene Glycol (PG) was found to be an appropriate filler fluid having a similar density
(1.04 g/cc) and refractive index (1.43) with the actuator elastomer (density = 0.99 g/cc,
refractive index = 1.41) without damaging the silicone-elastomer. After filling the channels,

their edges are much less visible, Fig. 4.1C-D.
Validation of actuator mechanics and transparency

Evaluation of channel displacements and forces. The vertical displacements of individual

channels were measured by an electric caliper (FunOwlet Tech. Co., Shenzhen, China),
while the inside pressure level was monitored simultaneously with a digital pressure
gauge (Tekcoplus Ltd, Kowloon, Hong Kong, China). The force-displacement
characteristics of the actuator at different pressurization states were compared with solid
substrates of known modulus. For this, an electro-mechanical motion controller and load
sled with two stereo cameras was used for delivering the actuator to an individual’s index
finger pad at a rate of 1.75 mm/s and indentation depth of 2 mm [51], [115], [116]. During
indentation, contact force was measured by the load cell at 150 Hz with a resolution of
+0.05 N (LCFD-5, Omegadyne, Sunbury, OH, USA).

Evaluation of actuator transparency. First, a rigid cylinder’s surface (radius 10.7 mm) was

imaged through both the actuator and a transparent, solid stimulus to calculate the spatial
variation from the ideal. After either was indented into the object, a disparity-mapping
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algorithm was used to construct a 3-D point cloud representing the object’s surface
geometry [115]. The point cloud was generated by co-locating ink points applied on the
object’s surface (and later the finger pad) from the images captured by the left and right
cameras (Papalook PA150, Shenzhen Aoni Electronic Industry Co., Guangdong, China),
at 30 frames per second, with a maximum resolution of 1280 by 720 pixels. The
dimensionality of the point clouds was reduced by fitting the scatter points into vertically
stacked ellipses [51].

Validation of actuator with human-subjects

Participants. A total of five participants (mean age = 28, 3 males and 2 females) were
recruited. The experiments were approved by the local Institutional Review Board, and
informed consent was obtained from all participants. During the psychophysical

experiments, participants were blindfolded to eliminate visual cues.

Biomechanical experiments. The ability to image through the actuator was evaluated by

indenting the index finger to 2 mm with channels filled by air or PG fluid, then using the
disparity-mapping method to generate a point cloud data for comparison. Then, we
reconfigured the actuator to three states at which the force-displacement characteristics
are equivalent with solid substrates of 33, 45, and 75 kPa compliances. As well, we
imaged through the transparent, solid substrates. Furthermore, we extracted four
previously defined cues (contact area, curvature, eccentricity, and force) that describe the
skin deformation profile at each actuation state, for comparison with the solid substrates
[39], [51].

Psychophysical experiments. We evaluated the discriminability of pairwise configurations

of the actuator, at simulated compliances of 33, 45 and 75 kPa. A configured actuator
was indented to the participant’s index finger at a rate of 1.75 mm/s and depth of 2 mm,
with a 2 sec interval between the pair. Each pairwise comparison was delivered five times,
and the order of the pairs was randomized. Participants reported which of the pair was
more compliant, first or second. In total, there were 150 indentations, consisting of the 2
in a pair, 3 comparison pairs, 5 repetitions and 5 participants. The average time per
participant to complete the experiment was 30 min, with a 10 min break.
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Figure 4.1. Actuator design and fabrication. The multi-channel actuator is comprised of two molded PDMS layers
assembled to create four individually addressable discrete activation channels. (A)-left shows the aluminum mold with
two different channel width patterns. The exploded view of (A)-right and cross-section of (B) reveal the channel
assembly structure. The molded upper (1) contains 0.5 mm thick by 1.25 mm wide concentric surfaces. These connect
by vertical vias to input channels in the molded PDMS lower (2), into which & 1.5 mm tubing (3) is inserted for interfacing
with the fluidic control system. The actuator then mounts to a borosilicate glass disc (4) and is filled with hydraulic fluid
(5). (C) Top view of the assembled actuator showing the near transparency of the filled fluid channels. (D) The actuator
on top of text when the channels filled with air (left) and silicone oil (right).

Results

Results of actuator mechanical performance

The dual-ended channel design allows for hydraulic priming and independent actuation
with no fluidic interference between channels, Fig 4.2A. The vertical displacement of each
channel across pressurization levels is measured in Fig 4.2B. Channel 1 produces the
largest displacement of 1.2 mm, while channels 2-4 reach displacement of 0.98 mm
without over-pressurization. Also, contact force was measured during indentation into the
finger pad when the actuator was filled by PG fluid at 0 kPa fluid pressurization (Fig 4.2C)
and at 6.9 kPa (Fig 4.2D). The results indicate the actuator can replicate force-
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displacement characteristics of 33, 45, and 75 kPa solid substrates, by filling channels 1-
4 to 0 kPa, channels 1-2 to 6.9 kPa, and channels 1-3 to 6.9 kPa, respectively. Without
pressurizing the channels, bulk forces between 0.47 and 0.56 N can be achieved, and
when the channels are pressurized at 6.9 kPa, forces between 0.76 to 0.94 N can be
achieved.

Results of actuator imaging transparency

The quality of imaging through the actuator was evaluated by spatial variability when
indented into a cylindrical surface, Fig 4.3A-C. Measurements of the cylindrical surface
obtained upon indentation of the solid substrate at 0, 1.0, and 2.0 mm, exhibit mean
square error of 0.0031, 0.0026 and 0.0068 mm, respectively. Comparatively, the filled
actuator exhibits higher variability, but still retains low error of 0.0072, 0.0076 and 0.0058
mm. Overall, these results indicate low variability for the filled actuator at indentation
depths less than 2 mm.

Results of biomechanical human-subjects experiments

The actuator was indented into the index finger pad at an angle of 30 degrees relative to
the finger axis. When filled with air (Fig 4.3D), the observed point clouds are largely
scattered due to noise caused by visible channel edges, rendering them unusable (Fig
4.3E). In contrast, when filled with PG fluid, channel edge refractions are much less visible
and afford a dense and solid point cloud, Fig 4.3F-G. Fig 4.4A-B shows point clouds
generated by 33 and 74 kPa solid substrates and equivalent configurations of the actuator.
Nominally, the solid substrates contain a greater number of continuous points than the
actuator. From this data, skin cues are generated including contact area, curvature,
eccentricity and force. Fig 4.4C-F presents the cues at 0.5 mm increments up to the
terminal indentation depth of 2 mm. Comparing the solid substrates and actuator, the
growth of the cues is not statistically different (t-test, p > 0.7). The cues are however
distinct between plots at differing modulus levels as seen when comparing stimuli plots
of 33 and 75 kPa. Indeed, it appears that the imaging variance observed in the raw point
cloud is less significant once its dimensionality is reduced into skin cues. These results
indicate that the actuator simulates similar patterns of skin deformation as the solid
substrates.
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Results of psychophysical human-subjects experiments

Prior work has found the change rate of contact area of finger pad skin to be highly
correlated with our perception of compliance [39]. We compared the change rate of
contact area between simulated actuator pairs and evaluate their perceptual
discriminability. We created three actuated states to mimic solid substrates with moduli
of 33, 45 and 75 kPa. First, we calculated the change rate of contact area by finding the
median value from a sequence of change rates at a 0.1 s time interval, Fig 4.5A. When
the actuator is more compliant by filling channels 1-4 to 0 kPa, the change rate of contact
area (53 mm?/s) is higher than when channels 1-2 or 1-3 are pressurized to 6.9 kPa (47
and 45 mm?/s, respectively). Second, from these actuation states, three pairs are formed
(45/75, 33/45 and 33/75 kPa) which mimic equivalent solid substrates. The change rate
of contact area for each pair is compared in Fig 4.5B, where it is not significantly different
between the 45 and 75 kPa pair (p > 0.05) but is statistically different between the 33/45
and 33/75 kPa pairs (p < 0.001). Third, these distinctions align with psychophysical results
in Fig 4.5C, where the participants were not able to perceptually discriminate the 45/75
kPa pair, whereas the 33/75 kPa pair is clearly discriminable, and 33/45 kPa pair is at the
75% threshold.
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Figure 4.2. Mechanical characterization at fluid pressure and channel selection states. (A) Actuator surface
displacement when the channels are filled and pressured with PG fluid until the maximum height is reached, before
perceived risk of rupture. The channel pressure is assessed by a digital pressure gauge, at a resolution of 0.01 kPa
and response time of 0.5 s, and the channel height every 0.69 kPa (0.1 psi). (B) The relationship between input fluid
pressure and surface height, per channel. (C) The force-displacement characteristics of the actuator are evaluated by
indentation into the index finger pad at 1.75 mm/s velocity and 2 mm displacement. The contact force generated by
filling the channel(s) without actuation is shown in (C), while in (D) the channels are pressurized to 6.9 kPa after being
filled. These measurements are compared to those from solid substrates with known modulus (10-184 kPa).
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Figure 4.3. Validation of actuator transparency. A 3D imaging system maps surface displacements of a cylinder and
index finger pad through actuator. (A) Left image of the actuator filled with PG fluid and indented into the cylinder (radius
10.7 mm). (B) Surface curvature measurements obtained upon indentation by the 45 kPa solid substrate to 0, 1, and
2 mm, exhibit mean square error of 0.0031, 0.0026 and 0.0068 mm, respectively. (C) In comparison, the filled actuator
exhibits higher variability, but retains low error of 0.0072, 0.0076 and 0.0058 mm. (D) Right image of the actuator filled
with ambient pressure air and indented into an index finger pad at angle of 30 degrees, where (E) a solid point cloud
cannot be formed due to visible channel boundaries. (F) Right image of the actuator filled with PG fluid, which
qualitatively improves visibility of the underlying finger pad surface, with (G) a dense 3D point cloud showing the
beneficial effect of PG fluid as a channel filler. Further quantification is performed in Fig 4.4.
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Figure 4.4. Patterns of skin deformation generated by indentation of the actuator and equivalent solid
substrates into the index finger pad. (A) 3-D point clouds of skin surface deformation upon indentation with a 33 kPa
solid substrate and actuator with channels 1-4 filled to 0 kPa. (B) 3D point clouds for the 75 kPa case, showing a
flattening of the finger pad. (C-F) Skin deformation cues of contact area, curvature, eccentricity, and force indicate the
actuator and solid substrates produce similar biomechanical results within a plot. Yet these cues are distinct between
plots, i.e., at differing modulus levels, e.g., in comparing between 33 and 75 kPa cases.
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Figure 4.5. Skin deformation cues tied to psychophysical discrimination of actuator pair configurations. Three
actuation states are created, equivalent to solid substrates of 33, 45, and 75 kPa modulus, which lead to median change
rate of contact area values of 53, 47 and 45 mm?/s. (A) The steps in calculating change rate of contact area from
discrete 0.1 s observation points. (B) Change rates of contact area for three actuator pairs for all participants
aggregated. (C) Psychophysical performance in the discrimination task.

Discussion

Soft and compliant actuators under development may soon afford interactions such as
touching the hand of another or of tissue in surgery. Though prior works can program
states of compliance to regulate contact area and penetration depth, few can directly
assess the deformation of the skin surface during actuation. This limits the evaluation of
their performance to perceptual judgements. Herein, we developed a transparent,
reconfigurable, multi-channel soft actuator through which the deformation of the skin
surface can be optically interrogated. This advantage affords a testbed capability to
control and replay cutaneous cues that may correlate with our percept of compliance.
Moreover, the actuator achieves a greater dynamic range of surface displacement and

contact force compared to other transparent soft actuators.

Prior programmable devices have altered percepts of compliance by varying magnitudes
of external force over the spatial extent of the skin surface [23], [114]. Compared to
devices that optimize the positioning of rigid surfaces [95]-[98], [117], the aforementioned
actuators with compliant and conformable surfaces conform to the shape of the finger
and its geometry, and onset less abruptly at forces of millinewtons. Most soft actuators
are not transparent, however, and those which have been limited in their deliverable force
range. To successfully perceive compliance, forces at the index finger should span a

dynamic range of about 33 to 1480 mN [118], [119]. In comparison, transparent actuators
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generate forces of 255-300 mN and displacements of 500-600 um [24], [32]. Although not
used in with imaging, Frediani et al. used pneumatic and electrical actuation of an
elastomer chamber to achieve forces of 1 N and displacements of 3.5 mm [23], [103]. In
comparison, the actuator described herein provides contact forces of 1 N and vertical
displacements of 1.2 mm. Unlike such prior devices with a single actuation chamber, the
actuator herein affords four programmable channels to modulate the force and spatial
extent of the skin surface, where each channel can be pressurized independently. To fully
decipher the cutaneous cues that drive perception, we need to be able to control and
replay, not just observe, the skin’s surface deformation while concurrently evaluating a
person’s perceptual response. The optical transparency of the actuator herein provides
the capability to directly observe such dynamics at various configurations of compliance.
We demonstrate its configuration to three states of compliance, derived from direct
observations of skin cues, which leads to perceptual discrimination spanning chance
performance, the 75% threshold, and near 100% performance. Additional work is needed
to define the optimal density, dimensions, and geometric patterning of the channels to
best reproduce cutaneous cues tied to contact area and force that we observe with solid
substrates [4]-[6], [39], [51], [55], [116]. Another next step is to dynamically actuate the
channels while in contact with the skin surface to afford active touch, and understand how

fast the skin needs to move with dynamically changing stimuli and human interactions.
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Overall conclusions and future work

In this dissertation, we performed significant groundwork towards understanding the
correlations between skin deformation and tactile perception of material compliance. The
overall objective of this work was to encode and manipulate the optimal skin cues that
optimally drive distinct percepts of compliance across and within individuals. We sought
to address this goal by first deriving meaningful spatiotemporal cues to characterize skin
deformation through 3-D imaging techniques, coupled with biomechanical and
psychophysical experimentation for evaluating their associations with perceptual
responses. Then we investigated the factors of indentation velocity, depth and time
duration, and we found those factors are significantly influential in the evolvement of skin
deformation as well as in the perceptual discriminability. Second, we studied differences
in skin properties across individuals and found those differences influence individuals’
discrimination performance. We evaluated the relationships among skin properties
including finger size, stiffness and fingertip ridge breadth, and found that skin stiffness,
which was highly correlated with finger size, played a dominate role in driving perception
of compliance. We further decoupled the effects of finger stiffness and size on tactile
percepts by modulating the participants’ skin stiffness alone, and the results indicate that
an individual's discriminability can be largely improved by reducing skin stiffness.
Moreover, by using machine learning algorithms and statistical modeling, we discovered
two distinct groups within a cohort of young population, with differences in both skin
properties and perceptual discriminability. Consequently, predictive models were built to
anticipant people’s discrimination performance based on their skin properties. Finally, to
move from scientific theory to tangible practices, we designed a transparent hydraulic
actuator to modulate skin deformation that delivers distinct percepts of compliance. By
incorporating the actuator with the imaging system, we are able to directly access
visualization of contact surface during actuation. In doing so, we developed a close-loop
system that simultaneously generates tactile sensations with direct visual access of skin

dynamics.

There are two main perspectives which those insights developed in this dissertation can
benefit in. The first perspective is in haptic science. First, we can extend our findings from
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Aim 2 to active touch, to evaluate if we can modulate people’s tactile discriminability by
manipulating their finger properties. Second, by using the clear actuator designed in Aim
3 which provides direct visualization of contact surface, we can revisit existing results in
the literature about the way skin deforms and how it relates to human tactile perception.
We can improve the spatial and temporal resolution of the actuator using more precise
printing and molding technologies, which can afford a wider range of reconfigurations of
surface pattern. With more controlled skin deformation, we can directly validate the
usefulness of skin cues and also generate naturalistic and effective tactile sensations.
Furthermore, as currently we evaluate the actuator’s performance in static states due to
the limitation of imaging capability, we can design the experiment in a dynamic manner
by breaking up the time duration of contact into discrete time intervals so that we can
access the information about intermediate changes throughout indentation. Moreover, we
can introduce dynamic control of the actuator by incorporating it with a syringe pumping
system in which each channel can be activated with controlled speed and magnitude. In
doing so, we can directly manipulate the change rate of skin cues, i.e., contact area and
eccentricity change rates, to stimulate distinct perceptions. The second perspective is in
haptic engineering. First, the clear actuator paved a way of developing close-loop
systems for tactile devices. Since most of the haptic devices do not have access of
information about skin deformation during interaction, they cannot test and evaluate the
input and output of the system. On the other hand, the clear actuator provides the
capability of evaluating the input, which is the generated skin deformation cues, as well
as the output of the system, which is the psychophysical responses. Additionally, for the
community in human-computer interface (HCI), we can design new patterns that use

predictive models we developed in Aim 2 to optimize user experiences.
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