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Current tactile graphics primarily render tactile information for blind users through physical features, such as
raised bumps or lines. However, the variety of distinctive physical features that can be created is effectively
saturated, and alternatives to these physical features are not currently available for static tactile aids. Here, we
explored the use of chemical modification through self-assembled thin films to generate distinctive textures
in tactile aids. We used two silane precursors, n-butylaminopropyltrimethoxysilane and n-pentyltrichlorosilane,
to coat playing card surfaces and investigated their efficacy as a tactile coating. We verified the surface
coating process and examined their durability to repeated use by traditional materials characterization and
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custom mesoscale friction testing. Finally, we asked participants who were both congenitally blind and
braille-literate to sort the cards based on touch. We found that participants were able to identify the correct
coated card with 82% accuracy, which was significantly above chance, and two participants achieved 100%
accuracy. This success with study participants demonstrates that surface coatings and surface modifications
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Introduction

For people who are severely visually impaired or blind, touch
serves as a critical means to obtain spatial data through acces-
sible tactile aids and graphics." Traditionally, tactile graphics
have relied on mechanical textures, like raised bumps, lines, or
other physical structures to generate tactile stimuli.>™* However,
current tactile graphics are not as information-dense as visual
graphics.” This is partly because the maximum number of
distinctive physical textures that are simultaneously interpreta-
ble is five,® after which, additional variety in physical labels and
textures can overwhelm the user.” The difference of information
density between visual cues and tactile aids contributes to the
discrepancies in access, independence, experiences, education,
and gainful employment that exist for people who are blind.*™*°
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might augment or complement physical textures in next-generation tactile aids.

When exploring a tactile aid, tactile stimuli originate from
the friction and adhesion forces generated at the finger-object
interface.'>'* To modulate friction, tactile aids traditionally use
physical features like bumps or lines. However, friction can also
be modified by surface chemistry."® Here, we explored the use
of different surface coatings to generate tactile stimuli as an
alternative to physical features. We used silane surface coatings
to mark the color of playing cards and evaluated the coatings’
ability to generate identifiable surface textures on realistic,
perceptibly rough surfaces (overview in Fig. 1). Participants
who were both congenitally blind and braille-literate were
provided playing cards with different silane coatings applied
to the black-suited and red-suited cards, and were tasked to
identify which was the black card. Participants were able to
successfully identify these coated cards, thus establishing that

Identifiable by users

who are blind V4
“

C5 C4-APTMS

Fig. 1 Playing cards were coated with two different silane precursors, n-
pentyltrichlorosilane (C5) and n-butylaminopropyltrimethoxysilane (C4-
APTMS). Participants who were blind and braille-literate successfully
identified the coated cards by touch alone.

This journal is © The Royal Society of Chemistry 2024
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surface chemistry modification can provide sufficiently salient
tactile cues against a physically rough background in
assistive aids.

Background

Over four million people are severely visually impaired or blind
in the United States, with the prevalence expected to increase to
nine million by 2050."* People who have limited vision depend
on tactile display of information as an alternative to visual
graphics in obtaining spatial data and other non-textual
information."® Tactile graphics convert visual cues into a
physical diagram with elements designed to be interpreted by
touch,'® and traditionally convey information through raised
bumps, lines, shapes, and braille notation. This tactile infor-
mation is gathered by fine touch when a finger encounters the
mechanical textures present on the surface."”° These physical
features provide abrupt changes in adhesion and friction which
give rise to distinct tactile percepts.'>*!

While tactile aids are widely used, a critical limitation is
information density.”> Simply increasing the amount of physi-
cal shapes in a given area can often lead to “tactile clutter,”
complicating interpretation of the content.” This hinders com-
plexity and throughput of tactile information as compared to
visual graphics. Indeed, current rates of information transmis-
sion by tactile cues are much worse than visual all-at-once
information gathering and context.* This fundamental discre-
pancy in quality between tactile and visual information pre-
sents an accessibility issue for people who are visually impaired
or blind.*?

Individuals who are visually impaired or blind may experi-
ence increased tactile acuity from greater reliance on their
sense of touch,> however, touch provides less spatial resolu-
tion than vision, owing to the inherent low-pass filtering of
cutaneous processing.”> Coupled with a substantially more
restrictive field of view, detail and spatial context are more
difficultly conveyed by touch.” These factors both contribute to
a significantly decreased bandwidth of information gathering
and processing, as compared to visual cues. Lederman et al.
showed that certain material properties are both discriminable
by touch and processed in parallel with shaped physical dis-
continuities on a surface.?® Furthermore, the use of chemical
features alone is demonstrated to give rise to distinct tactile
percepts obtained during touch.'™*”?® As chemical features
were first demonstrated to be discriminable on perceptibly
smooth surfaces to eliminate any physical contribution,”” it is
important to next determine whether these features are dis-
criminable on perceptibly rough surfaces which may be used in
application of this finding.

Recent advances in materials science or engineering
approaches have significantly improved functionality in modern
tactile displays,'® but have not yet overcome the fundamental
limitation of tactile clutter. Most recent progress includes pow-
ered, dynamic devices as a new form of tactile aid. Refreshable
braille displays, or modern electroactive and stimuli responsive
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polymers, use electromagnetics or electroactive polymers to drive
a physical pin up or down.>® Ren et al. developed an actuator
using an electrostrictive terpolymer that provides better perfor-
mance than conventional piezoceramics.?® Frediani et al. lever-
aged advancements in dielectric elastomers to prototype a braille
cell for refreshable, thin displays.>' Torras et al. have utilized
composites of carbon nanotubes in a liquid crystal elastomer
matrix to create wireless opto-mechanical actuators for tactile
displays through thermomechanical actuation.** In addition to
mechanical actuation, haptic devices, not necessarily implemen-
ted as tactile aids, have resulted in a variety of tactile actuation,
like electrical, vibrational, and pneumatic.’® However, Race et al.
underscore that these technologies pose a prohibitive expense
and lack the resolution to recreate spatial data as compared to
even current static tactile graphics. Likewise, conventional tech-
nologies like piezoceramic bimorph actuators are often too
costly and too bulky for widespread adoption.>® One of the most
limiting factors for information density is that these dynamic
devices do not provide a fundamental difference in the number
of categories displayed than either their conventional form or a
traditional static tactile graphic, they are just refreshable.

As an alternative to generating tactile stimuli by bulk
physical features, we instead investigated how we might modify
the stimuli received from a tactile aid by controlling friction
through surface chemistry. From a mechanical perspective, fine
touch and tactile sensations originate from the frictional and
adhesive forces between the finger and object interface."* In
applications outside of human touch, friction is well-known to
be modified by surface chemistry."® A material surface may be
considered perceptibly rough when its surface features are
greater than ~13 nm, as reported by Skedung et al** Prior
work has established that molecular-scale effects on perceptibly
smooth surfaces, i.e. with no surface features above this size
limit, are known to influence mesoscale adhesion and friction
in fine touch.'?”?%3%3¢ [n particular, work by Nolin et al.
showed that silane coatings can provide distinctive tactile feedback
on pristine, perceptibly smooth silicon wafers based on their
surface chemistry.”” When investigating the use of n-butylamino-
propyltrimethoxysilane (C4-APTMS) and n-pentyltrichlorosilane
(C5), they found that the C4-APTMS coating maintained similar
physical properties as compared to the C5 coating, despite the
effect of the amine functional group on the coating’s ordering and
surface energy. This ordering transition has been well-established
in nanoscale atomic force microscopy (AFM) to change
friction.”*® This prior work establishes that surface chemistry is
able to generate discriminable tactile perceptions on pristine,
perceptibly smooth surfaces strictly below a ~13 nm physical
roughness limit. It also suggests silane coatings as well-controlled
pilot materials for tactile discriminability studies. However, prior
works leave unanswered whether surfaces that do contain physical
roughness, which is characteristic of everyday objects, can be
identified by surface chemistry. This open question will be
explored in this work to narrow the existing knowledge gap in
the literature for effective translation of modern tactile research.

Determining whether two materials will feel different from
their chemical structure alone is not yet possible. This difficulty
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arises from complication in modeling friction, which is a
dynamic process, and the unsuitability of organizing materials
by their friction coefficient, which is widely used as a material
property despite being a dynamic property.'**°~** Works from
Lio et al. and Barrena et al. have offered connections from
differences in the bend and tilt of chains, as produced by
molecular ordering and packing density, to alterations in
friction at the surface.*>*® They find these molecular-scale
effects to influence the material’s relative efficiency to store
or dissipate the energy introduced by frictional contact. Finally,
material properties are also known to be simultaneously pro-
cessed by fine touch across fingers in parallel with the physical
features present on a surface,>® though no predictive model yet
exists. Together, the prior work suggests a possible additional
mode of materials design to that of purely physically featured
tactile aids. However, investigation of surface chemistry mod-
ification as a method to deliver distinct tactile cues as a
functional accessibility aid has not yet been explored.

Here, we investigated whether the effects of surface chem-
istry on friction and adhesion can be leveraged over perceptibly
rough surfaces representative of everyday objects to provide
distinct tactile cues in order to identify surfaces by touch. To do
this, we used silane surface coatings to establish that surface
modification can help accessibly interpret information from a
functional tactile aid. Given our prior work on pristine, per-
ceptibly smooth surfaces, we used playing cards to represent
commonly recognizable everyday objects that can be explored
by participants in a manner that reflects everyday usage, allow-
ing us to effectively assess the coatings’ utility in application.
Unlike silicon wafers, everyday objects have perceptible surface
roughness which may or may not obscure differences in touch
from surface chemistry, leaving a gap for effective translation of
fundamental tactile research to modern accessibility aids, as
addressed in this work.

Experimental methods and rationale
Materials system

Silanes were chosen as materials here given that they are
commercially available and are comparatively rapid and con-
sistent to coat samples in the numbers needed for human
testing. Upon vapor-phase deposition, silanes can form mono-
layers on surfaces.*®*" In silanes, the comparatively constant
“head” group forms a covalent bond to the surface and the
“tail” portion of the silane consists of the desired functional
group. This process allows for well-controlled monolayers to
form on pristine surfaces, although Oyola-Reynoso et al. sug-
gest that a step-growth polymerization of particles can occur
over regions of the surface with adsorbed water present in
cellulose-based substrates.*> While important to control for
uniformly flat surfaces, the presence of discrete polymerized
regions across the surface coating is less of a concern here, as
our goals are to use rapid fabrication methods to generate
distinctive tactile feedback of everyday surfaces, i.e., surfaces
that are already perceptibly rough. As such, vapor-phase
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deposition of silane precursors was utilized in this work as a
scalable coating method, with note and characterization of
potential polymerized aggregate regions relative to the limit
of human tactile perception (~13 nm).** Here, n-butylamino-
propyltrimethoxysilane (C4-APTMS) and n-pentyltrichlorosilane
(C5) were chosen as candidate materials for vapor-phase
deposition. The amine functional groups in the C4-APTMS
coating increase its surface energy as well as intermolecular
interactions by hydrogen bonding to produce a more ordered
surface coating than alkylsilanes.*® This ordering of C4-APTMS
provides less modes of energy dissipation, which leads to a
reduction in friction,®® despite maintaining similar physical
properties.?”

Three types of playing cards were first purchased as trial
substrates to consider for this study: MaxiAids braille playing
cards, VSONE plastic braille playing cards, and Maverick jumbo
index playing cards. The Maverick jumbo index playing cards
were most consistent in forming surface coatings out of the
three brands for vapor deposition of the silane and were
selected for use throughout this study. A mechanistic or
chemical origin for the improved performance of the Maverick
cards is not possible due to proprietary formulation used, but it
is likely related to the availability of reactive sites on the card
surface after UV-ozone (UV-O;) treatment for the silanization
process. Only numeric cards were used in order to control for
potential effects of extensive and varying pigmentation across
the surface of face cards.

Sample preparation

The two silanes used in this study were purchased from Gelest
at 95-100% purity and were used as-received. The playing cards
(Maverick, United States Playing Card Company) were prepared
by first subjecting them to UV-O; treatment for 15 minutes
(PSD Series Digital UV Ozone System at 185 nm and 254 nm,
Novascan). The cards were then transferred into vacuum desic-
cators and at least 50 pL of the respective silane (C4-APTMS for
black-suited cards, and C5 for red-suited cards) deposited on a
glass microscope slide. Separate desiccators were used for each
silane to avoid material cross-contamination. Desiccators were
then held under vacuum for 4 hours at room temperature
before removing the samples.

Friction characterization and mock finger fabrication

We used a mechanical testing system similar to that first
established by Carpenter et al.’"'**”*® to simulate and record
macroscopic frictional forces encountered when a finger slides
across the card surface. Although surfaces are commonly
characterized through atomic force microscopy, human fingers
are an example of mesoscale sliding and have added influence
from the elasticity of the finger. In our setup, a polydimethylsi-
loxane (PDMS) mock finger is slid to generate frictional forces
while in contact with the surface. Although the human finger
appears rounded, in a sliding mode, the human finger is nearly
constant in contact area even at very low pressures, as evi-
denced by comparatively constant-width residues in real
humans, which is why a rectangular geometry was chosen to

This journal is © The Royal Society of Chemistry 2024
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reflect a load-independent apparent contact area, as we have
done previously.">**** To fabricate the mock finger, PDMS
(Dow Sylgard 184) was prepared in a 30:1 base to crosslinker
ratio, which has an elastic modulus of ~100 kPa to match the
elastic modulus of a human finger. The liquid mixture was then
molded into a 5 cm x 1 cm x 1 cm rectangular prism
surrounding a 3D-printed acrylic “bone” to approximate the
multilayer contributions of the soft tissue and the distal
phalange. The mock finger is slid at several combinations of
applied mass (M = 0-100 g, added to the deadweight of the
finger) and velocity (v = 5-45 mm s~ ') to mimic friction
experienced during human exploration. Detailed selection of
mock finger geometry and properties as a model of the human
finger and contact geometry was justified in our prior work.'*>®

The finger was connected to a motorized stage (V-508 PIMag
Precision Linear Stage, Physikinstrumente) by a Futek 250 g
LSB force sensor (k = 48.2 kN m™", peak-to-peak noise of 0.1
mN) sampling at 550 Hz (Keithley 7510 DMM) to record traces
of the frictional forces which the mock finger encountered
while sliding across the surface. This sampling rate is similar
to mechanoreceptor frequency.”” During testing, the mock
finger was first lowered at an angle until 1 cm x 1 cm square
contact was made with the surface at the tip of the finger while
the loading condition of mass, M, was applied. The force sensor
was baselined to zero force. The finger was then pulled at a
constant velocity, v, for 4 mm horizontally across the surface.
Three subsequent pulls of the same mass, speed, and distance
were then completed without separating the finger from the
surface and were taken as data representative of the applied
condition set. The first pull was not considered during testing
due to the high likelihood of residual stresses or extraneous
pressure simply present from setup with vertical initial contact
and loading of applied mass M, as compared to the tangential
stresses experienced during a sliding event. After the fourth
pull was collected, the finger was lifted vertically off of the
surface. This sequence was then repeated over two additional
regions of the surface, to gather a total of nine representative
friction traces for each testing condition (for a given M and v).
This was then repeated for 16 combinations of M and v and
performed on each of the two material surfaces.

Surface characterization

Successful deposition of silane coatings, coating integrity, and
impact of repeated use were verified through four standard
surface characterization techniques.

Contact angle hysteresis. A Kruss DSA14 srop shape analysis
system goniometer was used to capture both advancing and
receding water contact angles on sample surfaces. The advan-
cing angle was captured by using a 30 pm tip syringe and
micromanipulator to apply a ~2 pL droplet of DI water onto
the sample until the drop visibly expanded on the surface. An
image of the droplet was recorded for measurement of the
advancing contact angle, and the droplet was subsequently
retracted by the syringe until the drop visibly reduced on the
surface. A second image was recorded as the receding contact
angle. Five droplets were dispensed and their angles captured
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for each surface. The angle of each droplet at the surface was
then measured by an automatic circle fit using Image] image
processing software. Average advancing and receding angles
were calculated and reported for each sample. The difference of
values calculated for the individual droplets’ advancing and
receding angles was taken. The standard deviation of these
differences is also reported for each sample.

Atomic force microscopy (AFM). Surface roughness and
topological characterization of the card and applied surface
coatings was performed using a Bruker Multimode AFM.
1 cm x 1 cm samples were analyzed by tapping mode scans
over a5 um x 5 pm area at a rate of 1 Hz and drive frequency of
120 kHz. The profiles were then analyzed using Gwyddion
software.

X-ray photoelectric spectroscopy (XPS). Elemental analysis of
several card surfaces was performed via XPS of 1 cm X 1 cm
samples. Spectra of the samples were gathered using a Thermo
Scientific K-Alpha XPS system. The data were then analyzed
using Thermo Scientific Avantage Data System software.

Fourier transform infrared spectroscopy (FTIR). 1 cm X 1 cm
cutouts of card samples were used for Fourier transform
infrared (FTIR) spectroscopy. All measurements were con-
ducted on a PerkinElmer spectrum 100 FTIR spectrometer.
Three measurements were taken of each sample to confirm
whether the coating was homogeneous. To prevent cross-
contamination, the probe was cleaned with ethanol prior to
measurement of each sample. FTIR spectra were recorded from
4000 cm ™' to 600 cm ™.

Human participants testing
Selection of blind and braille-literate participants

To determine the tactile discriminability of the two surfaces,
human psychophysical testing was conducted with approval
from the Institutional Review Board of the University of Dela-
ware (Project #1773529) and thus in compliance with the
Declaration of Helsinki. All participants gave informed consent
to participate in the study. Training and evaluation via human
participant testing was necessary for this work in order to
provide empirical data assessing the materials’ efficacy as tactile
aids.*® As we intended the materials and approach to be used in
tactile aids for people who are severely visually impaired or
blind, we selected for participants who were congenitally blind
and braille-literate. While “blindness” is categorized as a single
condition from a medical definition, it is itself a symptomatic
reduction of conditions,*”*® and the etiology is highly variable -
from congenital to acquired, whether caused by brain injury or
injury to the eye. Thus, a higher degree of variability is expected
from participants who are blind as it is likely for participants to
have different experiences, or even different perceptive
processing.*®>* To lower variability of participant experience,
we selected for only congenitally blind participants. We also
further selected for participants who were braille-literate to
ensure that participants had a baseline tactile experience of
interpreting information from their sense of touch.

J. Mater. Chem. B, 2024,12,10068-10081 | 10071
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Human participants were also tested in order to study the
impact of repeated use, and potential wear or fouling, of the
silane coatings. Vision capacity was not a selection criterion for
the study on repeated use, as its primary objective was as an
investigation into the response of the coatings to repeated
frictional sliding contact of human fingers. Participants of both
studies were compensated $20.

Task design

All study participants were first blindfolded to ensure consis-
tency across physical and visual condition experienced during
testing because it is possible for participants who are congeni-
tally blind to have some residual visual cues of varying
resolution.” After blindfolding, participants began an intro-
ductory familiarization stage, where they were given several
freshly coated examples of “type A” (black/C4-APTMS) and
“type B” (red/C5) cards. During this familiarization stage,
participants were told the identity of the cards and were
allowed to familiarize themselves with how the cards felt by
freely exploring both types of cards without any time restriction
or prescribed motions.

After familiarization, participants completed a training
phase where they performed a two-alternative forced choice
(2-AFC) task to determine card identity by touch, with feedback
on whether the card they selected was correct. For each trial,
participants were presented with one identified as “type A”
(black/C4-ATMS) card and one “type B” (red/C5) card side-by-
side, with their position to the participant’s left or right
randomized across trials. Participants were asked to identify
which card was “type A” by freely exploring both cards by
touch. After each trial, the participant was informed whether
their selection was correct or incorrect before proceeding to the
next trial. Running performance accuracy was calculated after
the sixth trial, after which subsequent trials were performed
until accuracy over the last six trials exceeded 66%. In principle,
this training phase was capped at a maximum of twenty-five
trials, after which the participant would move on to the testing
phase even if they had not met the training accuracy threshold.
However, all participants in the discriminability study exceeded
66% training accuracy prior to reaching the trial cap. Finally, in
the testing phase of the study, participants performed 10 trials
of the same 2-AFC task, without feedback.

Wear and durability
Wear via human participants

Additional human psychophysical testing was conducted to
experimentally assess the durability of the silane surface coat-
ings to physical wear. Sighted participants were blindfolded
and completed the same familiarization, training, and testing
phases as described above for coating discriminability.
However, in this study, the testing phase was done using the
same set of coated cards for all participants instead of fresh
cards. That is, the first participant for durability testing was
provided a freshly coated set of cards for their task, but the
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second participant was provided that same set of cards for their
task after having already been used for 10 trails by the first
participant. The third participant then used the cards after
having been subjected to 20 trials, and the fourth after a total of
30 previous trials. Mechanical friction characterization, AFM,
and FTIR samples of reliably worn surface areas were created by
subjecting a prescribed area of a coated card to ten cycles of
human finger frictional sliding contact.

Wear via mock finger for mechanical characterization

Separate samples of each coating were subjected to wear by
either a real human finger or by the mock finger mechanical
setup. The latter was performed by sliding the mock finger
across the surface of the card for sixteen cycles. After the known
area of the card surface was subjected to wear, mechanical
friction characterization was then performed over the worn
area. The same method as above was performed for collecting
data of frictional traces, but it was performed for only a single
condition of mass and velocity which had been previously
deemed as having distinctive friction traces on fresh surfaces.

Results
Characterization of surface coatings

To coat the cards, the surfaces were first activated by UV-ozone
(UV-03) and then the silane precursor was deposited onto the
surface via through vacuum vapor-phase deposition, as described
in the Methods. Successful deposition of n-butylaminopropyl-
trimethoxysilane (C4-APTMS) and n-pentyltrichlorosilane (C5)
was confirmed through water contact angle, AFM, XPS, and FTIR
(Fig. 2). The contact angle measurements of each silanized sample
(Fig. 2a) followed a similar trend to a successful deposition on
silicon substrate.>”>> However, we do not expect an exact match in
contact angles between cards and silicon due to the inherent
roughness of the playing card surface. We observe a trend of
increased hydrophobicity through their water contact angle mea-
surements and hysteresis values (Table 1) from (62.6-74.4) £+ 5.9°
for the C4-APTMS card surface to (78.4-91.1) + 5.1° for the C5
card surface, as expected. This follows the same trend of increas-
ing hydrophobicity observed in pristine silicon samples from
(56.8-72.7) + 2.2° to (99.8-106.9) + 1.5° for pristine, perceptibly
smooth silicon wafer substrates silanized with C4-APTMS and C5,
respectively.”” The C4-APTMS sample has a similar surface energy
to that of the UV-Oj; treatment, but there exist notable differences
in their topography by AFM to evidence successful surface
coating.

AFM topographies (Fig. 2b) over 5 pm x 5 pm areas showed
a difference in surface features and their distribution across
each silane coating, as compared to the uncoated card which
was simply subjected to UV-O; treatment. Large aggregate
features in C4-APTMS, and smaller aggregates present in the
C5 sample at higher frequency, were seen to closely resemble
those previously reported by Oyola-Reynoso et al.** They found
that in cellulose substrates, such as those used in the present
study, the aggregates are more likely to form by utilizing

This journal is © The Royal Society of Chemistry 2024
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surfaces upon successful deposition (C4-APTMS and C5). (b) Height prof

iles of samples obtained by AFM. (c) FFT representation of AFM surface

topography to visualize ordering. (d) Relative intensity of XPS signal (see Table 1), with samples normalized to have equal oxygen peak intensities. (e) Data

obtained by FTIR of fresh examples of each sample.

Table 1 Surface coatings and properties

Chemical Roughness, Hurst Cls O1s N1s Si2p Ca2p S2p Cl2p
Sample structure Contact angle (°) R, (nm) exponent, H (%) (%) (%) (%) (%) (%) (%)
UV-ozone (UV-03) — (66.5-75.2) £ 5.6 3.71 0.51 77.8 12.7 6.6 — 1.6 0.7 0.6
n-Butylaminopropyltrimeth- ¢ ~_n.__ . o o o
oxysilane (C4-APTMS) H (62.6-74.4) £ 5.9 6.36 0.58 64.3 15.6 18.0 1.3
n-Pentyltrichlorosilane ' (784-91.1) £ 5.1 5.41 0.84 68.9 176 41 50 14 — 27

(C5)

adsorbed water within the cellulose substrate to enable a step-
growth polymerization over those regions. This reaction creates
a chain of siloxane bonds over water-rich regions, similar to
those binding the monolayered areas to the surface. These
aggregates are less frequently observed when depositing silanes
onto silicon substrates.”””>® However, this additional roughness
introduced by potentially polymerized non-monolayer regions
was not a cause of concern in the study here as the card
surfaces are already perceptibly rough,** and our focus was to
determine if everyday objects which are already perceptibly
rough could generate distinctive tactile feedback based on
surface coating with different chemistries. The fast Fourier
transform (FFT) of the topography (Fig. 2c) also quantifies
surface differences between C4-APTMS and C5 through evalua-
tion in the spatial frequency domain. The more diffuse signal
from the C5 sample demonstrates a difference in roughness
scaling behavior compared to C4-APTMS.”” The power spec-
trum density (PSD) can be utilized to quantify this difference in
surface features and spatial distribution of roughness.”® The
slope of the linear regime on a log(PSD) versus log(spatial
frequency) plot (see S1 in the ESIf) can be used to calculate
the Hurst exponent (H), a roughness scaling factor, as H =1 +
0.5 x (|slope|) which describes how the surface roughness
changes with scale.’>®® The Hurst exponent was higher for

This journal is © The Royal Society of Chemistry 2024

the C5 sample than for C4-APTMS (Table 1), indicating the C5
sample has greater changes in surface roughness upon scaling,
i.e. smoother features at smaller length scales. The lower Hurst
exponent for C4-APTMS indicates a more similar roughness at
all length scales. A high Hurst exponent has been correlated
with a more disordered surface due to the smoothing effect on
the surface at nano length scales, while a lower Hurst exponent
has been correlated with a more ordered layer as it maintains a
roughness similar to the underlying substrate, preserving a
more self-affine topography.”” In summary, C4-APTMS shows
visually larger feature sizes (polymerized aggregates) than C5,
and the higher H for C5 indicates larger differences in rough-
ness at nano length scales and a more molecularly disordered
layer compared to the C4-APTMS surface.

The XPS spectra (Fig. 2d) obtained from each sample were
normalized to have equal maximum signal intensity at their
oxygen 1s peaks (532 €V).°" The signal peaks produced at 400
and 285 eV were analyzed to verify the addition of silanes, as
they correspond to the binding energies of nitrogen and
carbon, respectively.®’ We saw that the C4-APTMS surface
coating contained an increase in nitrogen as compared to the
C5 (Table 1), but that the two had similar carbon signals. The
nitrogen signal strengths provided evidence of successful for-
mation of the C4-APTMS coating, due to the amine group
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introduced in its structure. However, while there are alkyl
groups present at the surface in both coatings, C4-APTMS
contains two additional carbons in its structure. Similar carbon
signal from both may suggest that the amine group of C4-
APTMS had attenuated signal from elements closer to the card
interface. Unlike typical substrates like silicon wafers, we saw
additional peaks in the UV-O; and C5 samples. Peaks in the UV-
O; and C5 samples at 349 and 439 eV indicated a presence of
calcium.®® This could be due to CaCO;, a commonly used
compound in white pigmentation,®® in the card. This peak,
however, was not present in the C4-APTMS signal, which may
be due to signal attenuation. The binding energy peaks which
were present in the C5 signal at 153 and 102 eV indicated
presence of silicon,®" which was expected from the silane-based
surface coatings.

In addition to XPS, we also utilized FTIR to confirm success-
ful silanization and surface coating formation. From the FTIR
results (Fig. 2e), we observed a sharp N-H stretch in the C4-
APTMS sample at 2950-2980 cm ™~ *.%3 This strong amine peak in
the C4-APTMS sample, but not in the UV-O; and C5 samples,
bolsters the XPS result for successful C4-APTMS surface coating
formation over the card surface. The C5 sample did present a
broader peak from 2840-3000 cm™',°* indicative of its alkyl
group. Finally, we also saw a strong and broad peak from 3200
to 3550 cm ™' in all samples. This is indicative of an O-H, which
may suggest adsorbed water.®> However, it may also indicate
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the presence of hydroxyl groups, which facilitate covalent
bonding of silanes to the surface.®® This may explain why the
chosen brand cards was more successful in achieving silaniza-
tion than the other brands of cards, which lacked this O-H
peak in their FTIR spectra (see S2 in ESIf), due to unknown
differences in their proprietary surface coating formulation.

Mechanical characterization with mesoscale sliding friction

Despite our surface characterization, there is no single material
property or parameter which can predict whether humans can
distinguish surfaces based on chemical structure. Adding to
this difficulty, mesoscale friction forces are well-known to
depend on the applied load and sliding velocity,’” both of
which vary during free exploration by humans. To confirm that
these surfaces are likely to be useful as a tactile aid prior to
testing with humans, and to quantitatively investigate the
effects of wear in later sections, we performed mesoscale
mechanical friction tests. Following a previously established
protocol,'*® we performed mechanical friction testing on the
cards using a “mock finger” made from PDMS. (Fig. 3a, with
further details and justification in the methods). The PDMS was
then surface oxidized using long-term exposure to UV-O; to
ensure a non-sticky surface, and several of the physiochemical
and geometric properties of the mock finger were selected to
model the human finger.'>*”*® The mock finger was weighed
and found to be 5.2 g, and was then slid at several different
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Fig. 3 Mechanical characterization of card coatings by friction. (a) Schematic of testing apparatus which measures friction forces from a force sensor,
with spring constant k, of a mock finger as it slides across cards at different combinations of sliding velocity, v, as set by a linear actuator and applied mass,
M. Zero applied mass implies no added mass apart from the deadweight of mock finger (5.2 g). (b) Representative friction force traces of a mock finger
sliding on a card coated with C5 or C4-APTMS at one combination of M and v which did not result in “discriminable” force traces, as quantified by the
skew of the cross-correlation. (c) FFT of the friction traces in panel b which were not deemed “discriminable.” (d) “Discriminability matrix” which shows
combinations of M and v where C5 and C4-APTMS feel distinctive from one another and were deemed “discriminable,” as quantified by the skew of the
cross-correlation. (e) Representative friction force traces of a mock finger sliding on a card coated with C5 or C4-APTMS at a combination of M and v
which resulted in “discriminable” force traces, as quantified by the skew of the cross-correlation. (f) FFT of the friction traces in panel b which were

deemed “discriminable.”
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velocities (5, 10, 25, 45 mm s~ ') and applied loads (0, 25, 75,
100 g in addition to the deadweight of the mock finger) to
mimic the range of human exploration.””

Representative friction traces from mechanical testing of
each surface for different mass, M, and velocity, v, conditions
are shown in Fig. 3c and d. The friction traces shown in Fig. 3c
were obtained at a condition (v =10 mm s~ ', M = 100 g) found
to produce similar traces. Here, similarity is quantified by
cross-correlating the vectors and computing the differences in
their skews. Fig. 3d shows friction traces of each surface at a
condition which was deemed “‘discriminable,” having a greater
difference in skew. We observe mechanical features such as
singular stiction spikes at the onset of sliding (C5) and dam-
pening slow frictional waves (Fig. 3c), which occur for longer
periods throughout a trace.®”®® These are examples of mechan-
ical instabilities which arise from the competition between
elasticity and adhesion.”® On the same surfaces, but at a
different combination of M and v, Fig. 3d shows a condition
(v=10 mm s~ ', M =25 g) where the two surfaces lead to friction
forces that may be discriminable. This difference highlights the
challenge of predicting human performance based on the
dynamic process of friction. Both traces in this comparison
contain oscillations that dampen throughout the trace at
similar frequencies, but only C5 shows larger periodicity above
electronic noise. These disparities, in addition to the visibly
different magnitudes, suggest that these coatings, even on
rough playing cards, could lead to noticeably different tactile

a
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perception in a tactile aid. A “discriminability matrix,” shown
in Fig. 3b, summarizes the masses and velocities which lead to
either similar or discriminable friction from the two surfaces,
as quantified by cross-correlation. We previously found that
this method of categorization was more predictive of human
behavior than using an average value of friction (i.e., an average
friction coefficient) or any material property, such as those in
Fig. 2.*® Conditions which produced frictional data across the
two materials that were quantified to be more different may
provide exploratory conditions at which the two surfaces are
more distinguishable to humans during free exploration.
Vibrational frequencies, brought about by microscale stick-
slip adhesion at the interface, give detail to touch as one
explores the tactile qualities of an object.’**® Time-dependent
signals have also been studied elsewhere for touch and analyzed
in the Fourier domain.”®”* We analyzed the data here by FFT to
seek whether the microscale adhesive vibrations encountered
during sliding at a discriminable condition would produce more
prominent signal differences over the frequency domain. In
Fig. 3e, more regions of overlap are seen when comparing the
similar traces, while in traces which are discriminable, C5 and
C4-APTMS have visible differences at most frequencies (Fig. 3f).
The C4-APTMS trace in Fig. 3d does not exhibit slow frictional
waves and has a consistently lower value across the Fourier
domain. At both conditions, C5 is the higher stiction surface, but
stiction being a single event makes this feature less recognizable
in the frequency domain. No significant deviation in the FFT
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Fig. 4 Card identification by coatings with human participants. (a) Overview schematic of the psychophysical study. Participants were provided with
black-suited and red-suited playing cards which had been silanized with C4-APTMS and C5, respectively. After familiarization and training stages,
participants completed a two-alternative forced choice (2-AFC) test to identify the cards by touch. (b) Picture of the 2-AFC task. (c) Average accuracy of
the 2-AFC test per participant. Mean accuracy of all participants was 82% (solid dark blue line), as compared to chance performance of 50% (dashed red

line). 95% confidence interval, calculated by Wilson score, is shaded in gray.
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data appears at values that would correspond to electronic noise
of the instrument, (e.g. 60 Hz, 120 Hz) so the data obtained
during steady sliding has real mechanical origin. The consistent
differences in the FFT across broad ranges of frequencies
suggests that stiction alone might not drive tactile discrimin-
ability. Although mechanoreceptors in the finger are known to
be sensitive to certain frequencies,****”>”? no mechanistic con-
nection between FFT signals by mechanical testing and human
performance by fine touch has been established, and the work is
ongoing in the field.>>*%7%7*

Human participants testing

We performed human psychophysical testing with study parti-
cipants (project #1773529) to determine if humans can identify
objects coated with these silanes in practice. Five congenitally
blind and braille-literate participants were provided silanized
playing cards, with one silane representing black-suited cards
(C4-APTMS) and another representing red-suited cards (C5),
and tested on whether they could accurately identify them by
touch alone. An overview of the study is provided in Fig. 4a.
Participants were provided several examples of freshly coated
cards identified to be “type A” (black/C4-APTMS) and ‘“‘type B”
(red/C5), and allowed to freely explore and familiarize

View Article Online

Paper

themselves with each type. They were then trained in a two-
alternative forced choice (2-AFC) task, where they were pre-
sented with one of each type of card randomly positioned to
either their “left” or “right,” and asked to identify which one
was “type A.” During this training, participants were provided
feedback as to whether their selection was correct or incorrect.
After achieving a 66% accuracy threshold, participants per-
formed 10 trials of the 2-AFC task during the testing portion
of the study without feedback, which was used to calculate
individual performance accuracy (see Fig. 4c).

The total of all participant testing (n = 50 trials) gave a mean
accuracy of 82%, with performance significantly better than
chance (one-sample ¢-test, t(4) = 3.30, p < 0.05). At an indivi-
dual level, three out of five participants responded significantly
better than chance (binomial tests, p < 0.05). One participant
scored equal to chance, but this participant noted they had
difficulty with the recollection aspect of the test. They specifi-
cally gave feedback that they sometimes forgot which texture
corresponded to “A” or “B.” In instances demonstrating suc-
cess, one participant (who achieved 100% accuracy) success-
fully self-corrected during the test, whereby they had initially
identified a card incorrectly, but reconsidered and changed
their choice to the correct card. Another participant who also
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Fig. 5 Durability of coatings to human or mechanical wear. (a) 2-AFC test of 10 card pairs by participants, repeated using the same set of cards. Chance
performance of 50% is shown as the dashed red line, and 95% confidence intervals given by Wilson score intervals are shaded gray for each participant. (b)
Height profiles obtained by AFM of samples worn by a human finger. (c) Data obtained by FTIR of O—H and N—H stretches in samples worn by a human
finger compared to that of fresh coatings. (d) Mechanical characterization with mock finger, over the same area of a card as worn by the mock finger
itself, at M = 25 g and v = 10 mm s~ The left column shows friction traces recorded from mock-worn samples compared to that of the fresh coatings.
Darker traces represent data collected from a fresh spot. Measurement performed for a total of 16 times, and worn trace is of the last collected
measurement. The FFT of each friction trace can be seen in the right column. (e) Mechanical characterization with mock finger, over the same area of a
card previously worn by a human finger, at M = 25 g and v = 10 mm s™%. The left column shows friction traces recorded from human-worn samples
compared to that of fresh coatings, and darker traces represent data collected from a fresh spot. The FFT of each friction trace can be seen adjacent in

the right column.
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achieved 100% accuracy was able to perform the test as rapidly
as the test administrator could provide the cards, indicating
support for these surface coatings as a method to generate
distinct textures in a tactile aid. We also confirmed that
uncoated cards were not discriminable by participants in S3
of the ESL ¥

Impact of mechanical wear

In all experiments prior to this section, we used freshly coated
cards to ensure consistent surface chemistry. This approach
controlled for potential surface fouling and mechanical wear
from participant use, which may have varied the tactile stimuli
experienced by later participants. As these impacts were
excluded during the above testing and characterization, it was
important to additionally investigate potential impact of wear
and fouling upon repeated use. Surface fouling and wear were
analyzed using mechanical characterization, surface character-
ization, and with human participants. The mechanical and
surface techniques were identical to those used before, but
we had small modifications for human testing. In the task here,
the first participant was asked to distinguish a set of fresh
cards, but the same set of cards was then used to test a second,
third, and then fourth participant (Fig. 5a). We found that
participant accuracy decreased with repeated use, with the first
participant scoring 10/10 and the last participant only achiev-
ing 4/10, despite training. We found that the 75% mean
participant accuracy of this study that re-used cards was not
significantly better than chance (one-sample ¢-test, ¢(3) = 1.89, p
> 0.05, not significant), and we see a statistically significant
decline between participant accuracy and the repeated use of
cards over multiple tests (Fisher’s exact, p < 0.05).

Significant differences in surface features were seen after the
coatings were subjected to repeated wear. AFM of samples worn
by a human finger (Fig. 5b) showed a loss of notable aggregate
features which had been present in fresh samples. To char-
acterize if wear reduced differences in the friction between the
two surfaces — which would lead to a lower ability to distinguish
the two surfaces by touch — we repeated mechanical testing on
the same spot on each card. This is in contrast to the testing
performed earlier in Fig. 4, which was always performed on
fresh areas of the surface. After a pull was collected over a fresh
spot, 15 more pulls on the same spot followed. This wear was
performed in two ways: either with a mock finger or with a
human finger to observe the effects of finger residue. Unlike in
the earlier mechanical testing, frictional testing was performed
at a single condition (v = 10 mm s ' and M = 25 g) since this
condition had been previously deemed “discriminable” by the
skew of cross-correlation for fresh samples in order to examine
whether repeated wear reduced the difference between the
surfaces’ friction traces.

Wear by humans versus wear performed by the mock finger
had differing impacts on C4-APTMS and C5. With both wear by
the mock finger and by human fingers (Fig. 5d and e, right
column), a stiction spike appears or becomes more prominent.
This suggests that C4-APTMS suppressed a stiction spike, but
with wear, the reappearance of a stiction spike makes C4-

This journal is © The Royal Society of Chemistry 2024
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APTMS more similar to the C5 friction trace, as C5 always
presents a stiction spike, regardless of wear. Stiction having a
singular occurrence at the beginning of a friction trace makes it
difficult to capture in the frequency domain. With human wear,
the friction signals in C5 and C4-APTMS also appear to become
more similar. The steady sliding of C4-APTMS and the punc-
tuated smaller oscillations in C5 both evolved towards regular
oscillations with wear. Evidence of this appears in the fre-
quency space, in the form of a small, positive vertical shift of
human-worn C4-APTMS across most frequencies.

FTIR analysis was performed on samples of each card’s
surface coating which had been mechanically worn by a human
finger and compared to that of freshly coated samples (Fig. 5c).
As in the FTIR spectra of the freshly coated cards above, both
human-worn surface coatings showed a significant O-H stretch
signal after repeated use. Furthermore, after being subjected to
wear, the C5 coating of the red cards was seen to produce
results similar to its fresh state, retaining its 2840-3000 cm ™"
alkane peak. The worn C4-APTMS coating of the black-suited
cards also presented an alkane peak, however, it showed a loss
of the prominent 2950-2980 cm ™" amine peak that had been
present in the fresh sample. XPS characterization of the sam-
ples worn by a human finger (see S2 in ESIf) additionally
showed evidence of fouling. Signal peaks were produced from
the Na 1s 1071 eV binding energy®' as well as that of K 2p at
294 €V.°! These results were both attributed to surface fouling
from the human finger, as both sodium and potassium are
known exudates of human skin.”®

FTIR and mechanical testing both suggest that C4-APTMS is
being degraded more significantly than C5. By FTIR, the
remaining peak, suggestive of short alkyl groups in C4-
APTMS, indicates that the wear may have mechanically cleaved
at the amine group. This material loss may be due to hydrolysis
of the amine group, which is known to occur in other
works.”®”7® After this removal, both card coatings presented
an alkyl group at the surface, and both coatings are seen to have
similar FTIR signals after being subjected to wear. This result
bolsters that of the FFT of frictional forces and AFM of the worn
surfaces to suggest that the C4-APTMS coating experienced
significant wear upon repeated frictional sliding contact, while
the C5 coating did not. In short, the C4-APTMS coating
becomes more like C5 with wear. These results (Fig. 5a) provide
a mechanistic explanation for the reduction in performance of
human participants.

Discussion

Overall, blind users were able to use silane coatings as a
method to distinguish between black- and red-suited cards.
Despite the inherent roughness of playing cards, the frictional
differences from surface chemistry of C4-APTMS and C5 still
provided a sufficiently strong cue. Previously, these surface
modifications were only demonstrated on pristine, smooth
silicon wafers. Thus, in this work, the surface coatings provided
a sufficiently salient signal as applied onto a perceptibly rough
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surface and were not overwhelmed by its underlying physical
features, demonstrating their use on everyday surfaces. However,
given the complexity of mesoscale friction, it is not clearly
established that smooth surfaces are, in principle, better or
worse at accentuating differences in surface chemistry. Ulti-
mately, given a relatively short training, several users were able
to rapidly distinguish surface coatings, and likely this accuracy
and speed would be seen in more participants with more
training, which would be the case of a tactile aid in everyday use.

Our results also indicate that the C4-APTMS surface coating
experienced wear, which reduces the potential of C4-APTMS as
a user-ready coating. However, we highlight that the goal of this
paper was to demonstrate the basic principle that surface
chemistry could impart distinctive tactile cues as an assistive
aid. More durable coatings in the future could be a composite
or polymer, but starting with composites or polymers here
would make it difficult to establish insights into the minimal
chemical feature changes required to create surfaces that feel
different. Additionally, the object’s inherent surface chemistry
may be left unmodified to serve as a tactile comparison against
a single material coating. Our methodology to investigate wear
gave mechanistic support for why C4-APTMS lost its perfor-
mance over repeated use. The wear experiments also helped
reveal some insights at the longstanding challenge of correlat-
ing friction forces to human tactile performance. For example,
we saw that the stiction spike, though prominent in a friction
curve, may be more useful as a classifier rather than the details
of its magnitude. Loss of the amine group in worn C4-APTMS
surfaces, left a short chain alkyl group at its surface similar to
C5. We saw that C4-APTMS, upon wear, began to form a stiction
spike, and that this stiction spike was different in magnitude
over a slightly different duration than that of C5. The simplest
explanation for why worn C4-APTMS and C5 surfaces felt the
same was because they were left with similar surface chemis-
tries after repeated use and both exhibited a stiction spike,
whereas fresh C4-APTMS exhibits steady sliding.

Conclusions

The silane coatings used here provided distinctive tactile feedback
to the user, even when coated on the perceptibly rough playing
card surface. The C4-APTMS surface coating, however, lacked the
durability necessary to retain that discriminability over repeated
use. The fact that participants were provided training during the
studies was not seen as a particular disadvantage of the platform,
as some form of training is expected in most forms of information
acquisition, whether in braille literacy or even with visual scientific
plots. In practice, especially in application on a tactile graphic, a
legend is often utilized as a reference touchpoint for tactile
translation or an established convention is employed to indicate
meaning. Thus, if participants were continually using these surface
coatings, then the familiarity may lead to more rapid interpreta-
tion and higher accuracy across most users.

While there exist blind-accessible objects such as playing
cards that use bumps or braille, the embossed bumps may also
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abrade, are visually apparent to sighted peers which is bad in a
competitive game, and coatings are inherently easier to integrate
with industrial-scale manufacture. Indeed, the cards already have
a surface coating applied to them. The current state of purely
physically featured tactile graphics does not fully leverage modern
advances in materials engineering. Next-generation tactile aids
that employ both physical and chemical features simultaneously
in a single assistive aid may increase information density and
processing bandwidth without confusion from tactile clutter. The
results, methodology, and material considerations communicated
here develop the understanding of materials in tactile perception,
and offer progress in information accessibility for those who are
severely visually impaired or blind.
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