
3928 |  Soft Matter, 2022, 18, 3928–3940 This journal is © The Royal Society of Chemistry 2022

Cite this: Soft Matter, 2022,

18, 3928

Controlling fine touch sensations with polymer
tacticity and crystallinity†

Abigail Nolin,a Kelly Pierson,a Rainer Hlibok,a Chun-Yuan Lo,b Laure V. Kayser ab

and Charles Dhong *ac

The friction generated between a finger and an object forms the mechanical stimuli behind fine touch

perception. To control friction, and therefore tactile perception, current haptic devices typically rely on

physical features like bumps or pins, but chemical and microscale morphology of surfaces could be

harnessed to recreate a wider variety of tactile sensations. Here, we sought to develop a new way to

create tactile sensations by relying on differences in microstructure as quantified by the degree of

crystallinity in polymer films. To isolate crystallinity, we used polystyrene films with the same chemical

formula and number averaged molecular weights, but which differed in tacticity and annealing

conditions. These films were also sufficiently thin as to be rigid which minimized effects from bulk

stiffness and had variations in roughness lower than detectable by humans. To connect crystallinity to

human perception, we performed mechanical testing with a mock finger to form predictions about the

degree of crystallinity necessary to result in successful discrimination by human subjects. Psychophysical

testing verified that humans could discriminate surfaces which differed only in the degree of crystallinity.

Although related, human performance was not strongly correlated with a straightforward difference in

the degree of crystallinity. Rather, human performance was better explained by quantifying transitions in

steady to unsteady sliding and the generation of slow frictional waves (r2 = 79.6%). Tuning fine touch

with polymer crystallinity may lead to better engineering of existing haptic interfaces or lead to new

classes of actuators based on changes in microstructure.

Introduction

Fine touch is the ability to localize and perceive the shape, size,
and texture of objects, and is a critical source of information for
people with low vision or blindness. When a finger slides across
an object, mechanical forces are generated on the finger
through friction and adhesion phenomena.1 These mechanical
forces on the finger form the basis for tactile stimuli and give
rise to tactile perception.

Haptic devices are technologies that generate tactile sensations
and have applications including virtual reality, robotics, and
assistive communication devices. Currently, haptic devices are
limited in the types of sensations they can create. Haptic devices
typically generate tactile stimuli by changing physical features,
such as mechanical vibrations, or physical pins and bumps (e.g.
braille), to generate mechanical forces on the user’s finger.2–5

To form more immersive environments in virtual reality, or higher
quality assistive devices for people with low vision or blindness,
haptic devices have increasing demands to recreate realistic tactile
sensations or widen the variety of tactile sensations which can be
generated.6,7 Technologies based on mechanical actuators have
been developed extensively and therefore may not yield a break-
through in creating new types of tactile sensations. In addition,
while electrical stimulation—electrotactiles—are a common non-
mechanical haptic actuator, the precise microscale control over
electrodes has not translated to precise recreation of tactile
stimuli due to indiscriminate depolarization of all mechanosen-
sitive neurons.8 Indeed, electrotactiles can feel unpleasant.9 An
alternate approach taken here is to control tactile sensations by
using chemical properties, which encompasses materials phe-
nomenon like surface energy, phase behavior, chemical structure,
and microscale morphology.10–14 These chemical properties also
impact adhesion and friction phenomena8 and could provide a
new range of techniques in haptic interfaces. However, it is not
known how to connect molecular scale effects, like polymer
tacticity or crystallinity with human tactile perception. The
challenge of connecting molecular scale effects with human
performance is the inability to sufficiently describe friction with
simple material properties such as a constant coefficient of
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friction, the human variability in applied force and sliding velocity,
the contact mechanics of the finger, and the lack of established
relationships between friction and tactile percepts.15–17

Here, we used polystyrenes with the same molecular
formulas and similar number averaged molecular weights,
which varied primarily in their tacticity, i.e., the relative stereo-
chemistry of monomer units, and degree of polymer crystal-
linity, i.e., the regular packing of polymer chain segments into a
molecularly ordered conformation. While increasing the degree
of crystallinity is commonly known to increase bulk elastic
modulus, increasing crystallinity also lowers frictional
forces.11,12 Through dynamic friction testing with a mock finger
and custom signal analysis, we predicted that humans are
sensitive to as low as a difference of 11% in the degree of
polymer crystallinity and verified our mechanical testing ana-
lysis with human psychophysical testing. Our findings show
that even with identical chemical formulas and relatively
smooth, rigid thin films, differences in the microstructure of
polystyrene films can be used to generate distinctive tactile
sensations. More broadly, these microstructures and morphol-
ogies extend to other types of polymers and could identify new
material systems for use in haptic technologies.

Background

As a finger touches an object, mechanical stimulation originat-
ing from friction and adhesion forces activates afferent
mechanosensory neurons in the fingertips. Mechanosensory
neurons in the fingertips terminate into four primary end
organs (Pacinian corpuscles, Ruffini endings, Meissner corpuscles,
Merkel disks),1 each of which respond to a subset of frequencies
and magnitudes of mechanical stimuli. The friction between the
contacted surface and glabrous skin of the finger is dynamic and
complex, varying both spatially and temporally across the finger
during a touch event.16 To study the role of friction in touch, tactile
discrimination has been explored by controlling surface texture and
asperities through micropatterning techniques.18 Skedung et al.
used elastomers with patterned wrinkles formed by surface buck-
ling to identify a minimum feature size of 13 nm for discriminating
objects purely by surface roughness.4 Sahli et al. designed randomly
rough 3-D printed surfaces with an average RMS value of 0.4 mm
and varied the Hurst roughness exponent and topographic shape to
probe the ability of humans to discriminate randomly rough
surfaces.19,20 They found that tactile discrimination was dominated
by the microscale roughness, specifically differences in Hurst
exponent as low as 0.2, rather than topographical resemblance.
Higher microscale roughness contributed to higher frictional forces
and subjects were able to notice differences in friction coefficients
as small as 0.035.19

In contrast to physical approaches like micropatterning,
chemical approaches have also been used to probe frictional
forces to elicit tactile discrimination. Previous work from
Carpenter et al. compared a hydrophobic fluorinated self-
assembled monolayer (SAM) deposited on a silicon wafer with
a hydrophilic plasma-oxidized silicon wafer. Despite both

surfaces being smoother than the physical limits of human
perception of surface roughness as determined by Skedung,4

the two surfaces were discriminable to human subjects due to
differences in friction traces originating from surface chemistry
properties, most notably surface energy.21 Our previous work
compared nine different SAMs deposited onto the silicon
wafers and found that humans were able to discriminate
monolayers which differed only by single or several atom
differences due to a phase transition between a disordered
and ordered monolayer.15 Humans were able to discriminate
surface monolayers, even if the surfaces had similar surface
energies. The mechanism of human discriminability was that
disordered monolayers increase energy dissipation, resulting in
additional frictional and adhesion forces compared to an
ordered-like monolayer.15,22,23 A common feature in both these
studies was that the frictional forces, i.e., tactile stimuli, were
not derived from topography or physical roughness, but rather
from chemical structure. These studies demonstrated the
ability to design surfaces differentiable to fine touch with
molecular level differences. In this work, we aimed to demon-
strate that materials with the same chemical structure but
different tacticity and degree of crystallinity, could be a new
route to generate tactile sensations in haptic interfaces.

While silanes are a model system due to monolayer for-
mation and systematic variation in functional groups, polymers
are ubiquitous in industrial manufacturing24 and are often
already present in haptic interfaces.7,25 It is common to tune
the bulk properties, like stiffness, of a polymer, but polymer
films have not been used to directly influence fine touch via
nanoscale friction. Prior studies have showed that the chemical
structure and morphology of polymers influences friction.
Satyanarayana et al. compared differences in macroscale
frictional forces of linear polymer, polyethylene, which is a
molecularly flexible chain, and polystyrene, which is more
molecularly rigid from the presence of bulky side-groups.
Polyethylene films showed lower coefficients of friction,
stiction, and wear than those of polystyrene. The more flexible
molecular chain of polyethylene had more efficient molecular
relaxation and energy dissipation under shear. In addition to
chemical structure, the degree of crystallinity, also influences
nanoscale frictional forces.10,12 Through atomic force micro-
scopy, Gracias et al. compared frictional forces of isotactic
(crystallinity = 63%) polypropylene with atactic polypropylene
(crystallinity o 2%) and found that a higher degree of crystal-
linity increased molecular stiffness and lowered friction by
allowing energy to more efficiently dissipate.11,12,14 Furthermore,
crystalline polymers demonstrated a lower modulation of
friction with applied loads than its amorphous counterpart
due to higher shear strengths in crystalline polymers.12

While relationships between crystalline structure and
frictional forces have been investigated at the nanoscale, our
goal is to connect polymer crystallinity and mesoscale frictional
forces to human tactile discrimination. However, the following
three challenges remain between connecting materials
phenomena to tactile discrimination in human subjects as
described in previous work.15,16,21
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Fine touch is not predicted with simple material properties

Developing a general relationship between tactile discrimination
and polymer crystallinity is difficult because friction is not a
material property but rather a dynamic property dependent on
applied force and sliding velocity, both of which are variable
when humans touch objects.16,17,21,26 Friction phenomena take
place at multiple length scales and depend on the force applied
and real contact area at the interface, which is influenced by
both nanoscopic properties (i.e., van der Waals, lubrication,
microscale roughness) and macroscopic properties (i.e., rough-
ness, geometry, compliance of material).10 Thus, the frictional
properties of a material cannot be fully described by a single
value such as the coefficient of friction.

A key limitation in using a constant coefficient to describe
friction is that it does not explain how two materials with
similar average friction forces (i.e., pressing harder on one
surface to achieve the same overall friction force) can be
routinely distinguished by humans. Instead of a constant
friction force, oscillations in friction forces are generated when
a finger slides across a surface. These oscillations arise from a
mechanical phenomenon known as stick-slip friction.16,27

Stick-slip friction originates from a transient trapping of a
portion of the finger (stick) and then subsequent energetic
release (slip) as a finger slides across an object.16,21,27 This
stick-slip occurs at multiple locations across the finger, but are
linked through the elasticity of the finger.28,29 In addition to
material properties, the magnitude and type of oscillation is
dependent on the loading and velocity at the surface.30 While
oscillations from stick-slip originate from microscale pro-
cesses, the forces generated are apparent on the mesoscale
and perceptible by humans (m 4 0.035).15,19

Contact mechanics of a finger and variability of human
exploration

In ‘‘free exploration’’, humans typically touch objects at a range
of sliding velocities and pressures to arrive at a tactile
perception.31 To account for this human variability, a common
approach is to apply a restraint or apparatus on the subject’s
finger to control for the velocities and pressures applied during
the tactile experience.32,33 However, this approach does not
replicate how humans explore everyday objects, which lowers
‘‘ecological validity’’, i.e., lowering the relevance of lab studies
to real world conditions.8 Another approach which preserves
free exploration is to track the tactile exploration with a camera
and/or force plate.31 However, this approach is limited as it is
unclear at which moment, or exploration condition, the tactile
judgement was made, limiting the ability to connect the
exploration conditions with tactile perception.8 In this study,
we use an alternative approach established in our prior
work15,21 which still permits free human exploration and
accounts for human variability. During mechanical testing,
we test across a range of pressures and velocities relevant to
human exploration. Human exploration of a sliding finger
occurs at velocities B1 mm s�1 to 100 mm s�1 and downward
forces up to B1 N for fine texture discrimination.21,34,35

The friction traces produced across this range are then ana-
lyzed to provide the total amount of tactile stimulus available,
i.e., the total differences in friction forces, across the expected
range in human exploration. Our approach provides a method
to quantify the potential tactile stimuli when subjects explore a
surface without restricting the finger, accounts for human
variability, and is independent of currently unresolved relation-
ships between friction and human perception.15

To predict tactile stimuli typically available to subjects, the
mock finger mimics key parameters of a real human finger
while keeping the mechanical testing within a feasible para-
meter space. The human finger is a multi-layered structure
consisting of a rigid bone surrounded by soft tissue layers, with
an overall effective modulus of B100 kPa.16,36 While soft, it is
not sticky and sebum excretion makes the skin of the finger
moderately hydrophilic (B601 by water contact angle).15,37

While the shape of a finger is rounded, in a sliding motion
the interface of the finger during contact rapidly approaches
saturation in contact area (at B1 N force 90% contact area of
the fingertip is achieved), providing an approximately planar,
opposed to spherical interface.21,31,35,38 This straight edge
interface is consistent with residue patterns left by human
subjects.39 Finally, while a human finger typically possess
fingerprints, these fingerprints vary from person to person.
Our prior work showed that while fingerprints amplify differ-
ences in friction,16 surfaces which contained differences in
friction for patterned mock fingers were qualitatively similar
to flat fingers.21 This mock mechanical finger, even with a flat
interface, was previously successful in predicting combinations
out of a set of 36 possible pairs of silane monolayers which were
both discriminable and not discriminable to human subjects.15

Unestablished relationships between friction and tactile
perception

Separate from applications to touch or haptics, developing a
relationship between molecular structure and mesoscale sliding
friction is a historic challenge due to friction phenomena taking
place at multiple lengths scales (atomistic to microscale) and the
dependence of single asperity dynamics on both applied force
and contact area.10,29,30,40,41 In addition to challenges in
accurately modeling mesoscale friction, it is unclear which
specific differences in frictional mechanical stimuli contribute
to tactile discrimination. The appearance and shape of stiction
spikes in friction has previously been suggested as important in
encoding tactile discirmination.27,42 Gueorguiev et al.48 corre-
lated human discrimination performance between commercial
glass and PMMA with the force traces at the transitory phase
leading to initial slip, but the correlation was relatively low and for
a fixed applied load and velocity. Furthermore, these stick-slip
events occur frequently and at multiple locations across a finger
during human exploration. However, slips, or the incipient start
of motion are an important aspect of tactile perception and are
known to form a minimal unit of stimulation in the sensory cortex
in experiments on mice by Schwartz et al.33

Considering these challenges, our goal is to create a new way
of generating tactile sensations by connecting a materials
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phenomenon, polymer crystallinity, with tactile perception. Fig. 1
outlines our approach. We spin-coated amorphous (atactic) and
semi-crystalline (isostatic) polystyrene stereoisomers with similar
molecular weights to generate thin and smooth (relative to human
tactile sensitivity) films. The degree of crystallinity is further
tuned through isothermal annealing at the crystallization tem-
perature (Tc). As humans use friction to discriminate between
surfaces,15,21,43 we quantify how much difference in macroscopic
friction is present between the different surfaces through mechan-
ical testing with a mock finger and custom analysis. To account
for human variability, mechanical testing is performed at a range
of applied forces and sliding velocities which encompasses typical
human exploration. As two surfaces which show larger differences
in friction across a relevant range of masses and velocities are
likely to be easier for subjects to discriminate, we use mechanical
testing to form predictions of human performance, which is
validated with human psychophysical testing. Our approach
addresses the previously identified challenges by measuring
friction as a dynamic quantity, opposed to using a constant
coefficient of friction, and accounts for the human variability of
free exploration.

Experimental methods and rationale
Controlling the degree of crystallinity and surface preparation

The degree of crystallinity of polymer films can be tuned through
tacticity and processing conditions. The stereoregularity of the
phenyl side groups of isotactic polystyrene (iPS) provides a more
flexible chain, enhancing chain mobility and allowing the chains
to pack into a regular unit cell leading to the formation of
crystalline structures known as lamallae.44,45 In contrast, the
random stereochemistry of atactic polystyrene (aPS) prevents
formation of a regular unit cell, resulting in a more energetically
favorable amorphous state.44 As a result, iPS, unlike aPS, is a
semi-crystalline polymer capable of forming crystalline regions.

Polymer processing through spin-coating results in polymer
films smoother (Ra o 7 nm) than the limits of human tactile
discrimination of roughness,46 produces well-controlled
thicknesses, and also induces a strain alignment of polymer
chains parallel to the substrate.47,48 After initial deposition by
spin-coating, crystalline growth can be further controlled through

isothermal annealing—heating the polymer to a temperature
between the melt and glass transition temperature.44,49 Isother-
mal annealing of iPS films has been well studied and this
crystallization process is dependent on many factors including
deposition technique, annealing temperature, length of exposure,
molecular weight of polymer, and film thickness, all of which
were controlled for in this study.46,49–52

Isotactic polystyrene (tacticity: 95%, PDI: 2.1, MW =
125 000 g mol�1) and atactic polystyrene (PDI: 1.2, MW =
58 000 g mol�1) with matching number averaged molecular
weights (Mn = 56 000 g mol�1) were purchased from Polymer
Source, Inc. and dissolved in cyclohexanone. Films were
prepared by spin-coating 1.0 wt% iPS or 1.4 wt% aPS cyclo-
hexanone solutions onto polished silicon wafers. Prior to polymer
coating, the silicon wafers were exposed to air plasma (Glow
Plasma System, Glow Research) for one minute to provide some
affinity to the surface, and the solutions were spun onto the
wafers at 2000 rpm for 35 seconds. Film thicknesses were
determined to be 45 nm � 2.8 nm through ellipsometry. This
thickness was chosen to limit solvent entrapment during the
drying phase (thicknesses 4 50 nm require extensive drying),49

while also be thick enough to permit the diffusion of polymer
molecules during the crystallization of the polymer film (polymer
films become kinetically trapped as thickness approaches the
radius of gyration of a single polymer chain).49,53 As the film
thickness was kept constant, the annealing time could be stan-
dardized across samples to control the degree of crystallization.
Films were placed in a vacuum desiccator heated to 90 1C over-
night (B24 hours) to dry. To generate amorphous films, atactic
polystyrene (aPS) and isotactic polystyrene (iPS) were melted at
230 1C (Tm: 222 1C) and quenched at room temperature using
a cold metal plate to below the glass transition temperature
(Tg B 98 1C). Tm and Tg were verified by differential scanning
calorimetry. For annealing crystallized films, isostatic polystyrene
was melted, quenched, and then annealed at 175 1C for either 2 h
(iPSA1) or 5 h (iPSA2) to induce varying degrees of crystallinity.49,54

Surface characterization

Atomic force microscopy. (AFM, Bruker Multimode,
Gwyddion software) was used to quantify surface roughness,
topography, and local crystalline structures. Surface profiles

Fig. 1 Schematic of approach overview. Polystyrene films of varying morphology are processed through differences in tacticity and isothermal
annealing (Tm: melting temperature, Tc: crystallization temperature), evaluated with mechanical testing to form predictions, and then validated with
human psychophysical testing.
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were obtained through a tapping mode over a scan area of
10 mm � 10 mm at a scan rate of 2 Hz and drive frequency of
175 kHz. Larger area scans over an area of at least 100 mm �
85 mm were also taken at a scan rate of 0.3 Hz and drive
frequency of 183 kHz.

Grazing incidence wide angle X-ray scattering. (GIWAXS,
Xenocs SAXS/WAXS) patterns were obtained at room tempera-
ture with a wavelength = 0.154 nm and incident angle of 0.21.
GIWAXS 1D scattering profiles were used to quantify the degree
of crystallinity in thin semi-crystalline polymer films with
eqn (1):55

DOC ¼ Area of C:P�Area of A:B

Total area
(1)

where C.P is the crystalline peaks and A.B. is the amorphous
background. AFM and GIWAXS are complementary techniques,
as AFM probes small details and visible local structures but
does not represent the whole surface, whereas GIWAXS pro-
vides a representative characterization but does not capture
individual structures.56

Contact angle hysteresis. The advancing and receding water
contact angles were measured for each polystyrene film with
a goniometer (DSA14 Drop Shape Analysis System, Kruss). An
B4 ml DI water drop was dispensed onto the film surface using
a syringe attached to a micromanipulator until the drop visibly
spread, and an image was captured for the advancing angle.
The same water drop was slowly removed with the syringe until
the drop visibly retracted, and an image was captured for the
receding angle. Three drops were measured for each surface.
The contact angle of each image was analyzed using an auto-
matic circle fit (ImageJ). Hysteresis was calculated by taking the
difference of each advancing and receding angle pair.15 We
reported the average receding angle, average advancing angle,
and standard deviation of the hysteresis.

Mock finger preparation

The mock finger is made by curing a polydimethylsiloxane
(PDMS) slab with dimensions of 1 cm � 1 cm � 5 cm around
a 3-D printed acrylic cylindrical ‘‘bone’’ at 60 1C for one hour
providing a finger with a dead weight of 5.6 g. The rectangular
geometry ensures consistent nominal contact area even under
different loading conditions, and as stated earlier, human
subjects tend to leave residues with consistent width and
straight edges even at low loads (B1 N).15,16,31,39 The 3D
printed bone provides mechanical rigidity and mechanical
stiffness similar to the distal phalange within a human finger,
and the elastic modulus of the PDMS is controlled by the ratio
of base to crosslinker (30 : 1) to achieve 100 kPA, similar to the

effective modulus of real fingertips.15,21 A real finger is deform-
able, but not sticky so the PDMS slab is then treated with UV/
Ozone for four hours to remove viscoelastic tack to obtain a
tackiness and surface energy similar to that of human skin (601
by water contact angle)14,15 While the rectangular, finite size of
our mock finger means there could be edge effects and uneven
pressure distributions, these conditions are also present in a
real human finger, and we aim to recreate real scenarios in
human touch, even if the scenarios are non-ideal for precision
mechanical testing. Our goal with mechanical testing is to find
differences in friction traces robust enough to be felt by most
humans under many conditions. This simplified finger model
controls for all the critical material properties of a real human
finger to sufficiently measure frictional forces (i.e., tactile
stimuli) present in tactile exploration.15,16,21

Mechanical testing

To collect stick-slip friction traces of materials for predictions
of human performance, a custom mechanical apparatus setup
was used to measure the friction of our elastic, but not sticky,
mock finger at added masses (relative to the dead weight, 5.6 g
of the finger), M = 0, 25, 75, and 100 g, and velocities, v = 5, 10,
25, and 45 mm s�1, conditions which are consistent with
human exploration.15,21 The mock finger was loaded with the
desired mass and brought into a contact length of 1 cm,
resulting in a contact area of 1 cm � 1 cm. The finger was slid
for a distance of 4 mm using a motorized stage (V-508 PIMag
Precision Linear stage, Physikinstumente) across the surface
while friction force was measured with a Futek 250 g force
sensor (k = 13.9 kN m�1, peak-to-peak noise of 0.1 mN),
sampling at 800 Hz (Keithley 7510 DMM), sufficient to capture
signals important to mechanoreceptors in fine touch (B40–
400 Hz).57 The finger was slid four separate times, where the
first slide was discarded to eliminate erroneous effects due to
aging from testing setup. We obtained these three slides on
three fresh spots for each condition. In sum, each surface was
tested under 16 combinations of masses and velocities, with
nine friction traces at each combination.

Results
Surface characterization

A summary of surface characterization of the polystyrene films
is shown in Table 1. Water contact angle measurements have a
similar value for all films, and the low hysteresis indicates a
relatively homogeneous surface. Film uniformity as measured
by roughness parameters and Hurst exponent was measured

Table 1 Surface properties of polystyrene films

Polymer film
Annealing
(hours)

Water contact
angle (1)

Roughness
(Ra, nm)

Roughness
(Rpm, nm) Hurst exponent (H)

Degree of
crystallinity

aPS (atactic Polystyrene) None (89.4–86.4) � 1.82 0.20 1.3 0.17 0%
iPS (isotactic Polystyrene) None (92.1–87.6) � 1.85 0.34 2.6 0.71 4%
iPSA1 (isotactic Polystyrene) 2 (93.9–88.1) � 3.34 3.1 12 0.98 15%
iPSA2 (isotactic Polystyrene) 5 (90.6–84.9) � 2.40 4.7 19 0.96 35%
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via AFM and the degree of crystallinity was obtained by
GIWAXS.

Atomic force microscopy. A premise of this study is to use
the materials phenomena of polymer crystallinity to generate
tactile sensations instead of bulk physical features. Therefore,
we sought to minimize contributions to adhesion and friction
from physical origins, like surface roughness. Roughness para-
meters, average roughness (Ra) and average maximum peak
height (Rpm), were evaluated from AFM height images (Fig. S1
of ESI†) using Gwyddion software.58 The roughness profile for
all measurements was taken along a B140 mm diagonal line.
AFM measurements of all polymer films showed an average
surface roughness (Ra, Table 1)58 smaller than the average
surface roughness (Ra = 7 nm) of the smallest periodic struc-
tures by Skedung4 required to discriminate surfaces purely by
physical roughness. Although the average max peak-to-peak
roughness (Rpm) of the annealed films iPSA1 (Rpm = 12 nm) is
similar to and iPSA2 (Rpm = 19 nm) slightly higher than the
13 nm amplitude of the smallest periodic structure required
to distinguish between a flat surface by Skedung, the character-
istic spacing between peaks in our surfaces is much larger
and isotropic, diminishing the role of surface topography
in generating frictional differences.59 Furthermore, some
combinations of surfaces, like iPS vs. iPSA1, have differences
in peak-to-peak heights below 13 nm amplitude. By other

measures, on these isotropic surfaces, the maximum difference
in average roughness between the samples (DRa = 4.5 nm) is not
expected to contribute to a significant difference in friction.60

This confirms that our film fabrication process will help isolate
the role of crystallinity from physical features in mesoscale
friction and human testing.

AFM height images shown in Fig. 2a revealed lamellar
crystals in the form of multilayer assemblies for the annealed
films, iPSA1 and iPSA2. Annealing at 175 1C resulted in the
growth of flat-on lamellae with overgrowth terraces resulting
from a profusion of screw dislocations as well as some
branched lamellae.46,49–52,54 This morphology was consistent
across all sections of the wafer which is shown in Fig. S2 of
ESI.† In contrast, the unannealed films, iPS and aPS, did not
show these crystalline structures. iPS does show some small
features, potentially some single lamellar structures, but is a
predominantly amorphous film and looks more similar to aPS
than the annealed films.

Annealed films resulted in an increase in roughness com-
pared to unannealed films, but this was expected as isothermal
annealing of polymers and subsequent crystallization is known
to increase surface roughness.61,62 Isothermal annealing
increases the nanoscale roughness of films due to the growth
of higher-order structures, specifically lamellar crystal forma-
tions that become confined by grain boundaries with continued

Fig. 2 Surface characterization of films by AFM and GIWAXS. (a) AFM height images indicating surface topography and features. Scale bar = 5 mm. (b)
corresponding power spectrum (PSD) calculated by taking a Fourier transform of the height profile images of 100 mm � 85 mm areas. H calculated
through slope of linear regime. Blue: annealed films, red: unannealed films. (c) GIWAXS 2D patterns. Axes: scattering vectors. (d) Corresponding 1D
scattering profiles used to calculate DOC. Y-Axis: radially-averaged intensity normalized to a zero-intensity baseline so that the amorphous baseline (aPS)
minimum is zero for integration calculation. The three iPS films’ scattering profiles are offset for clarity. X-Axis: scattering angle, 2y, with Miller indices
indicated.
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growth. The scale bar in the AFM height images for the
annealed films shows this effect as the largest peak-to-peak
height of the higher order structures is B50 nm for iPSA1 and
B90 nm for iPSA2. AFM measurements provide high detail over
microscale areas, but do not capture the average roughness of
the film across meso- or macroscale. Ellipsometry which mea-
sures larger sample areas, confirmed an average thickness of
45 nm in all films after annealing.

Molecular roughness scaling behavior was quantified by
taking a power spectrum density function (PSD) (Gwyddion
software, Fig. 2b) of the larger area scan AFM height images
(100 mm � 85 mm, Fig. S1 of ESI†). On a log(PSD) versus
log(kspatial freq.) plot, the absolute value of the slope in the linear
regime is related to the fractal dimension Df by Df = 0.5(7 �
|slope|), and the roughness scaling factor, Hurst exponent (H),
is determined by H = 0.5(|slope| � 1).20,63 The films iPS and aPS
have one linear fit at all length scales with relatively small
slopes, resulting in a small H and evidence of a single char-
acteristic roughness at all length scales.63,64 iPSA1 and iPSA2
show a non-linear region at low frequencies, and a relatively
large slope at high frequencies, resulting in a large H and
evidence of changes in surface features upon scaling.63

The annealed films result in a non-linear PSD and large H,
indicating heterogeneous contributions to roughness.64 This
heterogeneity arises from the induced lamellae formations in
individual ordered semicrystalline structures which have a
roughness which differs from the roughness of the surface as
a whole. In contrast, the unannealed films show relatively
uniform roughness at all length scales evidenced by the linear
PSD. Previously, in small molecule self-assembled monolayers
(SAMs), we used the Hurst exponent to define the degree of
ordering in a monolayer, where a non-linear PSD and large H
described a disordered monolayer.15 The Hurst exponent in
these polymer films has the opposite relationship with ordering
because SAMs were a smaller length scale and these polymers
have a new length scale of roughness originating from the
microscale formation of lamellae crystals.

For the iPS films, the PSD also reveals a maximum which
can be correlated to the characteristic spacing of semi-periodic
height features (Fig. 2b). A maximum is seen for iPSA2 at 1.2 �
106 m�1 which indicates a characteristic spacing of 5.2 mm or
5200 nm. iPSA1 has a maximum appearing at 2.3 � 106 m�1

which indicates a characteristic spacing of 2.7 mm or 2700 nm.
These spacings are an order of magnitude larger than the
spacings cited in Skedung (760 nm) to differentiate small
periodic structures through purely physical means. The iPS
film also shows a maximum at 0.56 � 106 m�1 possibly due to
uncontrolled small, scattered crystalline structures, which cor-
relates to a characteristic spacing of 11 000 nm or 10 mm. In
contrast, no maximum or transition in slope is apparent in the
aPS film’s PSD indicating a featureless film and similar rough-
ness at all length scales.

For tactile perception, in all cases, the average roughness is
lower than the detectable limit of perceived physical roughness,
so we expect to attribute human performance on these films to
molecular effects instead of straightforward differences in

roughness. Yet, the PSD still quantifies and categorizes the
molecular roughness and morphology of the surfaces.

Grazing incidence wide-angle X-ray scattering (GIWAXS).
GIWAXS 2D patterns (Fig. 2c) reveal average atomic structural
characteristics of the films. aPS and iPS show a similar diffuse,
amorphous ring pattern while iPSA1 and iPSA2 show character-
istic crystalline rings with high intensity regions demonstrating
preferential crystalline orientation perpendicular to the sub-
strate and lamellar stacking.65 This result agrees well with the
flat-on crystalline multilayer assemblies grown via screw dis-
location seen in the AFM images. The spin-coating process
aligns polymer chains parallel to the substrate resulting in the
growth of single crystalline lamellae with a chain axis (c-axis)
grown perpendicular to the substrate with strong orientation
and subsequent stacking of crystalline lamellae51,66 Lamellae
typically exhibit preferential orientation, or anisotropic crystal-
lization in thin films due to confinement effects.66

The degree of crystallinity (DOC) in the semi-crystalline
films (Table 1) was also quantified through the X-ray scattering
using the atactic polystyrene as the amorphous baseline, i.e., a
degree of crystallinity of 0%. Degree of crystallinity is calculated
from the corresponding 1D graphs of signal intensity as a
function of scattering angle (2y) (Fig. 2d) with eqn (1). First,
the amorphous background (aPS) is subtracted and the remain-
ing crystalline peaks are integrated. The integral of the crystal-
line peaks is then divided by the total area of coherent
scattering55 to calculate the degree of crystallinity. The Miller
Indices of the crystalline reflections are indicated. aPS, amor-
phous polystyrene, provided two broad peaks indicating many
short-range order interactions at the atomic scale, consistent
with amorphous behavior.55,67 While a few structures were seen
for iPS in AFM, scattering provides an average signal of micro-
structure across the entire film. iPS showed a small character-
istic crystallinity peak forming at 2y = B19. This resulted in a
calculated degree of crystallinity of 4%, but iPS films could be
considered practically amorphous. In contrast, the annealed
films, iPSA1 and iPSA2, show the appearance of more pro-
nounced peaks at characteristic scattering angles, demonstrat-
ing preferential atomic ordering, i.e., crystalline structure,
resulting in a degree of crystallinity of 15% for iPSA1 and
35% for iPSA2. Additional details on the crystallinity calcula-
tion are shown in Fig. S3 of ESI.†

Through AFM and GIWAXS, we were able to quantify and
control the crystallinity of the films and confirm that the
surface roughness was sufficiently low as to make differences
in crystallinity the dominant contributor to friction, i.e., tactile
stimuli, for subsequent mechanical and human testing.

Mechanical testing

A custom mechanical testing apparatus (schematic shown in
Fig. 3a) was used to measure the mesoscale friction between a
mock finger and polymer films at a combination of 16 sliding
velocities and applied masses relevant to human exploration
conditions. To combine the experimental space of masses,
velocities, and material surfaces into a prediction of tactile
performance, we analyzed the presence of stick-slip friction and
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quantified the total similarities or differences between friction
traces through cross-correlation.16,21 The underlying hypo-
thesis was that humans use friction on the finger as a tactile
cue, thus two surfaces which generate similar friction forces
under most applied masses and velocities are probably more
difficult for subjects to discriminate, whereas two surfaces
which generate distinctive friction forces are probably easier
for subjects to discriminate.15,19

Fig. 3b shows representative friction traces generated on the
mock finger sliding across the iPS and iPSA1 films. All films
produced oscillations characteristic of stick-slip friction traces,
and the magnitudes of these oscillations were in a perceptible
range of friction forces (m = F/Fn 4 0.035), i.e., coefficients of
friction (m) were on average B0.1.19 For the iPS film at v =
25 mm s�1 and M = 100 g, the relatively large amplitude, low
frequency oscillations are characteristic of slow frictional
waves—elastic instabilities that occur as a competition between
adhesion (via friction) and elasticity.68 Under the same condi-
tions, the iPSA1 film also forms slow frictional waves. Forces
generated by stick-slip friction have been suggested as a source
of tactile stimuli to inform tactile discrimination.27,42 Thus, the
lack of distinctive features in the friction traces from iPS and
iPSA1 at v = 25 mm s�1 and M = 100 g suggest that these two
surfaces may be non-discriminable to humans at these experi-
mental conditions. However, the periodic waves disappear for
iPSA1 at a lower velocity, v = 10 mm s�1, while the iPS film
maintains at least two clear periodic waves. This gives rise to
two observations. First, at v = 10 mm s�1 and M = 100 g, iPS and
iPSA1 could now have sufficiently distinct friction traces to
where humans can now discriminate the two surfaces, despite
their similarities at v = 25 mm s�1 and M = 100 g. Second, as

humans explore objects freely at multiple conditions, the
condition-dependent appearance or disappearance of these
distinctive oscillations means that examining a few isolated
conditions may yield inaccurate predictions about human
behavior. This second observation supports our approach for
testing multiple velocities and masses.

To more rigorously quantify the similarity or dissimilarity
between friction traces, we used cross-correlation analysis
between the traces of different surfaces15,21 as shown in
Fig. 3c. Two surfaces which generate similar friction traces,
i.e., high correlations, under most human exploration condi-
tions are likely more difficult for humans to discriminate, and
surfaces which generate distinctive friction traces, i.e., low
correlations, under most human exploration conditions are
likely easier for humans to discriminate. The similarity was
quantified by cross-correlating the friction traces of each film at
each given applied mass and velocity. The cross-correlation is
normalized by the absolute magnitude of both input vectors
and calculated by eqn (2):15

Cross-correlation ¼
P
ða tð Þ � âÞðb tð Þ � b̂ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ða tð Þ � âÞ2

P
ðb tð Þ � b̂Þ2

q (2)

where a and b are the time-series friction measurements and â
represents the mean value of the vector.15 Representative cross-
correlations with a high (red), medium (orange), and low
(green) correlation (i.e., similarity) are shown in Fig. 3c. A large,
symmetric triangular cross-correlation trace indicates that the
friction traces are similar. The symmetry of the cross-
correlation trace can be further parameterized into a single
value such as skew, kurtosis, or, as shown in Fig. 3c, the area

Fig. 3 Friction measurements and cross-correlation analysis. (a) Schematic of mechanical testing apparatus, where an elastic mock finger is slid across
polystyrene coated silicon wafers at a sliding velocity, v, and an applied mass, M, onto the finger. The force is transduced by a sensor with a spring
constant, k. (b) Representative friction traces from two different surfaces at the same conditions and those same two surfaces at another condition. (c)
Cross-correlation of friction traces from two different surface comparisons at different conditions, quantifying the similarity in friction traces. Friction
traces with high correlations are likely more difficult to discriminate and noted with a red box, whereas distinct friction traces are likely easier to
discriminate and noted with a green box. (d) Discriminability matrices summarizing differences in friction traces between two films. Differences are
quantifying the difference in area under the correlation curves. Black circles represent conditions tested and heat map created by 2D interpolation.
Friction measured in triplicate and repeated on three fresh spots per condition for a total of 144 traces per film.
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under the curve (AUC). This analysis condenses all the dynamic
friction traces from two surfaces into a single value on the scale
of ‘‘similar’’ to ‘‘discriminable’’ (red-to-green scale).

By combining the parameterized cross-correlation at each
velocity and mass, a discriminability matrix can be constructed.
The discriminability matrices shown in Fig. 3d summarize the
differences in frictional trace parametric values by AUC
between the films across all the experimental space where red
is high similarity (i.e., likely less discriminable to humans) and
green is low similarity (i.e., likely more discriminable by
humans). Matrices which show more green regions indicate
surfaces that are likely easier to discriminate under a wider
range of exploration conditions. This discriminability matrix
suggests that the polymer films, iPS vs. iPSA2, are likely more
discriminable by human subjects compared to iPS vs. aPS.

Human subjects testing

To verify if humans can tell apart the surfaces identified by
friction trace analysis, we performed human psychophysical
testing using the three-alternative forced choice test (Fig. 4a,
IRB approval in acknowledgements).21 Subjects are presented
three surfaces: two of the same surfaces and one of a different
surface. The location and the material used as the single
alternative is randomized across trials. Subjects are told to
freely explore each surface and identify which is unlike the
other two. This task is then repeated in five sequential trials.
Subjects were untrained and did not touch the samples before
testing. The annealed films had a slight blue hue when held
under light at certain angles. While most participants did not
notice this hue (samples are not visibly distinguishable in
Fig. 4a), as a precaution, all tests were carried out inside a
1 ft� 1 ft dark photo light box as to block the lights and provide
a visual barrier.

Subjects successfully discriminated between two pairs of
films (Fig. 4b). Subjects were able to discriminate between iPS
vs. iPSA1 (accuracy = 57.1%, t = 3.51, Cohen’s d = 1.24, p o 0.05)
and aPS vs. iPSA2 (accuracy = 62.9%, t = 3.65, Cohen’s d = 1.43,
p o 0.05) with statistical significance. Subjects, on average, were
able to discriminate between aPS vs. iPS, (accuracy = 45.7%,
Cohen’s d = 0.70, p 4 0.05) and iPS vs. iPSA2 (accuracy = 57.1%,
Cohen’s d = 0.96, p 4 0.05), but results were not statistically

significant. iPSA1 vs. iPSA2 (accuracy = 37.1%, Cohen’s d = 0.20,
p 4 0.05) was very close to chance (33%) and subjects were
therefore not able to discriminate between these two surfaces.

Human testing showed that amorphous polystyrene and
semi-crystalline polystyrene offers sufficient frictional differ-
ence for successful tactile discrimination. While aPS vs. iPS on
average were discriminable above chance (45.7% vs. 33%), iPS
vs. iPSA1 (57.1%) and aPS vs. iPSA2 (62.9%) had a higher
accuracy. This follows a trend with increasing differences in
crystallinity as both aPS vs. iPSA2 and iPS vs. iPSA1 have a larger
difference in the degree of crystallinity than aPS vs. iPS (11%
and 35%, respectively, vs. 4% see Table 1). However, the degree
of crystallinity alone is not sufficiently predictive of human
tactile performance. iPSA1 vs. iPSA2 also had a relatively large
difference in degree of crystallinity (20%) but were not discri-
minable, and the difference in crystallinity between the
discriminable iPS vs. iPSA1 and the non-discriminable aPS vs.
iPS is only 7%. In the case of iPSA1 vs. iPSA2, both films
exhibited crystalline structure, rather than one film being
amorphous and the other semi-crystalline like the case of iPS
vs. iPSA1 and aPS vs. iPSA2. Humans do not sense crystallinity
directly. Rather, the ability for humans to distinguish the
surfaces arises from differences in friction originating crystal-
line structure. Finally, the polymer films were also sufficiently
robust to survive human touch, which supports the role of film
crystallinity as the source of tactile contrast (Fig. 4a and Fig. S4
of ESI†).

Discussion

Human testing results indicate no difference in perception
between the two crystalline films iPSA1 vs. iPSA2 (Fig. 4b) and no
significant perception between the two amorphous films aPS vs.
iPS. However, subjects successfully discriminated amorphous
films, aPS and iPS, from crystalline films, iPSA2 and iPSA1,
respectively. In correlating human testing results with the mechan-
ical testing on mock fingers, described earlier in Fig. 3, the friction
traces produced on the amorphous films not only had quantitative
(parametric values from cross-correlation traces) but also qualita-
tive differences in friction features compared to the crystalline
films. These friction features are the presence of a stiction spike,
transitions between steady and unsteady sliding, and the genera-
tion of slow frictional waves,68–70 as shown in Fig. 5a.

The first friction feature is the appearance of stiction spikes
(SSp, top row of Fig. 5a). A stiction spike71 is where the sliding
finger overcomes an adhesive contact interface, and the ener-
getic breaking or melting of this contact produces static friction
forces larger than the kinetic friction forces produced once
contact is broken.72 Stiction spikes are indicative of a slow
molecular relaxation mechanism and are associated with
polymer wear.73,74 These stiction spikes are due to increased
frictional force dissipation and occur when surfaces are slid at a
shear rate similar to the molecular relaxation of the interface.72

While aged, deformable interfaces are likely to generate
prominent stiction spikes, samples were always pulled once

Fig. 4 Human psychophysical testing. (a) ‘‘Odd-man-out’’ (three-
alternative forced choice) test set-up which had undergone human test-
ing. (b) Results of psychophysical testing with human subjects. Each test
had thirty-five trials with n = 7 subjects. (*) indicates p o 0.05.
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prior to data acquisition to remove any artifacts from test
preparation. Consequently, the generation or absence of
prominent stiction spikes during sequential pulls indicates differ-
ences originating from the film’s properties. At the conditions
tested here, stiction spikes appeared much more frequently for aPS
and iPS films than for iPSA1 and iPSA2 films. aPS films have
previously shown high prevalence of stiction and wear in the
literature due to their bulky chain and amorphous nature resulting
in large chain entanglement and inefficient energy dissipation.11,72

iPS, while a more flexible chain than aPS, contains the same bulky
side groups and also retains the chain entanglement of an
amorphous state. In contrast, the annealed films, iPSA1 and iPSA2,
are in a semi-crystalline state in which organized polymer chains
can more quickly respond to shear, resulting in less frequent
stiction.11,73

The second friction feature was the generation of slow
frictional waves (SFW, bottom row of Fig. 5a). These distinct
waves are due to instabilities formed at soft, adhesive interfaces
(such as the human finger) from the competition between
adhesion (i.e., friction) at the interface and elasticity of a sliding
object.68,70 Slow frictional wave generation was defined here as
two or more periodic peaks of an amplitude Z 0.03 N. With
increasing velocities, there is a transition from steady sliding
with or without stiction to unsteady sliding producing distinct
waves.72 These slow frictional waves are visible at a sliding
velocity of 10 mm s�1 and the largest applied load of 100 g
(B1 N) where the friction traces of aPS and iPS films begin to
propagate larger amplitude, lower frequency oscillations. At
25 mm s�1, crystalline films iPSA1 and iPSA2, also propagate
slow frictional waves, but slightly less prominently compared to
the amorphous films. Transitions from steady sliding to slow
frictional waves generation are known to occur with increasing

velocity.69,70 During this transition, the interface dynamics
change from smaller local detachments to large interface
detachments, resulting in wave nucleation. The critical velocity
for this transition and its range depends on the material and
adhesion properties of the interface: an interface with low
adhesive energy and high molecular stiffness is expected to
decrease dissipation effects, thus requiring a larger critical
velocity to initiate this friction instability.68,75 Therefore, the
higher critical velocity required to produce slow frictional waves
for iPSA1 and iPSA2 films is expected since crystalline structure
can more quickly dissipate shear forces due to chain alignment
and efficient molecular chain relaxation.13

At 45 mm s�1, amorphous films demonstrate steady sliding
only at the lowest applied loads (0 g applied onto the dead-
weight of the finger) while crystalline films transition away
from periodic waves to steady sliding even at higher applied
loads (75 g, Fig. 5a bottom row). In other words, the crystalline
films require relatively higher loads to achieve similar friction
dynamics to the amorphous films. The relevance of this to
human testing and touch perception is that the crystalline films
would need to be pressed harder to achieve similar friction
dynamics to the amorphous films. While these friction traces in
the steady sliding regime retain some irregular instability peaks
(Fig. 5a bottom row), overall, there was a disappearance in large
scale periodic wave formation and a transition towards steady
sliding at the highest velocity and low loads.

The phase diagram in Fig. 5b summarizes the differences in
friction features amongst the films, where the solid line shows
the transitions from steady sliding to slow frictional waves.
Overall, polymer crystallinity appeared to affect the transitions
to wave propagation at velocities 10 mm s�1 and 45 mm s�1 and
applied loads at high velocity (0–75 g). As stated earlier, we

Fig. 5 Regimes identifying transitions in friction features. (a) Representative friction traces of a stiction spike (SSp, top row) and a transition from steady
sliding (SS) to slow frictional waves (SFW, bottom row). Examples taken from where amorphous (red) and crystalline (blue) films result in different friction
regimes. (b) Phase space of friction features summarizing appearances of stiction spikes and the transitions from steady sliding to SFW generation.
Legend identifies films by shape and friction features by color. The smooth line is drawn to guide the eye and represents the onset of SFW generation.
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expect that during free exploration, subjects would reasonably
use this range of velocities and masses. Successful human
discriminability verified that there was sufficient crystalline
structure induced by iPSA1 at the interface to result in the
characteristic transition in friction dynamics, and these could
be important in distinguishing between amorphous films and
crystalline films.

To quantify the relationship between the presence of friction
features (Fig. 5b) and human testing results, the number of
experimental conditions in which the two films resulted in
different friction features, denoted as ‘‘phase differences,’’ was
used as a predictor of subject’s accuracy through linear regres-
sion analysis. Fitting the average accuracy in human testing
yielded the linear model shown in eqn (3). p o 0.041, r2 =
79.6%. Fitting the effect size (Cohen’s d) from human testing
also yielded a predictive linear model shown in eqn (4). p o
0.08, r2 = 67.4%. The high correlation of human behavior by
phase differences indicates that human discriminability may
use these phase differences in fine touch.

Accuracy = 0.396 + 0.0152 �
P

phase differences (3)

Effect size = 0.377 + 0.0645 �
P

phase differences (4)

We also considered the parametric values quantified from
the cross-correlations as predictors for linear regression analysis.
In our prior work on silane monolayers,15 skew was a strong
predictor of tactile performance. Here, skew alone had a lower,
but positive correlation (r2 = 49.7% for averaged accuracy, r2 =
29.7% for effect size). This is not surprising as the polymers here
are a different material system, with a different microstructure
from AFM (Fig. 2a), and different mechanisms underlying the
transitions in friction dynamics between samples. Given these
differences, the fact that skew still correlates with human
performance across two different material systems leads us to
speculate that skew may be related to a basic mechanism behind
tactile discriminability.

In the introduction, we stated that simple material proper-
ties do not necessarily predict human performance. Here also,
we saw that accuracy and effect size were not highly correlated
with material properties. Difference in degree of crystallinity
had a low but positive correlation (r2 = 25.7% for averaged
accuracy, r2 = 11.9% for effect size) and surface energy had a
negative correlation. Roughness did have a high, positive
correlation (r2 = 79.1% for averaged accuracy, r2 = 62.3% for
effect size). This was expected because the presence of crystal-
line structure directly affected the nanoscale roughness, where
the crystalline films had higher roughness than the amorphous
films. Thus, in this case, roughness served as a predictor since
crystalline vs. amorphous structure was the parameter which
led to successful tactile discrimination. While there could be
some contribution from roughness in our most successful pair
(aPS vs. iPSA2) because our average peak-to-peak roughness is
similar to the roughness distinguishable by purely physical
means (Rpm 4 13 nm), the average roughness remained lower
than those distinguishable by purely physical means (Ra o
7 nm). Furthermore, these surfaces were isotropic and the

effect of the peak-to-peak roughness would be lessened.59

Indeed, human subjects successfully discriminated between
iPS vs. iPSA1 (Rpm = 2.6 nm vs. Rpm = 12, respectively) which
is below the known limits of both Rpm and Ra. Therefore,
roughness should be considered as a covariate with
crystallinity.

The annealed films, iPSA1 and iPSA2, had nm-length height
features over a characteristic length of 2.7 mm and 5.2 mm,
respectively, which could conceivably influence friction force
oscillations. To quantify the potential influence of the surface
topography of the annealed films on friction oscillations, the
period of the oscillations was evaluated using a Fast Fourier
Transform (FFT) of the friction trace data (Fig. S5 of ESI†). The
FFT on the slow frictional wave oscillations revealed a periodi-
city of 0.02–0.045 s depending on the conditions (i.e., velocity).
Multiplying periodicity by the respective velocities resulted in
characteristic lengths of B0.9–1.2 mm, or 900–1200 mm, a
length scale much larger than the crystalline structures. Thus,
these differences in oscillations between films are likely not
related to the height structures formed by crystallinity, and
rather through adhesion and friction phenomena originating
from differences in polymer crystallinity.

While differences in frictional forces and tactile discrimina-
tion were observed between the amorphous and crystalline
films, the differences were not as strong as some of our
previous experiments comparing self-assembled monolayers15

likely due to the overall large stiffness of all the polymers films
due to high confinement. Spin-coating as well as the thin films
confines polymer chain movement increasing the stiffness of
the polymer. This stiffening effect may have downplayed the
role of crystalline structure on frictional forces and tactile
discrimination. Future work could better exploit the effect of
crystalline structure by processing thicker, less constrained
films or melts, or polymers with a lower Tg.

Tactile discriminability was most strongly correlated with
differences in friction features amongst these polymer films.
Differences in these friction instabilities may serve as a better
predictor across broader material systems, as these are estab-
lished methods to categorize stick-slip friction behavior,
opposed to skew or other values from our cross-correlation
analysis. This analysis thus suggests that to create tactile
contrast in polymer films, materials should promote differ-
ences in friction features, specifically stiction spikes and slow
frictional waves, at multiple masses and velocities relevant to
human exploration.

Conclusions

Through mechanical testing and human testing, we showed
that humans can distinguish surfaces which differed only in
the degree of crystallinity, even in smooth surfaces with the
same chemical structure. Our mock finger and analysis yielded
useful predictions of human performance, therefore minimiz-
ing the need for human testing. The mechanism of tactile
discriminability originated from the reduced dissipation of
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friction in the more crystalline films. From an analysis of the
friction traces, we found that human performance was strongly
correlated with the number of transitions in friction features,
specifically the absence or presence of a stiction spike, and the
generation of slow frictional waves. This correlation suggests
that humans may use transitions in friction features in fine
touch. Consequently, it may be possible to generate higher
tactile contrast between two surfaces by designing these transi-
tions to occur at ranges of applied masses and velocities found
in human exploration. Traditionally, crystallinity and micro-
structure morphology is widely used to engineer polymer per-
formance in diverse applications and can now also be harnessed
to engineer fine touch. The design of tactile interfaces through
chemical and materials phenomenon may yield new classes of
haptic actuators, provide greater variety in tactile devices, and
provide a new toolkit to study basic aspects of tactile perception.
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