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Role of indentation depth and contact area on human
perception of softness for haptic interfaces
Charles Dhong1*, Rachel Miller1, Nicholas B. Root2, Sumit Gupta3, Laure V. Kayser1,
Cody W. Carpenter1, Kenneth J. Loh3, Vilayanur S. Ramachandran2, Darren J. Lipomi1*

In engineering, the “softness” of an object, as measured by an indenter, manifests as twomeasurable parameters:
(i) indentation depth and (ii) contact area. For humans, softness is not well defined, although it is believed that
perception depends on the same two parameters. Decoupling their relative contributions, however, has not been
straightforward because most bulk—“off-the-shelf”—materials exhibit the same ratio between the indentation
depth and contact area. Here, we decoupled indentation depth and contact area by fabricating elastomeric slabs
with precise thicknesses and microstructured surfaces. Human subject experiments using two-alternative forced-
choice andmagnitude estimation tests showed that the indentation depth and contact area contributed indepen-
dently to perceived softness. We found an explicit relationship between the perceived softness of an object and its
geometric properties. Using this approach, it is possible to design objects for human interaction with a desired
level of perceived softness.
INTRODUCTION
In the engineering sciences, “softness” is associated with deform-
ability. A material is determined to be soft due to some combination
of low elastic modulus, low stiffness, and high ductility. The tactile
cues governing the human perception of softness, however, are less
straightforward to identify (1). It has been suggested that the inden-
tation depth (the distance that a fingertip penetrates into an object)
(2–4) and contact area (the interfacial area between a fingertip and
object) (5–7) are important tactile cues. The indentation depth and
contact area are generated simultaneously during touch, making it
difficult to decouple the two parameters. Intentional design of mate-
rials and devices for generating tactile sensation—such as haptic dis-
plays and human-machine interfaces—requires understanding the
role of and relationship between indentation depth and contact area
(8, 9). Here, our goal was to decouple these parameters using a sys-
tem that allowed human subjects free exploration of a variety of en-
gineered elastomeric slabs. These slabs were designed to produce
precise ratios between the indentation depth and contact area at a
given force, which decoupled the two parameters. Decoupling was
possible using combinations of Young’smodulus, slab thickness, and
micropatterning of relief structures (pits) on the surface. Using these
engineered elastomeric slabs in human subject tests, we quantified
how the indentation depth and contact area affected the perception
of softness. These results can help design more realistic tactile inter-
faces in electronic skin for instrumented prostheses, soft robotics,
and haptics (10).
BACKGROUND
The perception of softness arises from both the tactile and kinesthetic
senses. Afferent nerve endings in the skin give rise to the sense of
touch, and those in the muscles, tendons, and ligaments give rise to
a kinesthetic perception of motion or of the “solidness” of objects.
Dynamic control of the perception of softness (or hardness) is achieved
in haptic devices using one of several methods. For example, a soft,
enclosed object filled with air can change its stiffness by means of
pneumatic pressure; if filled with particles, then the object can be
made stiff by removing the air (i.e., jamming) (8, 11–13). The solid-
ness of a virtual object can also be approximated using motors, pul-
leys, and hydraulic actuators to resist the motion of fingers in gloves
or stirrup-like apparatuses (14–17). These approaches are thus adept
at producing a sense of softness based on the kinesthesia, i.e., bulk
deformability. This approach stands in contrast to one that attempts
to produce a dynamic sense of softness at the fingertips bymanipulat-
ing near-surface properties. To achieve this goal, the relative impor-
tance of parameters such as surface porosity (i.e., integrated contact
area) and Young’s modulus, along with the stiffness (i.e., the extrin-
sic property that depends on the geometry of the object), must be
established.

Understanding how the mechanical properties of solid objects
influence the perception of softness has been the subject of several
investigations (2, 6, 12, 18–21). However, a clear picture has yet to
emerge from this work because both tactile cues believed to be im-
portant in the perception of softness (i.e., indentation depth and
contact area) are affected simultaneously by themechanical properties
(e.g., Young’s modulus, stiffness). In a critical review, Gerling et al.
(20) found several instances in which the relationships between the
mechanical properties of test objects and the participant’s responses
to them were unclear. In some studies, it was difficult to connect par-
ticipant responses with mechanical properties because of the un-
reliable control over the mechanical properties of samples (20). In
other instances, some studies were regarded as ambiguous because
it was assumed that controlling the intrinsic mechanical properties
would automatically control the extrinsic properties such as the inden-
tation depth and contact area on the finger (20). These extrinsic prop-
erties also depend on the geometry of the specimen—especially its
thickness—which ultimately determines the stiffness (i.e., compliance)
under bending or compression.

Hypothesizing that the indentation depth and contact area were
important tactile cues in the perception of softness, several authors
have taken the step of fixing either one of these two parameters
(3, 5–7, 19, 22). In one approach, these variables are controlled using
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mechanical apparatuses (3, 5–7). These devices, however, substan-
tially restrict the participant’s movement, and thus, this setup does
not resemble the way in which humans engage with objects in the real
world (19, 22). In another approach, mechanical apparatuses have
been combined with some level of materials control, e.g., tuning the
Young’s modulus of the material. For example, Moscatelli et al. (5)
controlled the indentation depth using an apparatus that limited
how far a participant’s finger could penetrate into an object. Using this
approach, the authors presented test participants with twomaterials of
the same shape but with different Young’s moduli. The authors found
that participants were able to determine the difference between the two
materials even while restricting the indentation depth of the finger. As
the indentation depth was controlled, the contact area was the only
mechanical stimulus that could have affected the perception of soft-
ness (5). Developing a general relationship (i.e., one that is not depen-
dent on a restrictive apparatus) between the perceived softness of
samples for a range of indentation depths and contact areas, however,
requires a third approach. In this approach, used here, the indentation
depth and contact area at a given force are varied simultaneously using
only the material so that the participants could freely interrogate the
samples—i.e., without the use of physical restraints. Our central hy-
pothesis was that the contact area and indentation depth combine
in some way that determines the human perception of softness and
that the functional form of this relationship can be found by inde-
pendentmanipulation of the modulus, thickness, and effective surface
area of a set of elastomeric slabs.

The indentation depth and contact area between a finger and an
object are described by the Hertzian contact model (23).When a finger
is pressed into an object from a direction normal to the surface of the
object, the finger and object deform in proportion to the Young’s
modulus (E) of the object and finger, the applied force (F), and the geo-
metries of both the object and finger. The finger indents the object by a
distance known as the indentation depth, d. Simultaneously, the inter-
facial area between the finger and object spreads with a contact area of
pa2. Even with a light touch, the contact area encompasses a large pro-
portion of the fingertip (15, 24). This large contact areamay seemprob-
lematic because the Hertzian model assumes that these deformations
are relatively small. However, despite the relatively large contact area of
the indenter (i.e., the finger) encountered inhuman touch, theHertzian
contact model has been successfully used as a first-order approxima-
tion in many studies on the tactile sense (6, 7, 12). An important con-
sequence of the Hertzian model is that, for most elastic objects thicker
than a few millimeters, it is not possible to tune the ratio between the
indentation depth and contact area. This ratio remains the same even
with different values of Young’s modulus.

To overcome the coupling between indentation depth and contact
area, we exploited a phenomenon arising from solid mechanics, along
with standard techniques of microfabrication. First, we exploited the
fact that a thin material (defined as an object that has a thickness sim-
ilar to the expected indentation depth) becomes effectively stiffer than
a thicker counterpart due to a confinement effect (24). This effect
occurs because a thin material is immobile at the interface where it
meets the rigid substrate. At large displacements, the thin, confined
material becomes substantially more rigid than its bulk. Thin objects
with a lower Young’smodulus can be stiffer (e.g., a smaller indentation
depth for a given applied force) than a thick object with a higher
Young’s modulus. We were thus able to “dial in” a specified relation-
ship between indentation depth and contact area, independent of
Young’s modulus. Second, we were able to reduce the contact area be-
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tween a slab and a finger by micropatterning relief structures (either
pillars or pits) into the surface of the slab. These features reduced the
effective surface area by preventing the finger from making contact
with the deeper level of relief. With microstructured slabs, an impor-
tant design consideration was tominimize confounding variables, e.g.,
inadvertent enhancement of adhesion (25), increased deformability of
the slab by collapsing or buckling (26, 27), or perception of the micro-
structures by the participant as texture (28, 29).

By controlling the thickness and effective surface area of elasto-
meric slabs, we were able to tune the indentation depth and contact
area of the slabs independently. These slabs were freely explored by
human subjects without relying on restrictive apparatuses. In our ex-
periments, which involved nine slabs differing on the basis of thick-
ness, microstructuring, and Young’s modulus, we asked participants
to perform two psychophysical tasks: two-alternative forced-choice
(i.e., which of two slabs is softer?) and magnitude estimation (i.e.,
rank the relative softness of all nine slabs by placing them along a
scale of 1 to 10).
EXPERIMENTAL RATIONALE AND THEORY
Hertzian contact model
The indentation depth and contact area between two objects are
related to the Young’s modulus of a slab, the physical dimensions
of both the slab and the finger, and the applied force. This relation-
ship, described by a Hertzian contact model of an elastic sphere in
contact with a semi-infinite (i.e., sufficiently thick) planar substrate
(see Fig. 1A), is given as (24)

F ¼ 16Ea3
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Fig. 1. Overviewof experimental approach and fabrication scheme. (A) Hertzian
contact model of a finger of radius, R, presses with a force, F, into a deformable
slab with Young’s modulus, E, and a controlled thickness, h. This pressing action
displaced the interface between both objects by an indentation depth, d. The
finger and the slab shared an interface with a contact area of pa2. (B) The creation
of pits in the surface of the slab by micropatterning reduced the contact area
between the finger and the slab. (C) The thickness of the slab, h, was controlled
by cutting a pocket into an acrylic substrate to a depth equal to h. (D) The acrylic
substrate served as a mold for a liquid PDMS prepolymer. Before curing, a micro-
patterned (or planar) wafer (E) was placed on top of the uncured PDMS (F). The
micropatterned pillars had a radius, r, and were spaced by a distance, s. The Young’s
modulus, E, was controlled by the prepolymer/cross-linker ratio of the prepolymer.
(G) The slab was exposed to ultraviolet (UV)/ozone to minimize surface viscoelasticity.
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where F is the applied force, E is the Young’s modulus, R is the ra-
dius of the finger, and a is the contact radius. For a rigid sphere, the
contact radius, a, is geometrically related to the indentation depth by
a ¼ ffiffiffiffiffiffi

Rd
p

. Here, E is equivalent to Eeff, the effective Young’s modulus
which for the finger (EF) and substrate (ES) moduli, given as

Eeff ¼ 1� n2F
EF

þ 1� n2s
ES

� ��1

ð2Þ

where n is the Poisson ratio. The consequence of finite thickness is that a
thin slab is effectively stiffer (i.e., a smaller displacement for a given force)
than a thick slab. Assuming a similar correction factor between flat and
spherical indenters, as noted by Shull et al. (24), Eq. 1 ismodified as follows

F ¼ 16Ea3

9R
1þ 0:15

a
h

� �3
� �

ð3Þ

where h is the thickness of the film. Equation 3 reverts to Eq. 1 when the
thickness of the film becomes much larger than the contact radius. The
indentation depth in thin films is given as

d ¼ 0:4þ 0:6 exp �1:8
a
h

� �� � a2

R
ð4Þ

Equations 3 and 4 show how the thickness of a film, h, is used to tune
the indentation depth and contact area, which is not possible in thick films
(Eq. 1).

Slab thickness
Equation 4 demonstrates how the thickness of the slab affects the ratio
between the contact radius and the indentation depth. Using a mi-
croCNC (computer numerical control) end mill with approximately
micrometer resolution, we fabricated acrylic molds by cutting circular
pockets of a precise depth (h; Fig. 1C) and a fixed radius into acrylic
blocks, which determined the thickness of the poly(dimethylsiloxane)
(PDMS) slab (see Fig. 1D).

Avoidance of unwanted effects from microstructures
In our experimental design, we were cognizant of the fact that micro-
patterned structures at the surface might themselves deform in ways
that could affect the perception of softness. Since the only aspect of
the microstructures we were interested in was their effect on the sur-
face area presented to the fingertip, it was possible to make the relief
structure very shallow (10 mm). We thus designed the height of the
features such that bending or buckling would be a very small fraction
(i.e., <1%) of the total deformation of the slab (26, 27, 30). Our cal-
culations are shown in the Supplementary Materials. In short, the
deformation of the relief structures is negligible if the participants apply
a downward force with a deviationwithin 30º of perpendicular.More-
over, this calculation is independent of Young’s modulus and down-
ward force (26). This analysis was performed for the microstructured
slabs with an effective surface area of 30% (in which the raised por-
tions were micropillars). Microstructured slabs with an effective sur-
face area of 50% were formed instead by fabricating wells, i.e., the
inverse of pillars because of ease of fabricating the silicon mold by
photolithography.
Dhong et al., Sci. Adv. 2019;5 : eaaw8845 30 August 2019
In addition to inadvertently increasing deformability, patterned
microstructures can enhance adhesion under certain conditions
(25, 31, 32), which we were concerned might interfere with the partici-
pants’ perception of softness. The patternedmicrostructures here, how-
ever, were of too low of a density to enhance adhesion (33).

We were also aware that the patterned microstructures might be
perceived as a texture (a scenario we wanted to avoid). It has been
shown that participants are sensitive to features much smaller than
the ones used here (28, 29). In those studies, however, perception of
texture was found to arise from the friction forces generated by sliding
a finger across a surface (32, 34). These friction forces are minimized
when participants tap or press into an object (i.e., no sliding). We ob-
served that the participants always explored the slabs using a tapping
or pressing motion, although they were neither told to avoid sliding
their fingers nor instructed to tap. Even in a tapping mode, humans
still have the ability to perceive features on a surface.We believe that it
is unlikely that the participants could have perceived the individual
microstructures, as humans have static two-point discrimination of
features around 1.7 mm when sensed at the fingertips (35). This
two-point resolution is much larger than the size (r = 20 mm) and
pitch of the microstructures in the slabs.

Young’s modulus
Assuming two slabs with identical thicknesses, an increase in the
Young’s modulus decreases both the indentation depth and contact
area at a given applied force of a hemispherical indenter. For two slabs
with different thicknesses, however, Eq. 4 shows that the Young’s
modulus alone does not determine the indentation depth. In other
words, stiffness (an extrinsic property) and the Young’s modulus are
not interchangeable terms.We thus hypothesized that it would be pos-
sible to construct a slab perceived as hard (by tuning the indentation
depth via the thickness), although it was constructed ofmaterial with a
relatively low Young’s modulus.

The slabs were constructed from a silicone elastomer—PDMS
(SYLGARD 184, Dow Corning)—and casted in acrylic molds. The
Young’s modulus of PDMS was controlled by the ratio of base to
cross-linker. We note that the viscoelasticity of the native surface
of PDMS could be perceived by participants as “stickiness.” This visco-
elastic adhesion was minimized by exposing the slabs to ultraviolet
(UV)/ozone (Fig. 1G)—a long-lasting treatment that partially cross-
links the surface and reduces tack. (36)

Notes on psychophysical experiments
While it is possible to monitor the interface between a finger and a
substrate in real timewith only amodest burden on participants (34, 37),
we chose not to do so. Real-time measurements, on their own, can-
not determine the precisemoment inwhich human subjects formulate
their perception of softness. Instead, we designed our experiments for
unobtrusiveness and free exploration. Doing so also allowed us to test
a larger number of samples than would have been possible if we had
increased the complexity of our experimental design to allow for real-
time measurements.

We minimized potential errors from free exploration with two
precautions. First, each participant was presented the slabs in a different
order. We performed this randomization to reduce possible effects
arising from experience or fatigue. Second, we took the statistical sig-
nificance of all findings to be at a level of P < 0.001, which is more
stringent than the commonly accepted threshold of P < 0.05. To sup-
port the reproducibility of the effects we observed, we repeated the
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psychophysical tests and analysis approximately 1 year later on a sec-
ond set of slabs with an additional 10 participants (fig. S7).
RESULTS
Designing slabs using Hertzian contact
On the basis of a Hertzian contactmodel, a participantmight perceive a
slab with a higher Young’s modulus as softer than a slab with a lower
Young’s modulus if the latter slab was sufficiently thin. Figure 2A
shows that a thin slab (<1 mm) with a low Young’s modulus has a
smaller indentation depth and contact area than a thicker slab with a
high Young’s modulus for an applied force of 1 N. For example, we
compare the indentation depth of a slab with Es = 0.1MPa and a film
thickness of 0.25 mmwith a slab with Es = 0.8 MPa with a film thick-
ness of 3 mm. In this example, the slab with a smaller indentation
depth has, by definition, a higher stiffness than the other slab with
a higher Young’s modulus. If a slab that is perceived as soft is also
made with a low Young’s modulus, then it is possible to misattribute
perceived softness with a low Young’s modulus. Therefore, we inten-
tionally fabricated slabs that might be perceived as among the softest
with an intermediate Young’s modulus, as opposed to a low Young’s
modulus (the parameters used to calculate Fig. 2 are in table S1).

The downward force used by participants as they interrogated the
slabs varied during the course of the psychophysical tests. This var-
iability could have led to scenarios in which two different slabs gen-
erated identical values of indentation depth or contact area during
exploration. For example, Fig. 2B shows that a large force on a thin
slab or a light force on a thick slab results in identical values of the
Dhong et al., Sci. Adv. 2019;5 : eaaw8845 30 August 2019
contact area (a similar scenario occurs for the indentation depth).
This coincidence is potentially problematic for two reasons: (1) Two
different slabs may generate the same indentation depth or contact
area, and (2) the value or values of the indentation depth and contact
that form the basis for the participants’ responses are unknown.

Regarding (1), similar values in the contact area or indentation
depth between two slabs are predicted to occur only for a narrow
range of forces. Moreover, there are no two slabs that produce the
same value of both indentation depth and contact area, even if the
(static) force on each slab is different. This statement is verified as
follows. Figure 2C is a plot showing, as a function of force, howmuch
the ratio of indentation depth to contact area decreases between two
slabs having differences in thickness in increments of 0.1 mm, given
that the slabs have the same Young’s modulus (i.e., the difference in
the ratio of two slabs that vary in thickness by 0.1 mm). Figure 2C
demonstrates that this ratio is both nonzero and nonparallel at all
forces. This fact has two consequences. First, there is no single force
where both the indentation depth and contact area are identical be-
tween two slabs. Second, in the event that under two different forces,
this ratio is identical between two slabs, the incremental increase in
indentation depth and contact area will be the same between two
slabs. However, as both slabs would have had different initial values
of indentation depth and contact area, the end result is that the in-
dentation depth and contact area between both slabs will remain dis-
tinct. Although Fig. 2C has only been shown for differences in film
thickness, film thickness is the most stringent slab parameter. In
practice, differences in Young’s modulus result in even larger differ-
ences in the ratio (between the growth of indentation depth and con-
tact area with force) between two slabs.

Regarding (2), it may be impossible to know which combination
or combinations of indentation depth and contact area formed the basis
of the participants’ determination of softness. Furthermore, participants
used a wide range of forces during exploration, and it was important
that the forces used in our model were similar to those produced by
the participants. Rather than compelling the participants to press with
a set force, we calibrated the forces used in ourmodels by asking them to
press on a sample placed on a scale. The range of forces we obtained,
0.1 to 3 N, was consistent with forces used in previous studies (20, 37).
Later, we performed analysis of participant responses on all forces with-
in this range, and we used the force that best predicted their responses.

Choice of slab parameters and verification
Under Institutional Review Board (IRB) guidelines, participants must
be able to perform the psychophysical tasks within a reasonable time.
Participants took approximately 1 hour to perform the two-alternative
forced-choice test on nine samples, whichwe deemed to be a reasonable
duration (the addition of even a single slab would have increased the
number of head-to-head comparisons from 36 to 45, increasing testing
duration by 25%). Therefore, we designed slabs with the goal of efficien-
cy, i.e., to explore the largest parameter space based on three parameters:
Young’s modulus, thickness, and effective surface area. We maximized
the parameter space by designing each slab to vary in at least two para-
meters, as opposed to a single parameter. We also avoided designing
sets of slabs that would have interrogated effects similar to those ex-
plored by others (such as investigating the role of Young’s modulus in
determination of softness of bulk, planar samples) (20). The Young’s
modulus, thickness, and effective surface area are independent param-
eters, which simplified the multidimensional analysis of our results.
Furthermore, the Young’s moduli used here span a similar range with
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Fig. 2. Computed indentation depth and contact area of thin PDMS slabs.
(A) The contact area (pa2) and indentation depth (d) as a function of slab thickness
(h) and Young’s modulus (Es) for an applied force of 1 N. (B) Contact area and in-
dentation depth as a function of force for a slab with a Young’s modulus of 0.8 MPa.
Results are obtained from Eqs. 2 to 4. (C) Differences in the ratio of indentation
depth to contact radius between two slabs that differ in thickness by 0.1 mm as
a function of force. The thicker of the two slabs has a slab thickness of hf. Negative
values indicate that thinner films have larger ratios of d/a.
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other investigations on the perception of softness, and the increased
stiffness in thin films was modest—even the thinnest slab did not ex-
ceed the stiffness of bulk slabs with a Young’s modulus in the upper
end of this range. (20)

A table of slabs used in this study is shown in Table 1, with repre-
sentative images shown in Fig. 3A. We name the slabs using a code in
the text and using markers in the plots. The naming convention is as
follows: The darkness within each color category increases with thick-
ness, the color (red, blue, and green) corresponds to a Young’smodulus
(red, highest; green, lowest), and the number of “points” on themarker
corresponds with percent coverage (triangle, 30%; star, 50%; circle,
unpatterned).

Wemeasured the contact area for both a gloved finger and a rigid
[poly(methyl methacrylate) (PMMA)] hemispherical indenter with
a radius of 5 mm and an applied mass of 100, 200, or 300 g onto a
slab using electrical impedance tomography (EIT; see Fig. 3B). This
technique measures the spatially resolved deformation of the slab
by monitoring differences in conductance of a piezoresistive film
(<10 mm) on the surface of the slab (38). Figure 3B shows that the
deformation of the slab (dkG) increases with applied force. That
is, contact areas of 20.0, 30.4, and 48.0 mm2 are generated using ap-
plied masses of 100, 200, and 300 g, respectively. These values are
similar to those obtained in the literature (15, 20, 37). We found that
the deformable finger and the rigid indenter resulted in similar con-
tact areas with the slab.

Wemeasured the indentation depth of the same rigid hemispher-
ical indenter at various applied masses using a noncontact linear dis-
placement sensor (see Fig. 3C).We achieved good agreement between
our measurements (solid markers) and predictions based on Eqs. 3
and 4 (dashed lines) of indentation depth at various applied forces.
At higher forces, the prediction overestimated the deformation. This
overestimation is known to occur when the deformation of the slab
is very large (39). In addition, Fig. 3C emphasizes the importance of
the film thickness on the indentation depth. Although the dkR slab
had a higher Young’smodulus (3MPa), it is less stiff (i.e., larger inden-
tation depth) than the two slabs (B and ltB) with a lower Young’s
modulus of 0.8 MPa.
Dhong et al., Sci. Adv. 2019;5 : eaaw8845 30 August 2019
The two-alternative forced-choice test
The percentage of times a slab was judged by participants as softer than
all other slabs (“aggregate percentage”) is shown in Fig. 4A and the in-
dividual head-to-head comparisons are in Fig. 4B. Although only two
slabs were presented at a time, participants consistently judged some
slabs as softer than others. Some of these judgments matched expecta-
tions from a Hertzian contact model. For example, ltR (E = 3.0 MPa;
h = 0.60 mm; effective surface area, 50%) has the lowest aggregate
percentage. Therefore, ltR was perceived as the least soft (i.e., the
“hardest”) slab. The perception of ltR as the hardest slab matches ex-
pectations because ltR was thin and has the highest Young’s modulus.
Other results did not match expectations suggested by Hertzian con-
tact. For example, dkB (E = 0.8 MPa; h = 0.58 mm; effective surface
area, 100%) has the highest aggregate percentage (it was perceived as
the softest slab). Although we expected that this slab would be among
the softest due to its large thickness and unpatterned surface, it had an
intermediate Young’s modulus.
Table 1. Slab parameters.
Slab

Young’s
modulus
E (MPa)
Thickness
h (mm)
Effective
surface area
(% of original
surface area)
Marker
Dark red
 (dkR)
 3.0
 4.20
 30
Red
 (R)
 3.0
 1.40
 30
Light red
 (ltR)
 3.0
 0.60
 50
Dark blue
 (dkB)
 0.8
 0.58
 100
Blue
 (B)
 0.8
 0.50
 100
Light blue
 (ltB)
 0.8
 0.30
 100
Dark green
 (dkG)
 0.1
 0.40
 30
Green
 (G)
 0.1
 0.20
 50
Light green
 (ltG)
 0.1
 0.13
 100
B
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The aggregate percentage is a convenient visualization of the head-
to-head comparisons. However, plotting the data this way can obscure
trends that are present in head-to-head comparisons. The following
case illustrates consistency in the conclusions that can be drawn from
the way that these data are visualized. As can be seen in Fig. 4A, R and
ltG have a similar aggregate percentage. Examination of the head-
to-head comparison in Fig. 4B reveals that participants had difficulty
deciding which slab was softer—R was judged as softer than ltG in
about half of all trials (8 of 15). Furthermore, R and ltG also per-
formed similarly when compared to other slabs (shown by the simi-
larity of color intensity between rows R and ltG in Fig. 4B). In another
case, however, similar values of the aggregate percentage did not cor-
respond to similar head-to-head comparisons. In this example, ltB
and ltG scored similarly by aggregate percentage, but the head-to-
head comparison reveals that each performed differently when com-
pared to a third slab. When compared to dkR, participants judged ltB
to be softer than dkR 47% of the time, whereas ltG was judged to be
softer than dkR 27% of the time. Therefore, the aggregate percentage
visualizes certain trends that are not apparent in the head-to-head
comparisons and vice versa.

Although the aggregate percentage and head-to-head comparisons
do not always recapitulate the same trends, participants responses show
a remarkable consistency between the two. To visualize this consistency,
we have organized the head-to-head comparisons in Fig. 4B and the
Dhong et al., Sci. Adv. 2019;5 : eaaw8845 30 August 2019
slabs according to an increasing aggregate percentage. By doing so,
one can see that there are no red boxes above, or blue boxes below,
the diagonal in Fig. 4B. This partitioningmeans that the ranking of soft-
ness based on an aggregate percentage results in the same order as a
ranking based on head-to-head comparisons. Consistency between
aggregate percentage and head-to-head comparisons is not guaranteed
to occur in two-alternative forced-choice tests:Mozart may be thought
to be the greatest composer of the classical era from a large number of
head-to-head comparisons, but perhaps Beethoven “always beats”
Mozart and no one else (see the Supplementary Materials for an ela-
borated counterexample involving the “best” songs). For example,
dkG has the fourth highest aggregate percentage, which means that
there are three slabs softer than dkG. On the basis of an aggregate per-
centage, the three slabs that are the softer than dkG are B, G, and dkB
(Fig. 4A), which are also the same three slabs that were softer than dkG
in head-to-head comparisons (i.e., raw data in Fig. 4B). Note that this
conclusion is valid regardless of the order of slabs in Fig. 4B. The only
potential inconsistency between the aggregate and head-to-head data
is betweenR and ltG.Overall, ltGwas judged as softer by an amount of
0.8%more often than R, but in head-to-head comparisons, R was per-
ceived as softer than ltG 53% (8 of 15) of the time. This comparison
represents one anomaly in the set of 540 total comparisons (a success
rate of 99.8%) and is well within the margin of error. Rather than an
inconsistency, participants likely considered bothR and ltG as equally soft.
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Consistency between the aggregate percentage and the head-to-
head comparisons is remarkable because it means that the perception
of softness is “transitive” in the mathematical definition. Transitivity
means that if sample A is softer than sample B and B is softer than C,
then A should be perceived as softer than C. Transitivity has several
important implications for human perception (40). It implies that
softness is ameasurable quantity or variable within tactile perception,
which has not been previously established. Transitivity also implies
that the stimulus under investigation—the perception of softness—
is evaluated by humans on a univariate scale. Evidence for a univariate
scale of softness is emphasized by our earlier finding where two slabs
differing in every physical property (R and ltG) were perceived as
equally soft. In that situation, multiple physical properties are synthe-
sized into a single (univariate) representation of perceived softness. A
univariate scale also implies that the scale for judging softness is con-
sistent between participants and that the perception of softness is a
basic sensation (40). That is, the perception of softness is not com-
posed of a combination of more basic sensations.We note that, while
the perception of softness might not be composed from more basic
components, this is distinct from the mechanical definition, in
which softness is determined by a combination of the Young’s
modulus and slab geometry.

Finding that the perception of softness is transitive is not an arti-
fact of the two-alternative forced-choice test. Unlike other psycho-
physical tests (such as magnitude estimation, which we performed
next), a two-alternative forced-choice test does not compel participants
to evaluate softness along a single dimension. Moreover, participants
were not trained to interpret softness along a single dimension because
the two-alternative forced-choice test was performed before magnitude
estimation for all participants.

We plotted the aggregate percentage judged softer for each slab
against five different parameters in Fig. 4, C and D: thickness (h), ef-
fective surface area (%), Young’s modulus (E), indentation depth (d),
and contact area (pa2). Thickness, effective surface area, and Young’s
modulus are properties of the slab (Fig. 4C), while indentation depth
and contact area emerge only upon contact with the finger (Fig. 4D).
The principal conclusion from this representation is that no single
property of the slab nor aspect of deformationwas by itself an accurate
predictor of softness. For example, it is tempting to conclude from the
leftmost plot of Fig. 4C that perceived softness correlated with in-
creased thickness (considering the red and blue series representing
constant Young’s modulus). All other parameters being equal, this ex-
pectation would have been valid. However, a closer inspection reveals
a complex interplay of parameters. For example, in the red series, the
two triangles were perceived as softer than the star, although the tri-
angles represent slabs with the smallest effective surface area (which
wehypothesizedwould have been perceived as the least soft).Moreover,
the green series (representing the lowest Young’s modulus) follows a
trend that is completely the opposite of expectations, with the un-
structured slab (the circle) being judged the least soft, although it has
the largest contact area. This defiance of expectations pervades the re-
lationships plotted in Fig. 4, C andD. This apparent complexity points
to the need for amodel, which accounts for all parameters native to the
slab, and incorporates the simultaneous effects of indentation depth
and contact area due to the downward force of the finger.

Hertzian contact model that best predicts human responses
A lack of clear trends in participant responses with either indentation
depth or contact area led us to hypothesize that the perception of
Dhong et al., Sci. Adv. 2019;5 : eaaw8845 30 August 2019
softness depends on both factors. We determined the optimal rela-
tionship between the perception of softness, indentation depth, and
contact area by considering three interconnected scenarios. First, the
indentation depth and contact area of each slab grows differently with
increasing applied force (see Fig. 2), and thus, the predictive power of
eachmodelmay depend on the force. Second, the fingermay be better
modeled as a rigid object, although the finger is deformable, because
human subjects may unconsciously account for the deformability of
their fingers. Third, the indentation depth and contact area may con-
tribute to the perception of softness equally (as suggested by Hertzian
contact) or unequally.

For each variation of the three interconnected scenarios, aHertzian
contact model generated a set of the indentation depths and contact
areas for the nine slabs. These sets of indentation depth and contact
area are then connected to participant responses using a Bradley-Terry
model (41)—a widely used model in psychology to predict the out-
come of paired comparisons. We quantified the ability of each varia-
tion of these Hertzian contact models to predict participant responses
using an Akaike information criterion (AIC) (42) in Fig. 5. An AIC
quantifies the predictive power of different Hertzian contact models
by estimating how much information (defined in dimensionless units
of the logarithm of “likelihood”) is gained or lost with each Hertzian
contactmodel (42). Lower values of the AIC indicate that onemodel is
more predictive than anothermodel. Themagnitude that onemodel is
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more predictive than another is known as the relative likelihood. We
calculate the increased relative likelihood of one model over another
by taking the differences in AIC between two models. Large differ-
ences inAIC indicate that themodel with the lower AIC ismuchmore
predictive than the other model. While differences in AIC are impor-
tant, the absolute value of AIC has no meaning. The end goal of this
analysis is to identify the scenario with the lowest AIC and therefore
best predicts participant responses. A flowchart of this analysis is provided
in fig. S2.

All the dashed lines in Fig. 5 have a lower AIC than the solid lines,
which indicates that participant responses are better predicted by a
Hertzian contactmodel that considers the finger as a rigid object, although,
in reality, the finger is deformable. The models that consider the finger
as a rigid object always obtained a better fit (comparing lines of the
same color in Fig. 5), regardless of the applied force or the different
methods of combining indentation depth and contact area. One expla-
nation is that participants may compensate (in the brain, as opposed to
mechanically at the finger) for the deformability of their finger during
exploration of the slab. Modeling the finger as a rigid object improves
the prediction of participant responses by a large amount, as shown by a
reduction in the AIC by nearly 200 points. As the AIC is logarithmic
with probability, a difference of 200 points represents a probability
increased by 2.7 × 1043 (calculated by e200/2) that a model is a better
fit. For reference, a difference of 10 points in AIC is typically suffi-
cient to establish significance that one model is more predictive (42).
The best fit is obtained at a force of around 0.4 N, which is approx-
imately the force at which the largest differences (the steepest slope)
in indentation depth and contact area are present (Fig. 2B). This re-
sult supports the findings of Park et al. (19) that the fingers weremost
sensitive to changes in softness when the indentation depth of a slab
was changed rapidly. These experiments were conducted by immobi-
lizing the finger of a participant between a static support and a con-
tacting plate containing a deformable material. The velocity with
which the contacting plate pressed into the finger was controlled using
a motor (19).

Our results support that the contact area is a tactile cue (5). A
model that considers the indentation depth alone (Fig. 5, orange line)
has reduced predictive power (by a factor of 5 × 1021). This finding sug-
gests that studies that investigate either compliance (the axial displacement
for a given force) or haptic devices thatmodulate softness by depressing
a rigid surface with varying spring constants may only be valid at the
given contact area of the test-specific apparatus. Limiting validity to
a given contact area is particularly restrictive because most objects
simultaneously change in both the indentation depth and contact area
during touch. A parallel conclusion is valid for the role of indentation
depth on the perception of softness (Fig. 5, magenta line). Knowing
that both the indentation depth and contact area are important, there
are two possibilities for combining the indentation depth and con-
tact area.

A multiplicative combination of the contact area multiplied by the
square root of the indentation depth (Fig. 5, blue line) performs well,
but it is not the bestmodel because it does not generate the lowest AIC.
Further substitutions of a =

ffiffiffiffiffiffi
Rd

p
performedworse. Although at higher

forces, the AIC of the blue line is lower than the red line, there is no
guarantee that participants that used these high forces to determine soft-
ness and the minimum AIC, regardless of force, are the best predictor.
The best combination for the rigid finger was by adding the contact
area to the square root of the indentation depth. This was also the best
combination, regardless of modeling the finger as rigid or deformable.
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This combination also preserves the exponent relationship between
the contact radius and indentation depth as inspired by Hertzian
contact (i.e., taking the relationship of a =

ffiffiffiffiffiffi
Rd

p
and substituting this

relationship into a3, which leads to a2 +
ffiffiffi
d

p
, a + d, etc.). We also

considered the contact radius plus the indentation depth (Fig. 5, green
line) because the contact radius and indentation depth have consistent
dimensions, but this generated a poor fit.

There are several alternative models that one could propose for
predicting participant responses. These models vary on the basis of ex-
ponential power, consideration of the finger as rigid or deformable,
or ignoring or including the effect of the patterned microstructures.
These alternative models (fig. S3) did not perform as well as the ones
included in Fig. 5. For example, excluding the reduced contact area
from the patterned microstructures reduced the predictive power by
a factor of 108.

The fact that an additive model best explained participant responses
suggests that the act of pressing a finger into a deformable surface gen-
erates two distinct tactile cues for perceiving softness—although the act
is one physical event. In vision, there is precedence for this division of
perceptual cues from a single physical input, such as the distinct
sensations of “colorfulness” and “saturation” (43), which are both
derived from a single physical property—the wavelength of light. Using
the Bradley-Terrymodel with the lowest AIC (the best fit model), it was
found that the indentation depth and contact area are both statistically
significant predictors of participant performance (P < 0.001 at F = 0.3N
for both coefficients, McFadden’s pseudo-r2 = 0.28). The probability of
judging slab 1 as softer than slab 2 is calculated by

Probability of slab 1 softer than slab2 ¼ el1�l2

1þ el1�l2

li ¼ 503 ½m�
1
2� ffiffiffiffi

di
p þ 1:10� 106 ½m�2�pa2i

ð5Þ

One method of validating Eq. 5 is to redo the analysis based on
the responses from four participants and use this equation to predict
the results of the fifth participant. Known as a “leave-one-out cross-
validation” (44), data from four participants predict the responses of
the fifth with an average accuracy of 78.3% (fig. S5).We performed the
same analysis on a second dataset involving a similar set of slabs and
10 additional participants (fig. S7).

Solving the nonlinear system of Eqs. 5 and 6 with Eqs. 3 and 4 yields
the probability of perceiving one slab as softer than another due to the
slab thicknesses, Young’smoduli, and effective surface area. Assuming
two sufficiently thick slabs, the minimum difference in the Young’s
modulus required for participants to detect a difference in softness with
a 95% success rate is given as

0:95 ¼ eG

1þ eG

G ¼ 9RF
16

� �1
3 503ffiffiffi

R
p

� �
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0
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ð6Þ

The contact area—as manipulated by micropatterned relief
structures—was found to be an important tactile cue despite the fact
that, anatomically, the spacing of the relief features is smaller than that
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of the mechanoreceptors in the finger. We rationalize this apparent
incongruity in the following way: Contact with the micropatterned
surface creates a heterogenous strain field to a depth within the skin
that lies within the receptive field of mechanoreceptors (fig. S4) (45).
Grant et al. (46) has found in studies of distinguishing raised patterns
of dots through touch that humans are sensitive to tactile stimuli with
a greater resolution than suggested by the density of the sensory neu-
rons, a phenomenon known as “hyperacuity.” This phenomenon is
well known in other areas of human perception. For example, in the
science of vision, hyperacuity has been demonstrated by the ability of
participants to resolve dots that are spacedmore closely than onemight
expect from the density of light-sensitive cells in the eye (47).

We further elaborate on exactly what we mean by contact area,
since its definition is critical in determining how humans may use this
parameter to form a perception of softness. Geometrically, there are
two methods of reducing the contact area. The first method is simply
to create a smaller “footprint,” the roughly circular area of contact be-
tween the slab and the finger. The second is to keep the footprint con-
stant but to remove some portions of contact within this footprint.
Micropatterning does the latter. The finding that participants were sen-
sitive to micropatterning suggests that there must be some mechanism
by which participants determine a true contact area, perhaps by sensing
that some regions of the skin are in and out of contact with the surface
(again, possibly through the effect of micropatterning on the heteroge-
neous strain field that penetrates into the skin; fig. S4). An alternative
hypothesis of perceiving softness might say that humans are sensitive
only to the radius of contact without regard to the integrated, “true,”
contact area within the footprint. This mechanism would perhaps be
simpler physiologically because determining a radius only requires two
points, whereas determining the true contact area requires more.
Nevertheless, we believe that this “two-point” or “radial” hypothesis
is unlikely based on our experimental design. That is, our results pre-
dict that micropatterned slabs are perceived to be less soft than planar
slabs even if the footprint of contact with the finger (and thus the con-
tact radius) is identical.

Magnitude estimation test
In addition to the two-alternative forced-choice test—which established
how likely a participantwas to perceive one slab as softer than another—
we also asked that they perform a magnitude estimation test. In this
test, we asked the same participants to place the same nine slabs on a
single number line with a simplified scale of 1 to 10, 10 representing
the softest slab. For increased resolution, the actual scale contained
33 discrete positions onwhich the participants were instructed to rank
the slabs. We instructed that the spacing between the slabs was repre-
sentative of howmuch softer—or harder—each slab was compared to
the one next to it. The results of this magnitude estimation test are
shown in Fig. 6.

In Fig. 6A, the relatively narrow range of slab placement between
participants indicates that the perception of softness is consistent be-
tween individuals. For example, all five participants perceived ltG to
be between 1 and 2 on the scale, and most considered dkR to be be-
tween 5 and 6.

A comparison between both psychophysical tests (in Fig. 6B)
shows relatively good agreement in the order of slabs from hardest
to softest, supporting the robustness of both the tests and the sample
set.Weoverlay participant responses on a numerical scale (filledmarkers,
solid line) with the previous two-alternative forced-choice study
(open markers, dashed line). Note that the y axis is not directly com-
Dhong et al., Sci. Adv. 2019;5 : eaaw8845 30 August 2019
parable between tests and instead highlights the order of slabs by soft-
ness. There are small discrepancies for the exact order of ltB, ltR, R,
and ltG in terms of relative softness, although participants in both tests
perceived those slabs as among the hardest slabs.

Using data from both the two-alternative forced-choice and magni-
tude estimation tests, we evaluated the hypothesis that slabs, which were
perceived to be more similar in softness (magnitude estimation test),
were alsomore difficult to distinguish fromone another (two-alternative
forced-choice test). Although this analysismay seem redundant, therewas
no guarantee that the way inwhich participants conceived of “softness”
was consistent between the two tests. That is, the idea of softness could
have meant something different to participants depending on whether
the slabs are presented two at a time or all nine at once. We found a sta-
tistically significant correlation between the difference in relative softness
between two slabs and the frequency of picking one of the two slabs as
the softer one (r = 0.73, t = 6.15, P < 0.001). That is, if one slab was
consistently found to be softer than another slab in the two-alternative
forced-choice test, then those two slabswere also likely to be far apart on
the 1 to 10 scale. This result, combined with the consistency between
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Fig. 6. Results of the magnitude estimation test. (A) Participants (n = 5) ranked
slabs on a numerical scale of perceived softness, where the distance between
slabs indicated relative levels of perceived softness. A “1” indicated the hardest
sample and a “10” represented the “softest” sample. Hollow symbols at the
bottom represent average values; solid markers represent participant responses.
Slabs were judged on a scale of 1 to 10 with 33 discrete locations. (B) Participant
response on the number line test as compared to a two-alternative forced-choice
test. (C) Predictive power of different Hertzian models and combinations of inden-
tation depth and contact area. The scale bar denotes a 100-fold increased prob-
ability of a model fitting the data from an incremental change in AIC. A linear
increase in the differences in AIC between two models represents an exponential
increase in probability. (D) Individual, head-to-head comparisons from the mag-
nitude estimation test. (E) Curve representing the ratio between the Young’s
modulus of two slabs so that slab 2 feels twice as soft as slab 1. Slab 1 is shown
for different Young’s moduli (Eq. 8) and at applied forces similar to human touch.
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both tests in Fig. 6B, suggests that participants are using the same con-
ception of softness in both psychophysical tests.

Earlier, a variation of the Hertzian contact model (pa2 þ ffiffiffi
d

p
, with

a rigid finger) best explained the two-alternative forced-choice test
(Fig. 5). The same variation of the Hertzian contact model also best ex-
plains the magnitude estimation data (as shown by AIC in Fig. 6C).
Note that the absolute value of the AIC cannot be used between two
different psychophysical tests. We confirmed the same three findings
as earlier. First, the best-fit model is one that considers a finger as a
rigid object. Second, both the indentation depth and contact area are
important contributors to perceptions of softness. Last, adding the
contact area with the square root of the indentation depth provided
the best fit out of all tested combinations. In the magnitude estimation
test, the best fit occurs at a slightly higher force of 0.6 N.

Results from the magnitude estimation test support the transitive
property of softness. Asmagnitude estimation does not provide paired
comparisons, we created an analog of a paired comparison by placing
all results according to the best model we identified from Fig. 6C. This
analog considers a slab to be “judged softer” if the slab was placed
higher on the number line. Transitivity is preserved within this test,
as shown in Fig. 6D by the lack of red boxes above (or blue boxes be-
low) the black diagonal line. As stated previously, magnitude estima-
tion already forces participants to evaluate softness along a single axis.
Therefore,magnitude estimation can only support, but not prove, that
the perception of softness is transitive.

Using the best-fit linear model at 0.6 N, we found that the co-
efficients for both indentation depth and contact area are statistically
significant predictors of participant performance (P < 0.001 for both
coefficients, r2 = 0.61). The softness is calculated as follows

Softness ¼ �8:4þ 1127½m�1
2�

ffiffiffi
d

p
þ 1:84� 106½m�2�pa2 ð7Þ

We formulated Eq 7 to range from 1 to 10. A value of 1 indicates
a very thin slab at 3 MPa, and a value of 10 represents a thick slab at
0.8 MPa. The range of softness encompassed by Eq. 7 and in this study
is relevant to many haptic devices and previous studies on the percep-
tion of softness (20). Equation 7 can be modestly extrapolated outside a
scale of 1 to 10, but future research is needed to determine the extent of
this extrapolation. One possibility is that an intercept of −8.4 represents
a lower limit to the perception of softness and objects harder than −8.4
may be difficult for participants to distinguish. The ability of Eq. 7 to predict
participant responses is quantified using a leave-one-out cross-validation.
The data from four participants predicted the responses of the fifth par-
ticipant with an average error of 1.59 on a 10-point scale (fig. S6). These
findingswere supported by performing the same analysis using a similar
but different set of slabs with 10 additional participants (fig. S7).

Combining Eq. 7 with a Hertzian contact model provides predic-
tion about how the physical dimensions of a slab that feels twice as
soft as another slab. For example, if considering a sufficiently thick
slab (Eq. 1), then Eq. 7 estimates the properties of another slab that is
twice as soft. Thin substrates—roughly estimated as <5 mm for
Young’s moduli above 100 kPa—require substituting Eqs. 3 and 4
into Eq. 7 and solving the implicit equation
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Assuming F = 1 N and a finger radius of 5 mm, Eq. 8 shows that a
thick, unpatterned slab withE= 300 kPa is perceived to be twice as soft
as a thick slab made with E = 1 MPa. A plot of Young’s moduli of a
given slab (slab 1) and the Young’s moduli of a second slab (slab 2)
that will be perceived as twice as soft as the original slab is shown in
Fig. 6E. For a range of Young’s moduli from 100 kPa to 3MPa and for
a range of forces that approximate human exploration, an approxi-
mately threefold reduction in the Young’s moduli is necessary to fab-
ricate a slab that feels twice as soft as the original slab.
DISCUSSION
In this study, we performed psychophysical testing with engineered
elastic slabs to explore the human perception of softness. These slabs
allowed participants tomove freely during testing, which closelymimicked
how humans explore surfaces in real life. We have four key findings
that are important for engineering haptic interfaces: (i)We identified
two new strategies for tuning the perceived softness of an object. Re-
ducing the effective surface area in contact with the finger, through
micropatterning, and reducing slab thickness both reduced the per-
ceived softness of an object. (ii) We found that the indentation depth
and contact area are both important parameters for humans when
determining the perceived softness of an object. Therefore, controlling
the perception of softness by altering the indentation depth (i.e., com-
pliance or stiffness) may not achieve the desired change in perceived
softness if the contact area is ignored and vice versa. (iii) We found
explicit relationships between the perception of softness and the slab
parameters, such as the Young’s modulus, thickness, and surface cov-
erage. These equations can be used to recreate different magnitudes of
softness in artificial objects or to predict a success rate in perceiving
one object as softer than another. (iv) We found that the perception
of softness exists on a univariate scale. This suggests that tactile devices
are able, in principle, to recreate intermediate values of softness be-
tween two extremes. It also suggests that haptic devices generate the
same increased relative softness for multiple users or equivalently for a
single, recurring user.

This study also demonstrated five conclusions that may inform
basic studies on the sense of touch. (i) The indentation depth and
contact area form independent tactile stimuli. These two tactile
stimuli are then combined, at an unknown junction between me-
chanical transduction and conscious perception, into a univariate
representation of softness. (ii) Participant behavior was best predicted
when we ignored the deformability of the finger and considered it
as rigid. This result suggests that humans may compensate for the
deformability of their own fingers when judging the softness of
objects. (iii) The perception of softness is a basic component in tac-
tile perception—as opposed to a combination of more fundamental
components—because it exists on a univariate scale. (iv) Participants
are not sensitive to the Young’s modulus directly. Rather, they are
sensitive to the deformation on the finger, which depends on the ge-
ometry of the slab and the Young’s modulus. (v) The human percep-
tion of softness is better predicted by considering the total area of
contact, as opposed to the radius of contact. This distinction suggests
that information from several mechanically sensitive neurons is
integrated to measure an area, whereas a radius only requires a mea-
surement of the distance between two neurons. Together, these find-
ings could lead to improved design of human-machine interfaces such
as prostheses and electronic skin and could potentially inform basic
studies on the sense of touch.
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MATERIALS AND METHODS
Slab fabrication
Slabs were made by end-milling (Minitech CNC; ~1-mm XYZ resolu-
tion) a circular pocket with a diameter of 2.5 cm into acrylic squares
with dimensions of 3 cm by 3 cm to a depth ranging from 140 to
400 mm. These pockets were filled with a PDMS prepolymer. The
PDMS prepolymer was mixed and degassed before pouring. Excess
PDMS was squeezed out by placing a silicon wafer flush against the
acrylic square. Before casting, the silicon wafer was spin-coated with
a thin (≪1 mm) layer of 5% (w/w) PMMA/anisole at 2000 rpm to
form a release layer. This acrylic-PDMS prepolymer–silicon wafer
construct was then cured at 60°C for 1 hour in an oven to cross-link
the elastomer. Micropatterned features were fabricated into PDMS by
replica molding. PDMS slabs were cured against micropatterned wa-
fers (see the “Micropatterning silicon wafers” section for procedure
for micropatterning). Slabs that did not require micropatterning were
molded against an unpatterned (smooth) silicon wafer to ensure a
consistent level of roughness between all slabs. The Young’s modulus
of the PDMS was controlled by mixing different prepolymer base:
cross-linker ratios. We fabricated slabs using PDMS mixed at ratios
of 5:1, 12:1, and 30:1 (base to cross-linker) and measured the Young’s
moduli of 3.12 ± 0.11 MPa, 0.75 ± 0.05 MPa, and 0.11 ± 0.01 MPa
respectively, using a uniaxial tensile test (Mark-10, Instron). These
moduli are referred to as 3, 0.8, and 0.1 MPa, respectively. Slabs were
then exposed to UV/ozone (NovaScan) for 4 hours to permanently
remove any adhesive tack from PDMS (36).

Micropatterning silicon wafers
Silicon wafers were micropatterned using SU-8 2007 (MicroChem), an
epoxy-based photocurable negative-tone photoresist. Siliconwaferswere
cleaned using acetone, isopropyl alcohol, and deionized water and baked
for 10min at 200°C. A 10-mm-thick layer of SU-8 2007 was deposited
onto the wafers by spinning at 1500 rpm, with its thickness verified by
white-light interferometry (F20, Filmetrics). Following a preexposure
bake at 95°C for 3 min, wafers were exposed to I-line UV (EVG620,
EV Group) with a mylar photomask (Fineline) at 140 mJ/cm2. Wafers
were then postexposure baked at 95°C for 3 min, developed using
an SU-8 developer (MicroChem), and then hard-baked at 200°C for
10 min. We controlled the contact area by decreasing the spacing be-
tween circles (s = 24 and 8.7 mm to achieve 30 and 50% of the original
contact area, respectively). To avoid fabricating features that were too
delicate for use as amold, the slabs patterned to achieve 30% of the orig-
inal contact area were composed of individual pillars extending from
the surface, whereas the slabs patterned to achieve 50% were composed
of an inverse of pillars—a series of wells. These wells are less susceptible
to undesirable modes of deformation because they are formed by a
single, contiguous network of features, whereas pillars are individual,
stand-alone features. Last, to maintain a similar nanoscale roughness
between microstructured and flat slabs, both microstructured and flat
slabs were cured against the polished surface of a silicon wafer.

Calibration of indentation depth
The indentation depth was measured as a function of the applied load
using a noncontact, capacitive displacement sensor (LD701-5/10,
Omega). The voltage of the sensor is proportional to the distance to a
metal target. We thus attached a metal target to a plastic, hemispherical
indenter (radius, 5 mm) and applied various loads onto the indenter.
The displacement sensor was calibrated using a manual z-stage with
a micromanipulator (Newport).
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Electrical impedance tomography
EIT creates a two-dimensional (2D) spatial map of conductivity by
measuring the voltage of an array of electrodes placed at the boundary
of a piezoresistive film. This piezoresistive film was made frommulti-
walled carbon nanotubes mixed with latex, which was deposited on
the surface of the slabs through spray coating. The relative thinness
of the piezoresistive film does not appreciably interfere with the me-
chanical response of the slabs. Along the periphery of the piezoresistive
film, 12 equidistant electrodes were attached. At each electrode, direct
current was applied while the voltage was being measured. The voltage
measurements, using Newton’s one-step error reconstruction algo-
rithm, produced a 2Dmap of conductivity. The 2Dmap of conductivity
is directly proportional to the strain due to a piezoresistive film.Detailed
procedures are explained in a previous study (38).

Psychophysical tests
We conducted two psychophysical experiments to measure how hu-
man subjects’ perception of softness relates to the physical properties
of our slabs. In both experiments, the participants were instructed to
interpret softness using their own subjective judgment. We did not
define softness or give examples of soft objects. The participants were
five healthy volunteers aged 19 to 31 years. All individuals participated
in both experiments in the same order: two-alternative forced choice
followed by magnitude estimation. All participants gave informed
consent before participating, and our experimental protocols were ap-
proved by the IRB of University of California, San Diego (project
#170248S). For the first experiment, we used a two-alternative forced-
choice test to quantify the discriminability of the slabs. For the second
experiment, we used the magnitude estimation test to quantify the sub-
jectively experienced softness of the slabs.

Two-alternative forced-choice test
Participants sat at a desk, and a visual barrier was placed in front of the
slabs. In each trial, a pair of slabswas presented to the subject. Participants
were instructed to freely explore the surfaces of the slabs for as long as
they wished and then indicate which slab they perceived as softer. Each
of the 36 possible pairs of the nine stimuli was presented three times in
randomized order (i.e., 108 trials total), and the initial location of each
slab (left versus right) was randomized. This test enabled slab-by-slab
comparisons and was designed to measure the effect of coupling be-
tween indentation depth and contact area on the perception of softness.

Magnitude estimation test
Participants were allowed to stand for a greater range of movement.
They were instructed to place the same slabs from the two-alternative
forced-choice test on a number line from 1 (softest slab) to 33 (hardest
slab). The experimenter emphasized that it was important to arrange
slabs closer to or further from neighboring slabs relative to how similar
or different they perceived it to be. Participants could freely explore any
slab at any time and could rearrange the slabs as many times as desired.
The experiment ended when the participant indicated to the experi-
menter that the positions of the slabsmatched their subjective percep-
tion of the softness of a slab.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/8/eaaw8845/DC1
Comparing the elastic energy of a single feature supported on a substrate
Hertzian contact model of a deformable finger
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Model parameters
Two-alternative forced-choice test counterexample
Analyzing participant responses
AIC for all modeling scenarios
Finite element model of strain fields
Testing generalization accuracy using leave-one-out cross-validation
Validation of findings on a second set of slabs
Power analysis
Fig. S1. Schematic of indentation depth and contact area.
Fig. S2. Flowchart for analyzing participant responses.
Fig. S3. AIC of all scenarios for both psychophysical tests.
Fig. S4. Finite element modeling of stress between micropatterned surface and finger.
Fig. S5. Leave-one-out cross-validation of participant responses of the two-alternative forced-
choice test.
Fig. S6. Leave-one-out cross-validation of participant responses of the magnitude estimation test.
Fig. S7. Validating results with psychophysical testing on a second set of slabs.
Table S1. Model parameters for the finger and substrate.
Table S2. Slab parameters.
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