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ABSTRACT 
Soft (compliant) curvature-changing UIs provide haptic feedback 
through changes in softness and curvature. Diferent softness can 
impact the deformation of UIs when worn and touched, and thus 
impact the users’ perception of the curvature. To investigate how 
softness impacts users’ perception of curvature, we measured par-
ticipants’ curvature perception accuracy and precision in diferent 
softness conditions. We found that participants perceived the curvi-
est surfaces with similar precision in all diferent softness condi-
tions. Participants lost half the precision of the rigid material when 
touching the fattest surfaces with the softest material. Participants 
perceived all curvatures with similar accuracy in all softness con-
ditions. The results of our experiment lay the foundation for soft 
curvature perception and provide guidelines for the future design 
of curvature- and softness-changing UIs. 
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1 INTRODUCTION 
Curved and soft materials gained increasing attention in the past 
decades in HCI [72]. The perception of the curvature of a soft 
surface comes into play, e.g., in virtual reality (VR) when a user 
is touching a surrounding daily object (e.g., a ball) to get haptic 
feedback [41], when a surgeon trains in VR with a soft organ proxy 
providing feedback through local curvature [61], when getting 
curvature-based shape notifcations from a soft mobile device [97], 
or when soft physical buttons switch between diferent modes 
based on their curvature [40]. In these cases, the user experience is 
afected by the perceived curvature of the soft surface [1, 54]. 
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Emerging technologies make it possible to actuate the curva-
ture [52, 63, 97] and the softness [20] of UIs. To ensure the efciency 
of such haptic feedback, HCI designers and researchers need to 
know users’ ability to perceive the curvature of a soft UI. It is very 
important and timely to address this problem, as this is a bottleneck 
to ensure the efciency of future interaction techniques [1, 72]. 

Based on prior work [10, 17, 19, 42, 65, 66, 77], we defned as 
soft the materials that have a Young’s modulus

1 
in the order of 

10
4
–10

6 
Pa. Figure 1 shows that human fat, muscle, skin and silicone 

elastomer
2 
are soft. Prior work studied the curvature perception 

of rigid objects [34, 35, 37, 55, 68, 71, 87–90, 92]. However, we do 
not know yet how well users perceive the curvature of soft objects, 
and whether the softness impacts the perception of the curvature. 
Yet, softness may have an impact on curvature perception, because 
both hard and curvy objects lead to a high response frequency of 
the same type of cutaneous mechanoreceptive aferent neurons 
[11, 36]. 

To design efcient haptic feedback with curvy and soft UIs, HCI 
designers particularly need to know users’ precision, accuracy and 
speed when perceiving a change in the curvature of the soft UI. 
Users’ precision is the minimum change in curvature of the soft 
UI that users can notice (Just Noticeable Diference or JND). Users’ 
accuracy is the distance between the actual and perceived curvature 
(Point of Subjective Equality or PSE). Users’ speed is the time users 
need to perceive the curvature of the soft UI (exploration time). 
This paper is the frst to measure the impact of softness on users’ 
precision, accuracy and speed when perceiving the curvature. 

Our results reveal six new fndings. First, users perceive our 
curviest surfaces (surface radius � ≈ 10��) as precisely (JND ≈ 
0.63 mm) in diferent softness conditions. Second, users perceive 
our middle curved surfaces (� ≈ 20�� ) 25% more precisely in the 
two least soft conditions (JND ≈ 2mm) compared to the two softest 
conditions (JND ≈ 2.68��). Third, users perceive our least curved 
surfaces (� ≈ 40��) in the softest condition (JND= 8.61 mm) with 
half the precision of the rigid condition (JND= 4.31 mm). Fourth, 
users perceive curvier surfaces with better accuracy, from 2.67 mm 
to 0.31 mm. Fifth, users perceive surface curvature with similar 
accuracy in diferent softness conditions. Sixth, users perceive 17% 

1
The Young’s modulus is a measure of the rigidity of materials. It is defned by the 
ratio between the lengthwise tension on a material and its change of length [21]. The 
larger the modulus, the more rigid the material.

2
Durometer (Shore) hardness test is a commonly used hardness test for elastomeric 
materials. Durometer measurements assess the material’s resistance to indentation, a 
higher durometer reading corresponds to a harder material. Diferent types of durome-

ters have diferent hardness test ranges. A Shore 00 durometer is typically used to test 
the hardness of extremely soft rubber, human and animal tissue; a Shore 0 durometer 
is typically used to test the hardness of soft rubber and very soft plastics; a Shore A 
durometer is typically used to test the hardness of harder rubber, e.g., soft vulcanized 
rubber and natural rubber [22]. 
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Figure 1: (Top) Example materials and objects and (center) their approximate Young’s modulus [21] and respective Shore 
hardness [22]. (Bottom) Types of silicone and resin used in our experiment: Shore 00-10, Shore 00-50, Shore A-30, and Rigid. 

slower all curvatures in the softest condition (3.95 s) compared to 
the rigid condition (3.39 s). 

HCI designers can readily use the resulting guidelines for the de-
sign of efcient soft curvature-changing UIs. If feedback precision 
is crucial, designers should focus on very curved UIs (� ≈ 10��), 
where any softness can provide users with precise haptic curvature 
information. Alternatively, if designers need a larger range of cur-
vatures, designers should change the stifness to little rigid material 
(Shore A-30 in Figure 1). If feedback accuracy is crucial, designers 
should focus on very curved UIs (� ≈ 10��). Stifening the material 
cannot improve the accuracy. If UIs need a high curvature refresh 
rate (e.g., > 0.25��), designers should use materials of softness 
>Shore 00-10 (Figure 1), and keep very soft curvature-changing UIs 
for a slower refresh rate. 

2 RELATED WORK 
Our work builds on top of previous work that studied users’ psy-
chophysical perception of curvature and softness. 

2.1 Perception of curvature 
Curvature can be perceived through cutaneous and kinesthetic cues. 
The cutaneous cues refer to the responses of mechanoreceptors 
[46] innervating the fnger pad skin within and in the neighbor-
hood of the contact area [54, 78]. The kinesthetic cues refer to the 
sense of position and motion of limbs, along with associated forces, 
conveyed by the sensory receptors in the skin around the joints, 
joint capsules, tedons and muscles [54, 78]. During passive touch, 
users only use cutaneous cues, while active touch [31] involves 
kinesthetic cues [54]. 

Passive touch. Goodwin et al. applied surfaces with diferent 
curvature as stimuli to participants’ passive index fnger with con-
trolled force [34, 35]. They found that increasing the contact force 
(e.g., from 0.196 N to 0.588 N) could lead to participants’ judging 
stimuli slightly less curved [34], and increasing the contact area 
(e.g., from 19.6 ��2 

to 53.6 ��2
) could slightly decrease partici-

pants’ discrimination threshold [35]. Meanwhile, they found that 
both the efect of contact force [34] and contact area [35] were much 
smaller than the efect of surface curvature itself. They then used 
microneurography to record responses of tactile mechanoreceptors 
on participants’ fnger pads [36] when applying the same stimuli 
used in [34] to participants’ passive index fngers. They found that 

the SAI aferents could well code the curvature information of stim-

uli for their steeply monotonically increasing response frequency to 
the stimuli curvature, whereas their response frequency increased 
slightly under larger contact force. 

In short, with passive touch, which involves only cutaneous cues, 
participants can well discriminate surface curvature despite some 
slight bias induced by contact area and contact force. 

Active touch. Gordon and Morison found participants’ impres-

sive performance when discriminating diferent curvatures with 
active touch [31]. They conducted several experiments [37] asking 
participants to use their index fnger to actively explore the cur-
vature of a graded series of surfaces produced using plano-convex 
lenses (diameter of 60 mm, step edge of 2 mm and base-to-peak 
height from 0 mm to 9.46 mm). They found participants could, in 
average, distinguish a lens with base-to-peak height of 0.09 mm 
from a lens with base-to-peak height of 0 mm (i.e. a fat lens). 

Pont et al. found the efective stimulus for participants to dis-
criminate surface curvature was the total height change over the 
surface (i.e., the ratio between the height and width of stimuli) 
when they slide a fnger over it to explore the curvature [69]. This 
was confrmed by Louw et al. in their experiment measuring par-
ticipants’ detection thresholds for curvature in a larger range with 
stimuli having a Gaussian profle whose width (�) ranges from 
0.15 mm to 240 mm [55]. They found the discrimination threshold 
(i.e., stimulus height) of Gaussian-shaped stimuli increased with a 
power of 1.3 with increasing stimulus width. These work suggested 
that kinesthetic cues of participants’ fnger motion (e.g., the ratio 
of movement distance in the vertical and horizontal direction) can 
help participants to discriminate surface curvature. 

Frisoli et al. conducted an experiment to confrm the important 
role of cutaneous cues during curvature perception [26]. Authors 
asked participants to discriminate the curvature of rendered virtual 
curved surfaces. These surfaces were rendered by a device providing 
haptic information (cutaneous and/or kinesthetic cues) at the fnger-
tip. Their participants discriminated the curvature in two diferent 
conditions. (A) First, with only kinesthetic cues: participants inserted 
their fnger into a thimble supported by a kinesthetic haptic device 
[9]. This device could provide users with kinesthetic cues by apply-
ing to the fnger tip a force in the direction perpendicular to the 
virtual surface rendered. (B) Second, with both kinesthetic and cuta-
neous cues: during the exploration, an additional small mobile plate 
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supported by the same kinesthetic haptic device kept in contact 
with the fnger tip. In addition to the previous kinesthetic cues, the 
plate could rotate instantaneously along the tangent to the point of 
contact between the fnger and the virtual surface, to provide cuta-
neous cues informing about the shape geometry at the contact point. 
They found that with combined kinesthetic+cutaneous cues (B), 
participants were more precise: they had a 43% lower threshold for 
curvature discrimination compared to only kinesthetic cues. 

In short, prior work found that users leverage both cutaneous 
and kinesthetic cues for curvature perception. However, their stim-

uli were either rigid curved objects (e.g., [34, 35, 37, 55, 69]), or 
rendered virtual curved surfaces with a rigid plate varying orienta-
tion (e.g., [26]). Consequently, these surfaces did not deform when 
the users’ fnger press on them. When touching a soft surface, the 
surface deformation can provide users with important cutaneous 
cues [5]. Meanwhile, the deformation will inversely change the 
local curvature of the surface. We need to further explore how this 
deformation caused by the surface softness will impact users’ per-
ception of the surface curvature. Such an information will ensure 
reliable haptic feedback to users of soft shape-changing interfaces. 

2.2 Perception of softness 
Srinivasan and LaMotte [78] studied the impact of cutaneous and 
kinesthetic cues on participants’ perception of softness. They asked 
participants to discriminate the softness of fat stimuli made of 
rubber with 5 diferent levels of softness and in three conditions: 
(1) actively pressing with their middle fnger on the stimuli; (2) 
actively pressing with their middle fnger on the the stimuli with 
local cutaneous anesthesia; or (3) passively applying the stimuli on 
their middle fnger pad with controlled contact force and speed. In 
condition 1, both cutaneous and kinesthetic cues were available to 
participants. In condition 2, only kinesthetic cues were available. 
In condition 3, only cutaneous cues were available. They found 
with only kinesthetic cues (2), participants’ average discrimination 
accuracy decreased markedly (e.g., from ≥ 93% to ≤ 55% when 
discriminating between the softest stimuli and medium-soft stimuli). 
With only cutaneous cues (3), participants’ average discrimination 
accuracy decreased much more slightly (e.g., from averagely 98% 
to averagely 93% when discriminating between the softest stimuli 
and the medium-soft stimuli). Their work revealed the critical role 
of cutaneous cues in softness discrimination. 

According to Hertz’s contact theory [45], the contact area of a fn-
ger with another soft surface increases as the fnger presses deeper 
into the soft surface. This contact area increases more rapidly with 
a softer surface. Based on Hertz’s contact theory, Bicchi et al. devel-
oped the Contact Area Spread Rate (CASR) device [6, 75] to provide 
participants with cutaneous information through the contact area 
between the fnger and the device. The device varies its contact area 
with the user’s fnger pad, through a set of concentric cylinders of 
diferent radii in a telescopic arrangement. As the fnger presses 
at the top of the system, it indents more deeply the cylinders. The 
fnger gets in contact with the larger cylinders, enlarging the con-
tact area. Bicchi et al. controlled the rate of the enlargement of the 
contact area according to the softness of the simulated surface: the 
softer the surface, the more rapidly the contact area increases as 

the fnger presses on it. They found that with the cutaneous infor-
mation provided by CASR, the participants had a similar success 
rate for the recognition of softness compared to real objects: 75% on 
average with CASR vs. 87% on average by directly exploring objects. 
This experiment further confrmed the important role of cutaneous 
cues, in particular the contact area, in softness discrimination. 

Bergmann Tiest and Kappers conducted several softness estima-

tion experiments using cutaneous and/or kinesthetic cues. They 
verifed the vital contribution of cutaneous cues in softness dis-
crimination (90% on average) and also show the less important 
contribution of kinesthetic cues (10% on average) [5]. 

Users take both kinesthetic and cutaneous cues for softness es-
timation. However, cutaneous cues play a major role in softness 
perception. Both these cues also took part in participants’ curvature 
perception. When participant touch and explore curved surfaces 
with diferent softness, both types of cues can vary based on curva-
ture and softness. E.g., both the cutaneous cues of pressure distri-
bution around the contact area and the kinesthetic cues of fnger 
position can be diferent because of the diferent surface deforma-

tion and/or fnger pad deformation. Consequently, there might be 
an impact of softness on curvature perception. For this reason, we 
study here the impact of softness on curvature perception. 

3 EXPERIMENT 
The goal of our experiment is to explore whether the softness 
impacts participants’ ability to discriminate between diferent sur-
face curvatures. For this, we use a method called constant stim-
uli [70, 71, 86]. This method presents successively to participants 
two stimuli in a random order in a trial: one with the reference 
curvature as the stimulus of reference, and another with a diferent 
curvature as the stimulus of comparison (Figure 2(a) top right). It 
then assesses if they can discriminate the most curved stimulus. 
This enables us to measure the just noticeable diference (JND) and 
the point of subjective equality (PSE) in curvature discrimination 
with stimuli of diferent softness. We also measure the exploration 
time participants needed for discrimination. 

3.1 Experimental parameters 
Our independant variables were softness and curvature: 
Softness: Shore 00-10, Shore 00-50, Shore A-30 and Rigid (bottom of 
Figure 1). The rigid stimuli served as a baseline and to compare our 
results to prior work [70]. As users categorize an object as hard or 
soft based on whether the object is more or less soft than the fnger 
pad [25], we chose the experimental levels of softness based on 
existing measurements of the index fnger pad hardness (≈ Shore 
00-50) [17, 19]. The softness of our soft stimuli was designed to be 
(1) softer (Shore 00-10), (2) as soft as (Shore 00-50), and (3) harder 
(Shore A-30 ≈ Shore 00-80 [57]) than the index fnger pad. 
Curvature: To investigate perceptual sensitivity over a broad 
range of UI curvatures, we studied 3 diferent curvatures levels: very 
curved, middle curved, and little curved as in [70]. Each curvature 
condition corresponds to a stimulus of reference with radius R

ref
=10, 

20 and 40 mm. Participants were presented with 6 stimuli whose 
curvature clustered around the comparative stimulus of reference 
as in [70]: 
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(a) A participant exploring our stimuli. The frst stimulus exits following the direction 
of the red arrow and the second stimulus enters following the blue arrow. 

H=16mm

Δh=4mm
R (10 mm)

D=16mm

(b) � indicates the radius of the 
curved surface. The smaller the 
radius means the more curved 
the surface. Δℎ indicates height 
change over the curved surface√ 
(Δℎ = � − �2 − �2/4). 

(c) Example stimuli: the left one is the most 
curved (� = 8.3 mm ), and the right one is 
the fattest (� = 52.6 mm) 

(d) (Left) The pressure sensor Interlink FSR406 stuck on the 3D printed support and 
(middle) a stimulus to install on this support. (Right) The schematics of the circuit for 
one sensor. 

Figure 2: (a) Experimental setup, (b) 3D model of a very 
curved stimulus, (c) photograph of two stimuli (from the 
group of softness Shore 00-50) used in our experiment, and 
(d) pressure sensor and schematics of the circuit for sensor 
reading (as in [27]). 

• Very curved (R
ref
=10 mm): R=8.3, 8.8, 9.4, 10.7, 11.5 and 12.5 

mm; 
• Middle curved (R

ref
=20 mm): R=16.7, 17.6, 18.8, 21.4, 23.1 

and 25 mm; 
• Little curved (R

ref
=40 mm): R=32.3, 34.5, 37, 43.5, 47.6 and 

52.6 mm. 

In each curvature condition, three stimuli of comparison were more 
curved than the reference stimulus, three were less curved than 
the reference stimulus, and their curvatures (in �−1

) were equally 

spaced, as explained in [30]. Figure 2(c) shows one stimulus with the 
most curved surface (R=8.3 mm) and one with the fattest surface 
(R=52.6 mm) from the group of softness Shore 00-50. 

3.2 Participants 
We recruited 12 participants (6 women, 6 men, M=26.1 years old, 
SD=4.1 years) at the local university. One participant was left-
handed. Each participant received a voucher worth 50€. We mea-

sured the hardness of participants’ dominant index fnger pad with 
a bareiss hp Shore 00 durometer. The measurement followed a stan-
dard procedure [19]. The average hardness of participants’ fnger 
was Shore 00-38.28 (SD=Shore 00-4.43). 

3.3 Stimuli 
We used 84 stimuli in total: 4 softness × 3 curvatures levels × 7 
stimuli (6 comparison stimuli + 1 reference stimulus). We printed 
the rigid stimuli with photo-polymer resin (Formlabs standard clear 
resin) using a stereo-lithography 3d printer (Formlabs Form3). We 
fabricated the molds for the soft stimuli with the same printer 
and with the same resin as the one used for the rigid stimuli. We 
used three types of silicone from Smooth-On, Inc. for our soft stim-

uli: Ecofex 00-10, Ecofex 00-50, and Dragon Skin 30 respectively 
for softness levels Shore 00-10, Shore 00-50, and Shore A-30. We 
followed instructions from Smooth-On, Inc. for molding and un-
molding. We verifed the actual curvatures of the fabricated stimuli 
as in [79] and report them in appendix B. 

All our stimuli had the same height and the same base diameters. 
This prevents confounding haptic cues from height [69] and contact 
area [35]. We chose for our stimuli a base-to-peak height of 16 mm 
and a diameter of 16 mm, as shown in Figure 2(b). The width (i.e., 
diameter) of our stimuli is similar to the a human’s index fnger 
pad [12] and to many existing soft UIs (e.g., [4, 24, 93]). The height 
of our stimuli allows participants to freely rest their arms and wrists 
on the table to avoid fatigue during the experiment and is similar 
to the height used in [55]. The 3D models of the stimuli or their 
molds are provided in the supplementary material for replication. 

We used magnesium powder to reduce friction between the 
skin and the silicone surface as in [37]. We spread the magnesium 
powder evenly over all stimuli with a chalk ball before each ex-
perimental session. During the experiment, participants can freely 
access the chalk ball to spread the magnesium powder on their 
fngers when feeling too much friction. 

3.4 Experimental setup and procedure 
Participants frst signed an informed consent form and flled out a 
short demographic questionnaire. As shown in Figure 2(a), partici-
pants sat at a table while their arms and wrists rested freely on the 
table to avoid fatigue during the experiment. They freely explored 
the curvature of the stimuli with the index fnger of their dominant 
hand. A box prevented participants from seeing their fngers and 
the stimuli. In front of the participants, we installed a camera on 
a tripod to record participants’ fnger movements when exploring 
our stimuli (Figure 2(a)). 

Our experiment used a two-alternative forced-choice procedure. 
In each trial, we presented the pair of stimuli to compare sequen-
tially, as we are interested to know if users can perceive a change 

https://00-38.28
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Block 3:
Softness 3

Block 4:
Softness 4
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(20,23.1)(16.7,20)(20,21.4)(25,20)(21.4,20)(20,18.8)
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Curvature
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Figure 3: Experimental procedure with the frst repetition illustrated: this participant frst experienced the middle curvature 
(R

ref
= 20 mm). Every pair in the illustrated repetition indicates the radii of the curved surfaces successively presented in one 

trial. In every pair, one of the radii is of the reference stimulus (R
ref

=20 mm). 

in the curvature of a single “widget” –such as a button chang-
ing its curvature over time– as many interactive devices do, e.g., 
[32, 40, 91]. We chose to have an interruption, as small as possible, 
between the exploration of each stimulus, as this is the most com-

mon procedure [51] and users sometimes take their fnger of the 
UI in real situations. We expect this method to measure a safer JND 
for designers as prior work showed that continuous exploration of 
both stimuli –i.e. with no interruption in the exploration of both 
comparison stimuli– resulted in a smaller JND in compliance [51]. 

We aim at a quick switch between the two stimuli to be compared, 
to decrease the “time error” due to the memory of the frst stimuli 
fading with time [51, 70]. For this, as shown in Figure 2(a), the 
experimenter places both stimuli to be compared on a 3D printed 
rail guide. When switching, the support guides the sliding of the 
frst stimulus out of the participant’s reach, and the sliding of the 
second stimulus precisely below the participant’s fnger. The av-
erage switching time between two stimuli in our experiment was 
2.25 s (SD= 0.21 s), similarly to prior work [34, 35, 71]. 

A participant had to indicate which of the two presented stimuli 
(Figure 2(a) top right) felt more curved (as in [88]) by saying “frst” 
or “second”. No restrictions were imposed on the exploration time 
of each stimulus, as in [71, 88, 89]. 

As the example shown in Figure 2(d) (left), we stuck a 39.6×39.6 
mm

2 
commercial pressure sensor (Interlink FSR4063) on each 3D 

printed support with double-sided tape. This sensor enables the 
recording of the force that participants applied to our stimuli when 
exploring our stimuli. Figure 2(d) (right) shows the schematics of the 
trans-impedance circuit that we implemented to ensure a nearly 
linear output of our sensors, following the guide of the vendor 
(Interlink Electronics) similar to the circuit implemented in [27]. 
We used a Teensy2 to read the sensors’ output. 

We developed a software running on macOS using PyQT5 for 
the experimenter to quickly and correctly present the stimuli, and 
to record the exploration time and the exploring force of each stim-

ulus, and the participants’ answers. The exploration time of the 
frst stimulus was defned as the duration between the time when 
the experimenter asked the participants to start exploring the frst 
stimulus, and the time participants signaled the experimenter that 
they completed their exploration. Then the experimenter switched 
the stimuli as presented in Figure 2(a) and asked participants to 
explore the second one. The exploration time of the second stim-

ulus was defned as the duration between the time when the ex-
perimenter asked the participants to start exploring the second 
stimulus, and the time participants answered “frst” or “second” as 
the most curved. 

3
https://www.interlinkelectronics.com/fsr-406 

3.5 Experimental design 
Independent variables were softness and curvature. We used a 
fully-crossed, within-subjects factorial design with repeated mea-

sures. Every participant experimented with all softness and curva-
ture conditions. 

The frst dependent variable was the percentage of times the 
participants responded that the stimulus of comparison felt more 
curved than the stimulus of reference. The second dependent vari-
able was the exploration time, for both frst and second exploration 
of a trial of discrimination between two stimuli. 

As shown in Figure 3, we had in total 3 series of experimental 
comparisons, one for each curvature level. Participants trained be-
fore each series. For this, they compared the two most diferent 
pairs of stimuli, i.e., the least and the most curved to the current 
reference stimulus. The softness of the training stimuli was cho-
sen randomly. As in [69], the experimenter gave feedback on the 
correctness of the answer during the training, and the experimen-

tal series started after participants correctly judged four of these 
combinations successively. In each series, we had four blocks of 
experimental comparisons, one block for each softness condition. 
Each block was repeated three times. In each block of experimental 
comparisons, we repeated twice each of the 6 possible comparisons 
to the reference stimulus, in opposite order [70]. This lead to 12 
trials per block. Figure 3 shows an example of 12 trials that one 
participant experienced. As in [88], the participants did not know 
that the reference stimulus was presented in all trials. As in [69, 88], 
participants did not receive feedback on their performance during 
the experiment. 

After fnishing all 12 trials of one block, participants were al-
lowed to take a short break until they felt ready for the next block. 
The order of presentation of the three series was randomized. The 
order of presentation of the four blocks was counterbalanced across 
participants according to a Latin square. The order of presentation 
of 12 trials in one block was pseudo-randomized. Each series of 
experimental comparisons took around 75min. Participants com-

pleted each series of experimental comparisons on three diferent 
half-days to reduce the impact of fatigue. After each series, partici-
pants flled a short 5 items Likert-scale questionnaire to evaluate 
the difculty of the curvature discrimination in each softness con-
dition from very easy to very difcult. In total, the experiment took 
4 hours for each participants. 

Following previous work, we draw the following three hypothe-
ses for all curvature conditions: 

H1: The softer the surface, the lower participants’ curvature 
perception precision, i.e., the larger the just noticeable diference 
(JND) in curvature. 

https://www.interlinkelectronics.com/fsr-406
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H2: The softer the surface, the lower the participants’ curvature 
perception accuracy, i.e., the larger distance between the point of 
subjective equality (PSE) and the reference curvature. 

H3: The softer the surface, the slower participants discriminate 
the curvature, i.e., they take longer exploration time for the frst 
stimulus, for the second stimulus, and for their average. 

In order to reduce unintentional false positive infation of re-
sults [95], our study was registered before collecting the data4. 

4 DATA PRE-PROCESSING AND ANALYSIS 

4.1 Just-noticeable diference (JND) and Point 
of subjective equality (PSE) 

We computed the JND and PSE values for each participant in each 
softness × curvature as in [59]. We frst ft the proportion of times 
participants reported the comparison stimulus as the least curved 
with a Generalized Linear Model using a probit link function [59] 
to obtain a psychometric curve based on standard psychophysical 
protocol [30, 59]. Figure 4(a) presents an example of a psychometric 
curve, resulting from the ftting of participant P2’s responses when 
discriminated stimuli with R

ref
=10mm and softness=Shore 00-50. 

We then estimate the PSE and JND values based on the psy-
chometric curve obtained with the ft functions based on standard 
psychophysical protocol [30, 59]. The PSE refers to the 50% point 
on the psychometric curve, where participants have half chance 
on average to judge the comparison reference less curved than 
the reference stimulus (e.g., 10.2 mm in Figure 4(a)). The PSE is a 
measure of participants’ perception accuracy [59]. A PSE closer to 
the reference curvature (e.g., closer to 10 mm in Figure 4(a)) means 
less perception bias, thus better accuracy. 

The distance between the 50% point and 75% point on the psycho-
metric curve (e.g., 10.7 mm in Figure 4(a)) indicates the JND (e.g., 0.5 
mm in Figure 4(a)). The JND indicates the threshold of diference in 
curvature that can be perceived with a probability halfway between 
a chance response (i.e., 50%) and an always-correct response (i.e., 
100%). The JND refers to participants’ perception precision: the 
smaller the JND, the better the precision [59]. 

4.2 Analysis 
We use estimation techniques based on means and 95% bootstrapped 
confdence intervals (CI) as recommended by Dragicevic [15], and 
pairwise diferences to show efect sizes. These methods are recom-

mended by the APA [2] and largely adopted [13, 14, 44, 48, 53, 62]. 
We opted for this nuanced analysis of the direction and magnitude 

(c) JND pairwise diferences between each softness pair (Y axis) for each 

ref stimulus: 10mm ref stimulus: 20mm ref stimulus: 40mm
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of the efect. A pairwise diference is an intra-subject measurement 
curvature condition, computed for each participant individually and averaged. 

that expresses the efect size and is computed between each mean. 
This allows to quantify the diference per participant. 

For readers expecting dichotomous inference, we additionally 
Figure 4: Just noticeable diference computation and results. 

present an analysis based on p-value. A Shapiro-Wilk test showed 
that we could not assume the normality of our data. Therefore, we 
performed an aligned rank transformation [94] of the data before a 
repeated measure ANOVA. As we study the perception of curvature 
for soft devices that used curvature to provide feedback, we anal- softness and curvature. For post-hoc tests, we used Wilcoxon 

ysed the impact of softness on each curvature condition (i.e., each Signed-rank tests using Holm’s sequential Bonferroni procedure 

R
ref
) independently. We did not analyse the interaction between for p-value correction. Detailed results of post-hoc tests can be 

found in appendix A. The analysis software and detailed results are 
4
Registration of the experiment available at http://osf.io/scnj9/ available as supplementary material. 
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(a) Proportion of times P2 reported the comparison stimulus as less curved 
than the reference stimulus for Shore 00-50 and Rref=10 mm and its psycho-
metric function ft. 
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(b) JND results for all curvatures and softness. The results were ftted by a 
power curve [71, 82]. Data points were slightly jittered horizontally to avoid 
overlap. The gray color shows Provancher et al.’s data [71]. 
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5 RESULTS 

5.1 Just noticeable diference (JND) 
H1 is partially verifed: Participants do not have a lower curvature 
perception precision with a softer surface. I.e., not in all curvature 
condition, they had a larger JND of curvature in a softer condition. 

Figure 4(b) shows that in the most curved condition (R
ref

=10 
mm), participants performed with similar perception preci-
sion in all four softness conditions : Shore 00-10 JND= 0.75 mm 
(CI [0.45, 1.25]), Shore 00-50 JND= 0.68 mm (CI [0.56, 0.83]), Shore 
A-30 JND= 0.53 mm (CI= [0.38, 0.71]), Rigid JND= 0.58 mm(CI= 
[0.38, 0.83]). We did not measure an efect of softness. It is consis-
tent with the pairwise diference shown in Figure 4(c): the error 
bars of all softness pairs cross zero in curvature=10 mm condi-
tion. Consistently, ANOVA also shows no signifcant impact of 
softness on curvature perception precision (� (3,33) =0.63, p=0.6) in 
this curvature condition. 

In middle curved condition (R
ref

=20 mm), participants per-
formed with similar perception precision in the two softest 
conditions: Shore 00-10 JND=2.63 mm (CI [2.20, 3.28]), Shore 00-50 
JND= 2.72 mm (CI [2.09, 3.38]). Participants also performed with 
similar perception precision in the two hardest conditions: 
Shore A-30 JND=2.03 mm (CI [1.67, 2.46]), Rigid JND=1.97 mm 
(CI= [1.64, 2.44]). Participants performed with better percep-
tion precision in the two hardest conditions than in the two 
softest conditions. ANOVA also shows the signifcant impact of 
softness on curvature perception precision (� (3,33) =2.94, p<0.05) 
in this curvature condition. It is consistent with the pairwise dif-
ferences shown in Figure 4(c): in R

ref
=20 mm condition, only the 

error bars of the pairs Shore 00-10–Shore 00-50 and Shore A-30–Rigid 
cross zero. However, post-hoc tests show no signifcant diference 
between any softness pairs (Table 2 in appendix A). This can result 
from a small diference (see Figure 4(b)). What we learn from this 
experiment is that the curvier, the less the impact of the softness 
of the curvature perception. R

ref
=20 mm might lie at the limit of 

curvature where this happens. 
In the fattest condition (R

ref
= 40 mm), participants per-

formed with better precision in the more rigid conditions 
(Figure 4(b)): Shore 00-10 JND=8.61 mm (CI [6.35,11.36]), Shore 
00-50 JND=7.14 mm (CI [5.93,9.38]), Shore A-30 JND=4.93 mm (CI 
[4.24,5.58]), Rigid JND=4.32 mm (CI [3.53,5.06]). ANOVA consis-
tently shows the signifcant impact of softness on curvature per-
ception precision in this curvature condition (� (3,33) =4.9, p<0.01). 
However, in Figure 4(c), in R

ref
=40 mm condition, the error bars 

of the pairs of Shore 00-10–Shore 00-50 and Shore A-30–Rigid cross 
zero. This suggests similar perception precision in the two 
hardest conditions and also in the two softest conditions, for 
the fattest curvature. Participants performed with better 
perception precision in the two hardest conditions than in 
the two softest conditions. Post-hoc tests (Table 2) confrms the 
signifcant diference between the softness pairs of Shore 00-10– 
Rigid, Shore 00-50–Rigid, Shore 00-50–Shore A-30, but not between 
the other softness pairs. These might be explained by a higher 
variability among participants, because the error bars are larger in 
R
ref
=40mm in Figures 4(b) and 4(c). 
Figure 4(b) shows that participants’ JND increased as the stim-

uli become fatter from R
ref
=10 mm to 40mm. More precisely, the 

ref stimulus: 10mm ref stimulus: 20mm ref stimulus: 40mm
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(a) Perception accuracy in each curvature and softness. 
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(b) Pairwise diference in accuracy between pairs of softness. 

Figure 5: Accuracy (i.e. distance between PSE and reference 
curvature). 

power-law ft results in Figure 4(b) show that the exponent in-
creases from 1.45 to 1.76 as the stimuli become softer from Rigid to 
Shore 00-10. In addition, all exponents are larger than 1. This sug-
gests that, with a softer material, participants’ curvature perception 
precision may more strongly decrease as the surface becomes fat. 
In addition, the diference in perception precision between diferent 
softness conditions may be larger as the surface becomes fat. 

Interestingly, Provancher et al. conducted similar curvature per-
ception experiments with only rigid stimuli [70, 71]. Their results 
are shown in gray on Figure 4(b). Their results are similar to our re-
sult with the rigid condition, with a slightly lower JND with R

ref
=20 

mm and a slightly higher JND with R
ref
=40 mm. We further discuss 

our replication of their experiment with rigid stimuli in section 6.1. 

5.2 Point of Subjective Equality (PSE) 
H2 is not verifed: Participants do not have a lower curvature per-
ception accuracy with a softer surface. I.e., there was not a larger 
distance between the PSE and the reference curvature in softer 
conditions in each curvature condition. 

Figure 5(a) shows that participants tended to be less accurate 
when exploring less curved surfaces. The average distance between 
PSE and the reference curvature is 0.31 mm (CI=[0.26,0.38]) for 
R
ref
=10mm, 0.90 mm (CI=[0.69,1.15]) for R

ref
=20mm, and 2.67 mm 

(CI=[2.12,3.48]) for R
ref
=40mm. In the most curved condition 

(R
ref

=10 mm), participants performed with similar percep-
tion accuracy in all four softness conditions. The distance 
between the PSE and the reference curvature is 0.41 mm (CI [0.29, 
0.63]) for Shore 00-10, 0.34 mm (CI [0.24, 0.43]) for Shore 00-50, 0.24 
mm (CI [0.15, 0.33]) for Shore A-30, and 0.25 mm (CI [0.16, 0.37]) 
for rigid. We did not measure an efect of softness. It is consistent 
with the pairwise diferences shown in Figure 5(b): the error bars 
of all softness pairs cross zero when R

ref
=10 mm. 

In the middle curved condition (R
ref

= 20 mm), participant 
performed with the highest perception accuracy in the lit-
tle rigid condition and the lowest perception accuracy in the 
softest condition. The distance between the PSE and the reference 

https://CI=[2.12,3.48
https://CI=[0.69,1.15
https://CI=[0.26,0.38
https://3.53,5.06
https://JND=4.32
https://4.24,5.58
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curvature is 0.58 mm (CI [0.29, 1.09]) in the Shore A-30 condition, 
and 1.13 mm (CI [0.67, 1.62]) in the Shore 00-10 condition. Partici-
pants’ perception accuracy with Shore 00-50 and Rigid conditions 
were similar and located between the accuracy of the previous 
other two softness conditions. The distance between the PSE and 
the reference curvature is 1.03 mm (CI [0.67, 1.41]) with Shore 00-50 
and 0.83 mm (CI [0.45, 1.65]) with rigid stimuli. All error bars in 
R
ref
=20 mm condition (Figure 5(b) cross zero or near it. This sug-

gests that participants’ perception accuracy was similar in all 
four softness conditions. 

In the fattest condition (R
ref

=40 mm), participants per-
formed with decreasing perception accuracy with softer con-
ditions (Figure 5(a)). The distance between the PSE and the refer-
ence curvature is 3.46 mm (CI [1.96, 6.29]) with Shore 00-10, 3.01 
mm (CI [2.08, 3.93]) with Shore 00-50, 2.24 mm (CI [1.62, 3.14]) 
with Shore A-30, and 1.95 mm (CI [1.04, 3.14]) with rigid stimuli. 
However, Figure 5(b) shows that error bars of the pairwise compar-

isons between all six softness pairs cross zero for R
ref
=40 mm. This 

suggests that participants had similar perception accuracy in 
all four softness conditions with the fattest curvature. 

ANOVA shows consistent results. In all three curvature condi-
tions, the softness has no signifcant impact on the curvature per-
ception accuracy (R

ref
=10 mm: � (3,33) =1.59, p=0.21; Rref=20 mm: 

� (3,33) =1.42, p=0.25; Rref=40 mm: � (3,33) =1.17, p=0.34). 

5.3 Exploration time 
H3 is partially verifed: Participants do not discriminate curvature 
slower with a softer surface. I.e., not in all curvature conditions, 
participants needed longer exploration time for the frst stimulus, 
for the second stimulus, and for their average in softer conditions. 

Figure 6(a) shows that participants need much less time to ex-
plore the second stimulus in a trial after completing the exploration 
of the frst one. This applies to all reference curvature and softness 
conditions. After taking the time to memorize the frst stimulus, 
participants make their decision faster with the second stimulus. 

In all three curvature conditions, the softer the stimulus, 
the longer the exploration times (Figure 6(a)). For instance, 
when R

ref
= 10 mm, participants’ average exploration time increased 

from 3.21 s (CI [2.70, 4.03]) when exploring the rigid stimuli to 
3.46 s (CI [2.85, 4.37]) when exploring the softest stimuli (Shore 
00-10). When R

ref
= 20 mm, participants’ average exploration time 

increased from 3.54 s (CI [2.87, 4.64]) to 4.04 s (CI [3.17, 5.24]). 
When R

ref
= 40 mm, participants’ average exploration time increased 

from 3.98 s (CI [3.11, 5.57]) to 4.37 s (CI [3.42, 5.78]). However, 
there are large overlaps of error bars in almost all three curvature 
conditions for all the three exploration times. This indicates the 
slow increase of the necessary time to explore the curvatures 
of softer surfaces. This is consistent with the pairwise diferences 
of exploration times (Figure 6(b)). Seven out of the nine Shore 00-10– 
Rigid pairwise comparisons do not cross zero, showing that there 
is a major increase of exploration times between the softest and the 
rigid condition. However, all the error bars of the pairwise diference 
of exploration time of two neighbor softness pairs cross zero or 
near it (Shore 00-10–Shore 00-50, Shore 00-50–Shore A-30, Shore A-30– 
Rigid). The only exception is the pairwise diference of exploration 
time of Shore 00-10–Shore 00-50 for R

ref
=40mm. In these conditions, 
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(a) Exploration time of the frst stimulus of a trial (top), of the second stimulus (middle), 
and their average (bottom), in each curvature and softness condition. 
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(b) Pairwise diference of the time between pairs of softness for each curvature condi-
tion. 

Figure 6: Exploration time. 

the pairwise diference of exploration time is 0.59 s (CI [0.14, 1.15]) 
for frst stimulus, 0.47 s (CI [0.17, 0.99]) for the second stimulus, 
and 0.56 s (CI [0.18, 1.08]) for their average. This exception suggests 
that in the fattest condition (R

ref
=40 mm), participants need 

a much longer exploration time (all for the frst stimulus, 
the second stimulus, and their average) when exploring the 
softest (Shore 00-10) stimuli than other softness conditions 
including its neighbor softness condition (Shore 00-50). 

ANOVA shows that in the two curviest conditions (R
ref
= 10 

and 20 mm), the impact of softness on the exploration time is 
not signifcant, neither for the frst stimulus, nor for the second 
stimulus, nor for their average in softer conditions (R

ref
= 10 mm: 

� (3,33) =2.03, p=0.13; � (3,33) =0.61, p=0.61; � (3,33) =1.23, p=0.31. Rref= 
20 mm: � (3,33) =1.24, p=0.31; � (3,33) =2.44, p=0.08; � (3,33) =1.44, p=0.25). 

In the fattest condition (R
ref
=40 mm), ANOVA shows a signif-

cant impact of softness on the exploration time, both for the second 
stimulus and for their average in softer conditions (� (3,33) = 4.38, 
p<0.05; � (3,33) = 4.44, p<0.01), but not for the frst stimulus (� (3,33)
= 2.59, p=0.07). Post-hoc tests confrms the signifcant diference in 
exploration time between the softest condition (Shore 00-10) and 
the rigid condition (Table 3 in appendix A). 
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Average Difficulty Estimated
(a) The curvature perception difculty estimated by participants in each 
curvature and softness condition, from 1 (very easy) to 5 (very difcult). 
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(b) Pairwise diference in subjective difculty between two softness for each 
curvature condition. 

Figure 7: Subjective discrimination difculty. 

5.4 Difculty estimation 
In addition to the three measures registered4, i.e., JND, PSE, and 
Exploration time, we also studied participants’ subjective difculty 
to discriminate the curvatures. Figure 7(a) shows that participants 
clearly found more difcult to discriminate between curva-
tures when the material is softer. E.g. in the most curved con-
dition (R

ref
=10 mm), participants found it rather easy (M=1.83, CI 

[1.42, 2.17]) to discriminate the rigid stimuli. However, they found 
it rather neutral (M=3.42, CI [2.58, 3.83]) to discriminate the softest 
stimuli. In the middle curved condition (R

ref
=20 mm), participants 

found it rather easy (M=2.17, CI [1.83, 2.59]) to discriminate the 
rigid stimuli. However, they found it rather difcult (M=4.08, CI 
[3.33, 4.50]) to discriminate the softest stimuli. In the little curved 
condition (R

ref
= 40 mm), participants found it rather easy (M=2.33, 

CI [1.92, 2.75]) to discriminate the rigid stimuli. However, they 
found it rather difcult (M=4.17, CI [3.42, 4.50]) to discriminate 
the softest stimuli. These results are consistent with the pairwise 
diferences shown in Figure 7(b). All the error bars of the pairwise 
diferences between Shore 00-10 and rigid do not cross zero. 

ANOVA also shows the signifcant impact of softness on par-
ticipants’ subjective difculty to discriminate the curvatures in all 
three curvature conditions (R

ref
=10 mm: � (3,33) = 16.96, p<0.001; 

R
ref
=20 mm: � (3,33) = 14.84, p<0.001; R

ref
=40 mm: � (3,33) = 8.48, 

p<0.001). Post-hoc tests confrm that in all three curvature condi-
tions, participants estimated that discrimination of the curvature 
with the softest stimuli (Shore 00-10) is signifcantly more difcult 
than with all three other softness, except the Shore A-30 stimuli 
when R

ref
=40 mm (Table 2 in appendix A). 

6 DISCUSSION 

6.1 Partial replication of prior work 
Our experiment, through the curvature perception of rigid curved 
surfaces, was a partial replication of previous work [70, 71]. While 
we shared the same curvature levels of stimuli used in prior work, 
we extended the scope of Provancher et al.’s experiment to stimuli 

with diferent softness. In their experiment, participants rolled their 
index fnger along the circumferential direction of rigid cylinders 
with diferent radii to explore their curvature. On the contrary to 
our stimuli that had spherical surfaces, Provancher et al.’s stimuli 
were curved only in the direction along the fnger (distal-proximal 
direction), not in the direction across the fnger (radial-ulnar direc-
tion). The reason for this diference is that one of our objectives 
was to prepare guidelines for the design of soft curvature-changing 
UIs, such as buttons [32, 40, 91]. We found that spherical shapes 
were more widespread than cylindrical shapes in soft curvature-
changing UIs. For instance, Pneumatibles [32], Fingertip Softness 
Tactile display [24], Haptic Jamming [81], and Infatable Hemispher-

ical Multi-touch Display [83] are soft curvature-changing UIs with 
spherical shapes. 

Another diference with their experiment is the diameter � of the 
stimuli base cylinder (Figure 2(b)). In their experiment, the fatter 
the stimulus (i.e., the larger the radius of the curved surface), the 
larger the diameter of the stimulus. In our experiment, as shown in 
Figure 2(b), all of our stimuli had the same base diameter. A reason 
for this diference is that we wanted to prevent any confounding 
cues from the contact area [35], because a larger diameter can 
result in a larger contact area with the participants’ fnger pads, in 
addition to larger exploratory movements. Another reason for this 
diference is that one of our objectives was to prepare guidelines 
for the design of soft curvature-changing UIs. Curvature and size 
are two independant dimensions of shape-changing UIs [49], and 
curvature-changing UIs do not necessarily change their size (e.g., 
[32]). In addition, enlarging a UI might be troublesome because of 
geometrical constrains from the body or environment [1]. Future 
work should study the impact of the base diameter. 

As shown in Figure 4(b), Provancher et al. curvature perception 
precision (i.e., JND) of rigid surfaces was similar to ours in R

ref
=10 

mm: 0.84 mm [71] vs. 0.58 mm (CI [0.38, 0.83]). For R
ref
=20 mm, 

Provancher et al.’s participants were slightly more precise: 1.49 
mm [71] vs. 1.97 mm (CI [1.64, 2.44]). For R

ref
=40 mm, Provancher 

et al.’s participants were slightly less precise: 5.74 mm [71] vs. 4.31 
mm (CI [3.53, 5.06]). 

We hypothesize that these diferences come from the two types 
of cues in curvature perception: the kinesthetic and cutaneous 
cues. Pont et al. [69] found that kinesthetic cues were efective for 
participants to discriminate surface curvature. In particular, when 
users slide their fnger over the stimulus to explore the curvature, 
an efective cue is the total height change over the surface. In 
other words, users discriminate from the the ratio between the 
height and width of stimuli, i.e. the ratio of �� 

in Figure 2(b). As a �
consequence, when two stimuli have the same curvature but are 
of diferent base diameters, the larger stimulus has the larger total 
height change over the surface ( �� 

), and therefore, this can improve �
participants’ curvature perception precision. When R

ref
=20 mm, 

the base diameter of Provancher et al.’ cylindrical stimuli was larger 
than ours (see Figure 4-6 in [70]). For this reason, their participants 
could get stronger kinesthetic cues from rolling their fngers on 
the stimuli than our participants. This might explain why they 
found better precision when R

ref
=20 mm. However, this cannot not 

explain why Provancher et al.’s curvature JND was slightly less 
precise when R

ref
=40 mm. 
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Vogels et al. studied participants’ curvature discrimination abso-
lute threshold, i.e., the just noticeable diference between a curved 
surface and a fat surface (0�−1

), through static touch –which 
involves only cutaneous cues. They studied stimuli with double 
curved surfaces (e.g., spherical and elliptical). They found a lower 
threshold (0.2 − 0.32�−1

, i.e., corresponding radius 3.125 − 5�) 
than the threshold found by Pont et al. in [68] (0.5 − 0.9�−1

, i.e., 
corresponding radius 1.11 − 2�) with cylindrical stimuli. This sug-
gests that double curved surfaces (e.g., spherical surfaces) could 
provide participants with better cutaneous cues than single curved 
surfaces (e.g., cylindrical surfaces). In our experiment, participants 
touched and explored stimuli with spherical surfaces, which should 
provide them with better cutaneous cues than stimuli with cylin-
drical surfaces [70, 71]. When exploring stimuli in R

ref
=40 mm, 

the kinesthetic cue weakened both in Provancher et al.’s and our 
experiment because of smaller ratio of �� 

(detailed calculation in � 
supplementary material). The cutaneous cues might play an more 
important role in curvature discrimination, while the kinesthetic 
cue was weaker. This might explain why the precision we found 
when R

ref
=40 mm was better than prior work [70, 71]. 

We suppose that in nearly fat condition, the kinesthetic cues 
were so weak that the cutaneous cues played a more important role, 
while kinesthetic played a more important role when the surface 
curvatures were more curved (R

ref
=20 mm). When exploring sur-

faces very curved (R
ref
=10 mm), we suppose that both cutaneous 

and kinesthetic cues were strong, and participants can well combine 
them. Thus, if one of these cues is weaker, participants’ perception 
precision should not signifcantly decrease. This may also explain 
why users had similar perception precision and accuracy with very 
curved surfaces in diferent softness conditions. 

6.2 Impact of softness on precision (JND) 
To propose an explanation of the impact of softness on JND as the 
surface becomes fatter, we use Hertz contact theory [45]. Hertz 
contact theory provides a model for the contact between two elastic 
bodies. Even though Hertz contact theory is a rough model of 
fnger pad contact [64], it helps to understand the process when our 
fnger touches soft curved surfaces. Based on Hertz contact theory, 
we can roughly simplify the contact and deformation between 
participants’ fnger pads and our curved surfaces as the contact 
and deformation between two elastic curved spheres [6, 75] with 
respectively the radius of ���������� and ��������� , and Young’s 
modulus of ���������� and ��������� . The contact area between a 
fnger and a curved soft stimulus can be approximated as a circle 
with the following radius � [6, 75]: 

3�� 1 
� = ( ) 3 (1)

4� 

Where � is the pressure that participants applied to the stimu-

lus, � is the the relative radius of curvature, and � is the equiva-
lent modulus. These variables depend on the radius and Young’s 
modulus of participants’ fnger pad [64] and the stimulus: � = 
(0.75( 1 + 1 ))−1 

and � = ( 1 + 1 )−1.
��������� �� ����� ��� ��������� �� ����� ��� 

To simplify the analysis of the impact of the stimulus curvature 
��������� and stimulus softness ��������� on the deformation, we 
suppose that: 

���������� = � ��������� , ���������� = � ��������� (2) 

Where � and � are participant-dependent constants. Then, the rela-
tive radius of curvature � and the equivalent modulus � can be writ-

4� � 
ten as: � = = 

3(�+1) ��������� , � 
�+1 ��������� . Equation 1 can 
1 1 1

9� (�+1) 9� (�+1) 3

then be simplifed as � = ( ) 3 ( ���������� ) 3 
. As ( )

16� (�+1) ��������� 16� (�+1)
is constant for each participant, we can set it as a constant � in 
the purpose of simplifying the analyze. Equation 1 can then be 
simplifed as: 

1 
���������� 3 

� = � ( ) (3)

��������� 
According to equation 3, either the increase of stimulus softness 

(i.e., smaller ��������� ) or the decrease of stimulus curvature (i.e., 
larger ��������� ) will lead to a larger contact area. 

The JND power-law ft on Figure 4(b) shows that the softer the 
stimuli, the larger the exponent. In addition, all exponents were 
larger than 1. This suggests that, with a softer material, participants’ 
curvature perception precision may more strongly decrease as the 
surface becomes fat. Also, the diference in perception precision 
between diferent softness conditions may be larger as the surface 
becomes fat. To better understand the impact of surface softness on 
contact area under diferent curvature conditions, we can calculate 
the derivatives of � over ��������� : 

1 
�� � 3 − 4 

= − 
3 
(���������� ) ��������� 3 (4)

���������� 

According to equation 4, with fatter stimuli (i.e., larger ��������� ), 
the contact area increases more rapidly with softer stimuli (i.e., 
smaller ��������� ). This is consistent with our JND power-law ft 
result: Figure 4(b) suggests a larger diference in perception preci-
sion between diferent softness conditions as the surface becomes 
fatter. This might be explained by the surface and/or the fnger 
pad deformation. On the one hand, a larger contact area slightly 
improves participants’ perception precision [35] when passively 
touching rigid stimuli. On the other hand, the larger contact area 
means also bigger deformation of the stimulus and the fnger pad. 
This deformation might inversely harm our perception of the shape, 
e.g., when stimuli are too fat and/or too soft. So far, this did not ex-
plain why participants could perform in soft conditions as precisely 
as in rigid conditions with our most curved stimuli (R

ref =10 mm). 
We suppose the reason is that both cutaneous and kinesthetic cues 
were strong enough. A slight deformation of the stimulus and/or 
the fnger pad should then not signifcantly decrease participants’ 
precision. 

6.3 Similar accuracy with diferent softness 
One of our main fnding was that participants’ perception accuracy 
did not difer systematically between diferent softness conditions 
in all curvature conditions. Yet, when exploring less curved surfaces, 
participants tended to be less accurate. 

Previous work found factors possibly biasing participants’ cur-
vature perception accuracy with rigid stimuli. Among them, Vogels 
et al. [92] observed bias from the shape of the surface around partic-
ipants’ fngers: they experimented with stimuli with double curved 
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(b) Pairwise diference in bias between two softness for each curvature. 

Figure 8: Perception bias (i.e., signed diference PSE - R
ref

). 

surfaces (e.g., spherical and elliptical), which can be defned by two 
principal curvatures. They found that the curvature in the direction 
perpendicular to participants’ fnger (radial–ulnar direction) biases 
participants’ perception accuracy of the curvature along their fnger 
(distal-proximal direction). E.g., their participant judged a curvature 
to be more convex when the perpendicular curvature was convex 
than when this curvature was concave. The fact that participants 
tended to be less accurate (i.e., larger absolute values bias) when ex-
ploring less curved surfaces in our experiment might be explained 
by the bias of the shape of the surface around participants’ fn-
gers [92]. The deformation of stimuli and/or fnger pads during the 
exploration may change the curvature distribution around partici-
pants’ fnger pads, as the surface is no longer a sphere. According 
to Hertz’s contact theory [45], when exploring less curved surfaces 
(larger ��������� in equation 3), the deformation is larger (larger � 
in equation 3). This may explain the tendency for a lower accuracy. 

The PSE indicates the curvature that participants subjectively 
feel equal to the corresponding reference curvature. To design 
accurate feedback with softness- and/or curvature-changing UIs, 
we should compensate for the diference between the real curvature 
and the curvature we expect participants will subjectively feel. For 
this reason, it is important to know whether systematic bias exists 
in any curvature and/or softness condition. Figure 8(a) shows the 
bias (i.e., the diference between PSE and the reference curvature) 
in each curvature and softness condition5. We can see that almost 
all error bars cross zero, except two in the fattest condition: For 
R
ref
= 40 mm, the bias for the Shore 00-10 material is 3.23 mm (CI 

[1.60, 6.07]), and the bias of the rigid material is 1.59 mm (CI [0.46, 
2.93]). This indicates that, in average, participants overestimated 
the curvature of rigid and softest stimuli in the fattest condition. 
I.e. participants felt that a rigid stimuli with an actual radius of 
43.23 mm was a radius of 40 mm, and that participants felt that a 
Shore00-10 stimuli with an actual radius of 41.59 mm was a radius 

5
Figure 5 shows the distance between PSE and the reference curvature, i.e. the absolute 
value of the diference between PSE and the reference curvature. Figure 8 shows the 
diference, which can be either negative or positive. 

of 40 mm. This suggested that we should shift very soft (Shore 00-
10) or rigid UIs’ curvature to less curved when developing nearly 
fat UIs (� ≈ 40��). 

In our experiment, the loss in accuracy occurred only in two 
extreme softness conditions (i.e., Shore 00-10 and rigid) when dis-
criminating the lowest curvatures (� ≈ 40��). In addition, the 
participants in average overestimated the curvature under these 
conditions only. A larger ��������� can lead to larger deforma-

tion, and thus more bias. Furthermore, in the two extreme softness 
conditions, the large diference of softness between fnger pads 
and stimulus lead to great deformation of either the stimuli (Shore 
00-10 condition) or the fnger pad (Rigid condition). This may ex-
plain the bias specifc to these conditions. To better understand the 
overestimation of curvature for these conditions, future work can 
consider techniques for modeling the fnger pad deformation when 
pressing on a rigid surface [38]. In addition, Figure 8 show a large 
variation among participants (blue dots). This may be explained by 
participant-dependent constants � and � in equation 2. Modeling 
techniques [38] may also help future understanding of the variation 
among participants. 

6.4 Slower exploration and higher difculty 
with softer material 

There is no prior work on the exploration time of soft and curvy 
surfaces. We found that participants’ exploration time in the softest 
condition was longer than the rigid condition for all curvatures 
(for the frst and second stimulus, and their average). At the same 
time, the increase of the exploration time was slow when surfaces 
become softer. We can explain the slow increase in exploration time 
thanks to prior work. Neurophysiologists found that the SAI afer-
ents play a major role in the cutaneous cues to encode the object 
shape (i.e., surface curvature in our experiment) [36, 46]. Prior work 
passively applied surfaces with diferent curvatures on participants’ 
fnger pads with controlled force and recorded the response of SAI 
aferents [36]. They found that the form of stimulus-response func-
tions (i.e., the number of responses of SAI to diferent curvature 
of stimulus) measured over 1s were similar to the responses mea-

sured over 0.2s. This suggested our tactile mechanoreceptors are 
capable of rapidly encoding surface curvature information (within 
0.2s). We hypothesize that the rapid shape-encoding capability of 
our mechanoreceptors might rapidly provide us with important 
cutaneous cues to estimate the curvature when our fnger pads frst 
touches a surface of any softness. On the contrary to passive per-
ception [36], active curvature perception involved both cutaneous 
and kinesthetic cues [26]. We suppose the poorer kinesthetic cues 
with softer stimuli (i.e., the larger deformation of stimuli leads to 
less height change during exploration) may play a major role in the 
increase of the exploration time. The fact that mechanoreceptors 
rapidly provide cutaneous cues may explain the slow increase of 
exploration time. 

These two types of cues involved in curvature perception may 
also explain why participants estimate the discrimination difculty 
to be larger in softer conditions. Participants perceived both kines-
thetic and cutaneous cues for curvature discrimination. Both are 
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afected by surface deformation and may hinder participants’ dis-
crimination. Future work can further study the impact of softness 
on participants’ subjective difculty to perceive curvature. 

6.5 Diferent measures of softness 
The softness of an object can express diferent physical quantity. 
First, the Young’s modulus (�) of a material is the ratio between the 
pressure, i.e., the force per unit area (� /�) applied to the object and 

the strain, i.e., the relative deformation of the object (Δ�/� ): � = Δ 
�

�

/
/ 
�

� 
[21, 23]. The Young’s modulus is a property of the material and is 
independent of the size and shape of the object. 

Second, the stifness (�) of an object is the ratio between the ap-
� 

plied force and the deformation: � = . The stifness is a property Δ�
of the object and depends on its shape and size. E.g., a silicone cylin-
der is half stif as another silicone cylinder of the same material, if 
it has the same cross-sectional area but half the thickness [5]. 

Bergmann Tiest and Kappers compared these two measures of 
softness [5]: they demonstrate the major contribution of the Young’s 
modulus (�) for softness discrimination (90% on average) and show 
the less important contribution of stifness (�) (10% on average). 

Both the Young’s modulus and the stifness can be measured 
through compression tests. Such tests control the force applied 
and measures the resulting displacement while the material is com-

pressed. We conducted compression tests to measure the stifness 
of our stimuli and the Young’s modulus of our materials (Figure 
9(a)). We used a shimadzu Autograph ags-x Precision Universal 
Tester [76]. We followed the standard procedure with a loading 
speed of 0.2 mm/s [23]. Figure 9(a) presents the force-displacement 
curves that we measured with test specimens made of the same 
silicone as our soft stimuli. We used linear least-square regression 
to determine the slope of these curves (as in [5]). Although we com-

puted the stifness � as the slope –as in the defnition– we notice 
that this is an approximation: Figure 9(a) shows that the stifness 
of the Shore 00-10 test specimen is nonlinear, i.e., the slope is not 
constant during the whole test. However, the R2 

of the linear least-
square regression is 0.86 for Shore 00-10, which is acceptable. The 
regression for all other curves have R2 ≥ 0.96. We found the stifness 
of the stimuli to be �00−10 = 1.54���−1

, �00−50 = 2.75���−1
, 

and ��−30 = 10.70���−1
. We found the Young’s modulus of 

each silicone to be �00−10 = 0.088���, �00−50 = 0.193���, and 
��−30 = 0.573���. 

Third, the Shore hardness is another measure of the softness of 
a material, similar to the Young’s modulus. Shore hardness can be 
easily measured with a durometer. Compared with a compression 
test machine, a durometer is portable, cheap and does not need ex-
pertise for its operation. A compression test (Figure 9(a)) compress 
the whole test specimen and measure the defection of the whole 
specimen. In contrast, during a hardness test with a durometer, the 
surface of the indentor of a durometer, in contact with the test spec-
imen, typically has a diameter ranging between 2.8 mm and 3.6 mm

6
[22]. The surface of the indentor of a durometer is smaller than the 

6
Diferent type of durometers have diferent dimension and form of indentor and 
used for measuring diferent scale of hardness. For example, a Shore 00 Durometer 
has a hemispherical indentor with a diameter of 2.38 mm and is typically used for 
testing extreme soft rubber, human and animal tissue, etc. A Shore A durometer has a 
truncated cone indentor with its top surface diameter of 0.79 mm and is typically used 
for testing harder rubber, leather, etc. 
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(b) Young’s Modulus (predicted [57] and measured) vs. measured Shore 00 
and Shore A hardness. 

Figure 9: Measurements of the softness of our stimuli. 

contact area between the participants’ fnger and the stimuli during 
our softness perception experiment. As opposed to the defection of 
the whole specimen in a compression test (Figure 9(a)), the Shore 
hardness test measures the local deformation of the surface of the 
test specimen. There is no prior work studying participants’ soft-
ness perception performance using Shore hardness as a measure of 
the softness of the stimuli. As a consequence, we do not know the 
respective contribution of the local deformation –Shore hardness– 
and the global deformation –Young’s modulus– in users’ softness 
perception. To help the design of soft UIs, designers can convert 
Young’s modulus to Shore hardness and vice-versa [57]. The x axis 
of Figure 9(b) presents our measurements of the Shore hardness, 
with bareiss hp Shore 00 and walfront Shore-A durometers, fol-
lowing [23]. The y axis of Figure 9(b) presents the Young’s modulus 
of the same object. The points in the graph show the Young’s mod-

ulus we measured as in Figure 9(a). The lines in the graph show 
the Young’s modulus we predicted using the existing conversion 
formula [57]. We found the Shore 00 hardness of each silicone to 
be �ℎ�����������0000−10 = 15, �ℎ�����������0000−50 = 39, and 
�ℎ�����������00�−30 = 74. We found the ShoreA hardness of each 
silicone to be �ℎ������������00−50 = 2, and �ℎ�������������−30 = 
28. The Shore 00-10 silicone is out range of a ShoreA durometer, 
which returns 0. Figure 9(b) shows that the Shore00 hardness highly 
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correlate with the measured Young’s modulus (correlation coef-

cient � ≥ 0.98). In contrast, the formulas [57] did not ft well our 
Shore00 (R2=0.31). The low R2 

might come from the small sampling 
size, i.e., only three data points [7]. For the measurement of Shore 
A, we do not study the correlation coefcient (� ) and R2, as we had 
only two data points. 

The non-linearity of stifness during the compression (Figure 
9(a)) impacts participants’ perception of softness [67]. For this rea-
son, we provide our whole force-displacement curve in addition to 
the three direct measurements of softness, i.e., Young’s modulus, 
Stifness, and Shore Hardness. 

In our experiment, we chose the softness of our three soft stimuli 
based on the softness of the fngers pad, i.e., softer, as soft as, and 
harder than the index fnger pad. We used the Shore hardness as a 
measure of softness, as it is convenient to measure on fnger pads, 
contrary to other softness measurements. Meanwhile, there is no 
prior work on how the diferent measures of softness may impact 
our results. We provide diferent measures of softness, including 
Young’s modulus, Stifness, and Shore hardness (both Shore A and 
Shore 00) with force-displacement curves, which should help other 
designers to build their devices based on our results. 

6.6 Linearity of curvature and softness 
For each curvature condition, the curvature of comparison stim-

uli was linearly distributed around the reference curvature, as ex-
plained in [30]. The curvature of our reference stimuli was not 
strictly linear: 100 �−1 

for R
ref
=10 mm, 50 �−1 

for R
ref
=20 mm 

and 25 �−1 
for R

ref
=40 mm. Figure 4(b) shows that the decrease 

of participants’ curvature perception precision, i.e., the increase of 
JND, was exponential and non-linear. This suggests an exponen-
tial decrease of curvature perception precision when the stimuli 
become fatter, consistent with [37, 55, 70, 71]. Besides the three 
conditions of curvature we studied, i.e., R

ref
=10 mm, 20mm, and 

40 mm, Provancher et al. also studied the condition with R
ref
=30 

mm. We did not study the condition of R
ref
=30 mm to reduce the 

total experiment time (around 4h). We found the exponent in the 
softness condition of the rigid stimuli was 1.45, which is similar to 
the exponent of 1.43 in [70, 71]7. This suggested that we can use 
our power ftted curve (Figure 4(b)) to predict the JND in curvature 
condition not studied in our experiment despite the non-linearity 
of the distribution of the curvature of our stimuli, in particular with 
rigid stimuli whose curvature range is located between our studied 
values, i.e., R

ref from 10 mm to 40 mm. 
In our three soft conditions, the JND also increased exponentially 

with respective exponent: 1.61 for Shore 00-10, 1.70 for Shore 00-50, 
and 1.76 for Shore A-30. This suggests a higher non-linear increase 
of JND with a softer surface: the softer the surface, the more the 
participants’ curvature perception precision decrease as the surface 
becomes fat. The respective Young’s modulus of the three soft 
stimuli were �00−10 = 0.088 MPa, �00−50 = 0.193 MPa, and ��−30 = 
0.573 MPa, whose distribution is not linear. We noticed however 
that the exponents of the three JND curves (1.76 for Shore 00-10, 
1.70 for Shore 00-50, 1.61 for Shore A-30) seem linearly distributed 
according to the three Young’s modulus (R2=0.92). However, further 

7
The exponent is computed with the JND data provided in [70, 71]. 

experiments are necessary to confrm this through the study of 
users’ curvature perception with additional softness levels. 

7 GUIDELINES FOR SOFT CURVY DEVICES 
This experiment provides quantitative data to design precise and 
accurate haptic feedback with soft curvy UIs. First, users can per-
ceive with high precision and accuracy in the most curved con-
dition (� ≈10 mm) with any softness. Designers can use material 
of any softness to construct very curved UIs (radius ≈ 10 mm) for 
the most precise and accurate haptic feedback. In average, users 
can distinguish the surface curvature with a precision of 0.63 mm 
(CI=[0.53,0.78]) and an accuracy of 0.31 mm (CI=[0.26,0.38]). On 
the contrary, when UIs are less curved (radius ≥ 20 mm), designers 
should avoid using very soft material (softness < Shore 00-50) or 
dynamically stifen the UI to reach a softness ≥ Shore 00-50. If the 
UI cannot change its softness, designers should provide a curvature 
change larger than the JND measured (Figure 4(b)) in corresponding 
softness and curvature condition, to ensure the curvature change 
is perceived. For example, a UI with a radius ≈ 20 mm should bend 
or fatten more than 2.72 mm if softer than Shore 00-50, and more 
than 2.00 mm if softer than Shore A-30. 

Second, users can perceive the curvature of a very curved surface 
more accurately. The average accuracy of participants is 0.31 mm 
(CI=[0.26,0.38]) in R

ref = 10 mm; 0.90 mm (CI=[0.69,1.15]) in R
ref = 

20 mm; 2.67 mm (CI=[2.13,3.49]) in R
ref = 40 mm. As a consequence, 

for better accuracy of curvature-based haptic feedback, designers 
should focus on the highest curvatures. At the same time, users 
can perceive the curvature of a surface with similar accuracy in all 
softnesses. This suggests that using stif –or stifening– material 
without changing the UI curvature will not improve users accuracy. 
When designing soft curvature-changing UIs, designers can fully 
focus on the interaction design and the application context, without 
worrying about the softness of a specifc material: the softness will 
not have a signifcant impact on the output accuracy of the UI. 

We observed a systematic curvature overestimation of 3.23 mm 
(CI=[1.60,6.07]) in the softest and fattest curvature. If designers 
cannot avoid these softness and curvature but still require accurate 
curvature feedback, they can ofset by 3.23 mm the curvature of 
very soft and fat UIs (e.g., with a radius > 40 mm and softness ≈ 
Shore 00-10). Providing an even fatter surface (R=43.23 mm) will 
be perceived as a curvature of R= 40 mm. 

Third, users need longer exploration time to perceive the cur-
vature of softer surfaces. Users took in average 3.95s to explore a 
Shore 00-10 curvature vs. 3.39s to explore a rigid curvature. This 
suggests that stifening the UIs [20] will enable more rapid feedback. 
If UIs cannot change their softness, the time between each refresh 
of UIs’ curvature may need to be longer than the exploration time 
we measured. For instance, the curvature refresh rate of UIs softer 
than Shore 00-10 may need to be lower than 0.25 Hz, 0.27 Hz for UIs 
softer than Shore 00-50, and 0.28 Hz for UIs softer than Shore A-30 
respectively. This is an opportunity for slow [39] ambiant on-body 
feedback supporting long-term interaction. 

https://CI=[1.60,6.07
https://CI=[2.13,3.49
https://CI=[0.69,1.15
https://CI=[0.26,0.38
https://CI=[0.26,0.38
https://CI=[0.53,0.78
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8 APPLICATIONS: BUILDING PRECISE AND 
ACCURATE INTERACTIVE DEVICES 

Recent work explored interactive devices where the softness plays 
an important role [27]. We now show how our measurements of 
users’ precision, accuracy and speed when perceiving the curvature 
of soft devices, inform the design of efcient haptic display through 
curvature and softness for such devices. 

First, recent work presented technologies to vary participants’ 
perception of softness of objects (e.g., Shore hardness of objects 
[84]). Recent work also proposed devices with diferent softness, 
e.g., diferent Shore hardness (e.g., [50]), diferent Young’s modu-

lus [67], or diferent stifness [80]. We provide the measurements 
of the Young’s modulus (Figures 9(a) and 9(b)), Shore hardness 
(Figure 9(b)), and stifness (Figure 9(a)) used in our experiment, so 
that designers can directly apply our results when building their 
own soft devices. We summarize these fnding in Table 1 to quickly 
enable precise and accurate curvature perception of future devices. 

Second, we further distinguish three cases for the application of 
our results to current devices: (1) augmenting daily objects, build-
ing devices with (2) customized softness and shape, and (3) with 
changing softness and shape. 

8.1 Augmented daily objects 
Leveraging daily objects for interaction enable ubiquitous devices [29, 
74]. VR systems can now scan users’ surroundings to fnd daily 
objects with the most similar shape to the object manipulated in 
VR [41]. This reduces the visual-haptic mismatch, i.e., the mismatch 
between what users see in VR and what they touch and manipu-

late physically. Current technology (e.g., [3, 18]) also automatically 
measures the softness of objects. This can provide VR systems with 
softness information about surrounding daily objects. Our results 
help designers to fne-tune their algorithm to better choose soft 
objects in users’ surroundings for haptic feedback in VR. For in-
stance, when choosing a very soft and fat UIs (e.g., with R>40 mm 
and ~Shore 00-10), the algorithm can choose an even fatter surface 
(R=43.23 mm) to provide a curvature perception of R=40 mm. 

In addition, prior work proposed a technique changing users’ 
perceived softness of daily objects by controlling the expansion 
of the fnger pad [84]. This device allows to change the perceived 
hardness ≥ Shore A-50 to ≈ Shore A-40. This range of softness is 
within the range of our experiment, i.e., between Shore A-30 and 
rigid. Their device leaves the center of the fnger pad free, which al-
low users to directly perceive the curvature of the object. Our study 
informs future work with such devices by allowing the prediction 
of users’ perception of the curvature of objects according to their 
perceived softness. For instance, when touching an object of curva-
ture R=10mm with the device, designers can expect 0.53-0.58mm 
precision and 0.24-0.25mm accuracy in curvature perception. 

8.2 Devices with custom softness and shape 
3D printing eases the building of personal interactive devices [60] 
with complex geometric shape (e.g., [85]) and embedded interactive 
capabilities (e.g., [43]). 3D printing now also enables the customiza-

tion of softness [50, 56, 58, 67, 85] to reach the desired haptic prop-
erties. Our results allow designers to predict users’ accuracy and 
precision of curvature perception when manipulating 3D printed 

soft objects. For instance, OmniSoft [50] allows to build devices in 
the range of Shore A-02 to Shore A-30 –a range included in our 
experiment. Our results now extend Omnisoft with information 
about users perception of the object’s local curvature depending 
on its local softness. 

Our results can also be readily used together with a new model 
that converts a softness, e.g., a Young’s modulus, into an infll 
geometry ensuring the same perceived softness [67]. Using our 
measurements of the Young’s modulus (Table 1) as an input to the 
model, our results now extend this prior work with the correspond-
ing users’ precision and accuracy in perception of the object’s local 
curvature depending on its local softness. 

8.3 Devices with changing softness and shape 
Prior work enabled devices capable of changing their softness, 
e.g., through jamming [20, 80]. Adding a jamming layer on top of 
an existing shape-changing device such as LayerPump [28], dy-
namically changeable buttons [32, 40], the infatable hemispherical 
display [83], PneUI [97], AirPinch [33], MultiJam [96], Pneumatic 
Auxetics [16], StringTouch [73], or PneuSeries [8], allows building 
devices providing haptic feedback through both softness and shape. 
The jamming layer can follow the shape of the shape-changing 
device, thanks to its malleability prior to jamming [80, 97]. By con-
trolling the vacuum level in the jamming layer [20, 80], a device 
can change its softness: the higher the vacuum level, the stifer the 
jamming layer. 

Our results can be used to refne the design of such devices. 
We illustrate this on the example of a device that changes its cur-
vature and softness through pneumatic actuation and a jamming 
layer [80]. Figure 10 shows two sets of force-displacement curves: 
one (in gray) that we reproduce from [80], and the other (in color) 
that we measured as in [80] with our specimen made of silicone of 
diferent softness. To measure the force-displacement, we used the 
same indentor as in [80], i.e., a printed rigid sphere with a diameter 
of 9.5 mm (Figure 10, right). We can see in Figure 10 that the force-
displacement measurements of the jamming layer at the 15 inHg 
level of vacuum overlaps with our Shore A-30 specimen measure-

ments. In addition, the 0 inHg level of vacuum partially overlaps 
with Shore 00-10 specimen measurements when the displacement 
of the indentor is < 5 mm. We can also see that the measurements 
of our Shore 00-50 lie between the jamming layer at 0 and 1 inHg. 
This suggests that a jamming layer with a vacuum level between 0 
and 1 inHg might produce force-displacement measurements that 
overlap or partially overlaps with the measurements of our Shore 
00-50. Based on Figure 10, we can now predict the precision and 
accuracy in curvature perception of such a device changing its cur-
vature and softness. For instance, a curved UI with a jamming layer 
like [80] at 15 inHg of vacuum should provide users with similar 
curvature perception precision and accuracy as our stimuli in Shore 
A-30 condition (Table 1). When the vacuum level is at 1 inHg, the 
UI should provide better curvature perception precision than our 
Shore 00-50 stimuli, in particular when the UI surface is very fat 
(e.g., with a radius > 40 mm). When the vacuum level is at 0 inHg, 
the UI should provide similar curvature perception precision and 
accuracy as our Shore 00-10 stimuli, if users’ fngers do not press 
too deep into the UI (e.g., ≤ 5 mm). 
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Table 1: Correspondence table for designers of novel soft and curvy devices. 

softness 
Young’s Jamming Curvature Precision Accuracy Time

Stifness

Shore hardness modulus vacuum (radius in mm) (mm) (mm) (s) 
(N.mm-1) 

(MPa) (inHg) [80] 

10 0.75 0.41 3.46 
00-10 N.A. 1.54 0.088 20 2.63 1.13 4.04 

0 
40 
10 

8.61 
0.68 

3.46 
0.34 

4.37 
3.43 

00-50 A-02 2.75 0.193 20 2.72 1.03 3.79 
40 7.14 3.01 3.80 
10 0.53 0.24 3.20 

00-74 A-30 10.70 0.573 15 20 2.03 0.58 3.65 
40 4.98 2.24 3.68 
10 0.58 0.25 3.21 

Rigid 20 1.97 0.83 3.54 
40 4.31 1.95 3.98 

0

10

20

0 5 10
Displacement (mm)

Fo
rc
e
(N
)

indentor
(⌀9.5mm [80])

vacuum level
from [80]

0inHg
1inHg
6inHg
15inHg

softness
measurements

00−10
00−50
A−30

16mm

16mm

Figure 10: (Left) Force displacement curves resulting from 
(right) compression tests with a 3D printed spherical indentor 
as in [80]. Colored lines show our results on a specimen with 
the same dimensions as the stimuli used in our experiment. 
Gray lines show prior results [80] from compression test 
on a jamming layer. The level of vacuum are expressed in 
inches of mercury (inHg). The larger the value, the higher 
the vacuum and the stifer the UI. 

9 CONCLUSION AND FUTURE WORK 
This paper presents an experiment determining the accuracy (point 
of subjective equality), the precision (just noticeable diference) and 
the exploration time when perceiving curvature across four levels 
of softness of a UI. Results show (1) similar accuracy and precision 
when discriminating very curved surfaces in all softness conditions, 
(2) decreasing precision with softer curved surfaces when discrimi-

nating less curved surfaces, and (3) decreasing exploration speed 
with softer surfaces in all curvature levels. Our results show the 
potential of using soft materials to build curvature-changing UIs 
for precise and accurate feedback. We provide guidelines for the 
design of soft curvature-changing UIs in a large range of curvatures 
and a large range of softnesses. The HCI community can readily 
build on top of this work to design soft curvature-changing UIs. 

Our work can be extended by studying the possible combined 
impact of air pressure inside infatable soft UIs and the softness 
of their materials. Another exciting avenue for future work is the 

study of concave surfaces, although convex surfaces are currently 
more common (e.g., PneUI [97] and Pneumatibles [32]). Future 
work should also study the impact of shape on softness perception, 
the absolute estimation of the curvature (magnitude estimation), 
and the perception of continuous change in curvature, e.g., when 
users keep their fnger on top of the UI and experience a transition 
between two curvatures. Another important lead for future work 
is the study of user experience with soft curvature feedback in 
ecological settings. 
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A DETAILED REPORTING OF THE POST-HOC 
TESTS RESULTS 

We report detailed results of post-hoc tests in Tables 2 and 3. The 
‘*’ show signifcant diferences confrmed by post-hoc tests. 
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Post-hoc test on
exploration time for first

stimulus

Post-hoc test on
exploration time for
second stimulus

Post-hoc test on average
exploration time

W Z p r W Z p r W Z p r

10

Shore 00-10 vs. Shore 00-50 49 0.78 1 0.16 38 -0.08 1 0.02 38 -0.08 1 0.016
Shore 00-10 vs. Shore A-30 54 1.18 1 0.24 53 1.10 1 0.22 56 1.33 0.81 0.27

Shore 00-10 vs. Rigid 63 1.88 0.38 0.38 38 -0.08 1 0.02 62 1.80 0.46 0.37
Shore 00-50 vs. Shore A-30 46 0.55 1 0.11 56 1.33 1 0.27 59 1.57 0.65 0.32

Shore 00-50 vs. Rigid 54 1.18 1 0.24 41 0.16 1 0.03 53 1.10 0.90 0.22
Shore A-30 vs. Rigid 36 -0.24 1 0.05 28 -0.86 1 0.18 37 -0.16 1 0.03

20

Shore 00-10 vs. Shore 00-50 43 0.31 1 0.06 60 1.65 0.55 0.34 51 0.94 1 0.19
Shore 00-10 vs. Shore A-30 42 0.24 1 0.05 59 1.57 0.55 0.32 54 1.18 1 0.24

Shore 00-10 vs. Rigid 57 1.41 1 0.29 75 2.82 <0.05 0.57 69 2.35 0.10 0.48
Shore 00-50 vs. Shore A-30 55 1.26 1 0.26 47 0.63 0.85 0.13 52 1.02 1 0.21

Shore 00-50 vs. Rigid 48 0.71 1 0.14 54 1.18 0.80 0.24 48 0.71 1 0.14
Shore A-30 vs. Rigid 37 -0.16 1 0.03 50 0.86 0.85 0.18 43 0.31 1 0.06

40

Shore 00-10 vs. Shore 00-50 62 1.80 0.39 0.37 66 2.12 0.17 0.43 63 1.88 0.32 0.38
Shore 00-10 vs. Shore A-30 61 1.73 0.39 0.35 66 2.12 0.17 0.43 62 1.80 0.32 0.37

Shore 00-10 vs. Rigid 73 2.67 <0.05 0.54 75 2.82 <0.05 0.58 74 2.75 <0.05 0.56
Shore 00-50 vs. Shore A-30 41 0.16 1 0.03 48 0.71 1 0.14 42 0.24 0.85 0.05

Shore 00-50 vs. Rigid 59 1.57 0.39 0.32 62 1.80 0.23 0.37 63 1.88 0.32 0.38
Shore A-30 vs. Rigid 47 0.63 1 0.13 46 0.55 1 0.11 52 1.02 0.68 0.21

Post-hoc test on Difficulty estimation
Rref(mm) Softness Pair W Z p r

10

Shore 00-10 vs. Shore 00-50 36 2.83 <0.05 0.58
Shore 00-10 vs. Shore A-30 45 2.88 <0.05 0.59

Shore 00-10 vs. Rigid 55 3.02 <0.05 0.62
Shore 00-50 vs. Shore A-30 25 1.94 0.19 0.40

Shore 00-50 vs. Rigid 45 2.92 <0.05 0.60
Shore A-30 vs. Rigid 17.5 1.63 0.22 0.33

20

Shore 00-10 vs. Shore 00-50 61.5 2.68 <0.05 0.55
Shore 00-10 vs. Shore A-30 75.5 2.89 <0.05 0.59

Shore 00-10 vs. Rigid 73 2.71 <0.05 0.55
Shore 00-50 vs. Shore A-30 41.5 2.37 0.07 0.48

Shore 00-50 vs. Rigid 68 2.39 0.07 0.49
Shore A-30 vs. Rigid 9 -0.64 0.69 0.13

40

Shore 00-10 vs. Shore 00-50 45 2.90 <0.05 0.59
Shore 00-10 vs. Shore A-30 57 2.18 0.15 0.44

Shore 00-10 vs. Rigid 54 2.74 <0.05 0.56
Shore 00-50 vs. Shore A-30 21.5 0.60 0.63 0.12

Shore 00-50 vs. Rigid 53 1.89 0.19 0.39
Shore A-30 vs. Rigid 32 2.14 0.19 0.44

Post-hoc test on Accuracy
Rref(mm) Softness Pair W Z p r

10

Shore 00-10 vs. Shore 00-50 44 0.39 1 0.08
Shore 00-10 vs. Shore A-30 66 2.12 0.21 0.43

Shore 00-10 vs. Rigid 63 1.89 0.32 0.38
Shore 00-50 vs. Shore A-30 57 1.41 0.71 0.29

Shore 00-50 vs. Rigid 53 1.10 0.90 0.22
Shore A-30 vs. Rigid 34 0.39 1 0.08

20

Shore 00-10 vs. Shore 00-50 42 0.24 1 0.05
Shore 00-10 vs. Shore A-30 56 1.33 1 0.27

Shore 00-10 vs. Rigid 54 1.18 1 0.24
Shore 00-50 vs. Shore A-30 55 1.26 1 0.26

Shore 00-50 vs. Rigid 56 1.33 1 0.27
Shore A-30 vs. Rigid 28 -0.86 1 0.18

40

Shore 00-10 vs. Shore 00-50 37 -0.16 1 0.03
Shore 00-10 vs. Shore A-30 54 1.17 1 0.24

Shore 00-10 vs. Rigid 53 1.10 1 0.23
Shore 00-50 vs. Shore A-30 61 1.73 0.55 0.35

Shore 00-50 vs. Rigid 51 0.94 1 0.19
Shore A-30 vs. Rigid 31 -0.62 1 0.13

Post-hoc test on JND
Rref(mm) Softness Pair W Z p r

10

Shore 00-10 vs. Shore 00-50 37 -0.16 1 0.03
Shore 00-10 vs. Shore A-30 54 1.18 1 0.24

Shore 00-10 vs. Rigid 53 1.10 1 0.22
Shore 00-50 vs. Shore A-30 61 1.73 0.55 0.35

Shore 00-50 vs. Rigid 51 0.94 1 0.19
Shore A-30 vs. Rigid 51 -0.63 1 0.13

20

Shore 00-10 vs. Shore 00-50 36 -0.24 1 0.05
Shore 00-10 vs. Shore A-30 62 1.80 0.23 0.30

Shore 00-10 vs. Rigid 67 2.20 0.16 0.45
Shore 00-50 vs. Shore A-30 65 2.04 0.21 0.42

Shore 00-50 vs. Rigid 64 1.96 0.21 0.4
Shore A-30 vs. Rigid 41 0.16 1 0.03

40

Shore 00-10 vs. Shore 00-50 40 0.59 0.59 0.12
Shore 00-10 vs. Shore A-30 63 1.88 0.19 0.38

Shore 00-10 vs. Rigid 72 2.59 <0.05 0.53
Shore 00-50 vs. Shore A-30 70 2.43 <0.05 0.50

Shore 00-50 vs. Rigid 75 2.82 <0.05 0.58
Shore A-30 vs. Rigid 54 1.18 0.53 0.24
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(a) A stimulus (Shore 00-10 R=21.4 mm) installed on 3D-printed support for the 
curvature measurement. A vernier scale is fxed on the support to make sure the 
precision of conversion of our measurement on pixels to mm. 

(b) A stimulus (Shore 00-10 R=21.4 mm) 
with edge detected, bolded and highlighted 
in red color for visualisation. 

Figure 11: Validation of the curvature of our stimuli. 

B CURVATURE MEASUREMENTS 
We verifed the curvature of our stimuli as in [79]. We frst took 
pictures of our stimuli (Figure 11(a)) with a Panasonic Lumix G 
Hybrides camera with a LUMIX G VARIO 14-140 lens (Focal length 
f=135 mm, resolution 1096× 2160). Pictures were calibrated to re-
move the distortion of the camera lens with OpenCV 4.6.08. To 
ensure measurement accuracy, we took pictures of each stimulus 
from 8 angles (Figure 11(a) (bottom right)) by turning the stimulus 
around its axis in the placeholders, 3D printed in the support of the 
stimulus. 

We then detected the contour of the curved surface of each stim-

ulus with OpenCV. We ftted points to this contour (Figure 11(b)) 
using the circle-ft 0.1.3 [47] python package, to fnally fnd its cur-
vature (Figure 11(c)). To convert to curvature from pixels (px) to 
mm as shown in the y axis of Figure 11(c), we fxed a vernier scale 
on the support (Figure 11(a)) to ensure the precision of the conver-
sion. We found that 102.10 mm on the scale equals 1945 px in the 
pictures. We therefore convert our measurements of the curvature 
with 0.053 mm/px. Figure 11(c) presents on the y-axis the results of 
our measurements with the average curvature of each stimulus and 
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(c) The measured curvature of our stim-

uli vs. the designed curvature of our stim-

uli. Data points were slightly jittered hori-
zontally avoid total overlap. The gray line 
indicates where the measured curvature 
equals the designed curvature. 
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Table 2: Post-hoc tests of the impact of softness on precision (JND), accuracy, and subjective difculty estimation. 

R
ref Softness pair (Shore) 

Post-hoc test on precision Post-hoc test on accuracy Post-hoc test on difculty 
W Z p r W Z p r W Z p r 

10mm 

00-10 vs. 00-50 
00-10 vs. A-30 
00-10 vs. Rigid 
00-50 vs. A-30 
00-50 vs. Rigid 
A-30 vs. Rigid 

37 
54 
53 
61 
51 
51 

-0.16 
1.18 
1.10 
1.73 
0.94 
-0.63 

1 
1 
1 

0.55 
1 
1 

0.032 
0.24 
0.22 
0.35 
0.19 
0.13 

44 
66 
63 
57 
53 
34 

0.39 
2.12 
1.89 
1.41 
1.10 
0.39 

1 
0.21 
0.32 
0.71 
0.90 
1 

0.08 
0.43 
0.38 
0.29 
0.22 
0.08 

36 
45 
55 
25 
45 
17.5 

2.83 
2.88 
3.02 
1.94 
2.92 
1.63 

<0.05* 
<0.05* 
<0.05* 
0.19 

<0.05* 
0.22 

0.58 
0.59 
0.62

0.40 
0.60 
0.33 

20mm 

00-10 vs. 00-50 
00-10 vs. A-30 
00-10 vs. Rigid 
00-50 vs. A-30 
00-50 vs. Rigid 
A-30 vs. Rigid 

36 
62 
67 
65 
64 
41 

-0.24 
1.80 
2.20 
2.04 
1.96 
0.16 

1 
0.23 
0.16 
0.21 
0.21 
1 

0.05 
0.30 
0.45 
0.42 
0.4 
0.03 

42 
56 
54 
55 
56 
28 

0.24 
1.33 
1.18 
1.26 
1.33 
-0.86 

1 
1 
1 
1 
1 
1 

0.05 
0.27 
0.24 
0.26 
0.27 
0.18 

61.5 
75.5 
73 
41.5 
68 
9 

2.68 
2.89 
2.71 
2.37 
2.39 
-0.64 

<0.05* 
<0.05* 
<0.05* 
0.07 
0.07 
0.69 

0.55 
0.59 
0.55

0.48 
0.49 
0.13 

40mm 

00-10 vs. 00-50 
00-10 vs. A-30 
00-10 vs. Rigid 
00-50 vs. A-30 
00-50 vs. Rigid 
A-30 vs. Rigid 

40 
63 
72 
70 
75 
54 

0.59 
1.88 
2.59 
2.43 
2.82 
1.18 

0.59 
0.19 

<0.05* 
<0.05* 
<0.05* 
0.53 

0.12 
0.38 
0.53 
0.50 
0.58 
0.24 

37 
54 
53 
61 
51 
31 

-0.16 
1.17 
1.10 
1.73 
0.94 
-0.62 

1 
1 
1 

0.55 
1 
1 

0.03 
0.24 
0.23 
0.35 
0.19 
0.13 

45 
57 
54 
21.5 
53 
32 

2.90 
2.18 
2.74 
0.60 
1.89 
2.14 

<0.05* 
0.15 

<0.05* 
0.63 
0.19 
0.19 

0.59 
0.44 
0.56

0.12 
0.39 
0.44 

Table 3: Post-hoc tests of the impact of softness on exploration time. 

R
ref Softness pair (Shore) 

Post-hoc test on exploration 
time for frst stimulus 

Post-hoc test on exploration 
time for second stimulus 

Post-hoc test on 
average exploration time 

W Z p r W Z p r W Z p r 

10mm 

00-10 vs. 00-50 
00-10 vs. A-30 
00-10 vs. Rigid 
00-50 vs. A-30 
00-50 vs. Rigid 
A-30 vs. Rigid 

49 
54 
63 
46 
54 
36 

0.78 
1.18 
1.88 
0.55 
1.18 
-0.24 

1 
1 

0.38 
1 
1 
1 

0.16 
0.24 
0.38 
0.11 
0.24 
0.05 

38 
53 
38 
56 
41 
28 

-0.08 
1.10 
-0.08 
1.33 
0.16 
-0.86 

1 
1 
1 
1 
1 
1 

0.02 
0.22 
0.02 
0.27 
0.03 
0.18 

38 
56 
62 
59 
53 
37 

-0.08 
1.33 
1.80 
1.57 
1.10 
-0.16 

1 
0.81 
0.46 
0.65 
0.90 
1 

0.016 
0.27 
0.37

0.32 
0.22 
0.03 

20mm 

00-10 vs. 00-50 
00-10 vs. A-30 
00-10 vs. Rigid 
00-50 vs. A-30 
00-50 vs. Rigid 
A-30 vs. Rigid 

43 
42 
57 
55 
48 
37 

0.31 
0.24 
1.41 
1.26 
0.71 
-0.16 

1 
1 
1 
1 
1 
1 

0.06 
0.05 
0.29 
0.26 
0.14 
0.03 

60 
59 
75 
47 
54 
50 

1.65 
1.57 
2.82 
0.63 
1.18 
0.86 

0.55 
0.55 

<0.05* 
0.85 
0.80 
0.85 

0.34 
0.32 
0.57 
0.13 
0.24 
0.18 

51 
54 
69 
52 
48 
43 

0.94 
1.18 
2.35 
1.02 
0.71 
0.31 

1 
1 

0.10 
1 
1 
1 

0.19 
0.24 
0.48

0.21 
0.14 
0.06 

40mm 

00-10 vs. 00-50 
00-10 vs. A-30 
00-10 vs. Rigid 
00-50 vs. A-30 
00-50 vs. Rigid 
A-30 vs. Rigid 

62 
61 
73 
41 
59 
47 

1.80 
1.73 
2.67 
0.16 
1.57 
0.63 

0.39 
0.39 

<0.05* 
1 

0.39 
1 

0.37 
0.35 
0.54 
0.03 
0.32 
0.13 

66 
66 
75 
48 
62 
46 

2.12 
2.12 
2.82 
0.71 
1.80 
0.55 

0.17 
0.17 

<0.05* 
1 

0.23 
1 

0.43 
0.43 
0.58 
0.14 
0.37 
0.11 

63 
62 
74 
42 
63 
52 

1.88 
1.80 
2.75 
0.24 
1.88 
1.02 

0.32 
0.32 

<0.05* 
0.85 
0.32 
0.68 

0.38 
0.37 
0.56

0.05 
0.38 
0.21 

respective 95% CI. The exact values of this graph and the code to 
compute the curvature are available in the supplementary material. 
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