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Fig. 1. We present a novel haptic notification mechanism for soft watches, through the change of curvature
and contact area of its back surface. The second picture (watch side) shows a loosely tied bracelet for
illustration purpose, unlike our experiment.

We explore the design of a watch that can deliver notifications through shape changes, with a specific focus
on changes in curvature at the back of the watch face. We explain our design choices and the challenges we
faced while creating such a watch. We conducted an experimental study to determine the absolute detection
threshold (ADT) of this novel form of feedback. We compared the ADT of two different watches, both of
which have a back face that can change its curvature and make contact with the wearer’s wrist to notify them.
These two watches exhibit different shapes when inflated with high air pressure. To determine the ADT, we
conducted a standard two-down, one-up adaptive staircase procedure. Our findings show that an ADT of
3.86 psi is required to inflate the back surface for detection by participants. Overall, our qualitative findings
indicate that participants enjoyed this novel type of feedback and could feel different sensations with each
watch.1

CCS Concepts: • Human-centered computing → Empirical studies in HCI; Haptic devices; Empirical
studies in ubiquitous and mobile computing; Mobile devices.

Additional Key Words and Phrases: Human-computer interaction, Tangible interaction, Shape-changing
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1 Introduction
Wearing shape-changing interfaces on one’s body has become a way to provide haptic and visual
experiences (e.g., [57]). In particular, shape-changing notifications were found to be missed less
often than vibrations [14]. As soft & shape-changing technologies are now increasingly being
studied for wearable UIs (e.g., [32, 38, 42, 47, 81]), it is now very timely to experimentally study
their opportunities for one of the most likely body locations –the wrist [98]– and one of the
most important uses of smartwatches –notifications [2]. In addition, users like to associate very
noticeable modalities to important notifications [66], and for this reason, it is important to know
how noticeable these new modalities are.
Among all types of shape-change [59], curvature change is one of the most common [59].

The research question we address in this paper is to know what is the optimum maximum
curvature for users tomost notice soft shape-change on their wrist?While prior work studied
(1) noticeability on the wrist of many modalities, (2) shape-change on the wrist, (3) noticeability of
shape-change, and (4) tactile perception of soft and curved surfaces, none of these prior work has
studied the impact of the curvature for users to notice soft shape-change on their wrists.
To answer this research question, a grand challenge lies in the isolation of parameters [3]. In

particular, we need to control the maximum curvature, while keeping the watch size constant. Prior
pneumatically actuated prototypes –based on simple air chambers– cannot keep the watch size
constant in order to vary the maximum curvature. In order to control the curvature of the back of the
watch face, we use in this paper recent advances from material sciences: baromorph materials [83].
Baromorphs are silicone surfaces embedding air channels (Figure 1). The arrangement of the
channels defines the deformation of the surface when inflated.

This paper makes the following contributions:
(1) We are the first to fabricate a wrist-worn baromorph surface as small as �42 mm and 3

mm-thin,
(2) We measure its absolute detection threshold (ADT) on the posterior side of the wrist

at 3.86 psi –i.e. before the surface starts curving,
(3) We show that participants felt different sensations for each maximum curvature.

2 Related work
We position our work (Figures 2 and 3) to the following research areas: (1) noticeability studies on
the wrist, (2) shape-change on the wrist, (3) perception of shape change, and more particularly of
curvature change, and (4) impact of curvature and softness on the tactile experience.

2.1 Noticeability on the wrist
Notifications on the wrist are already common on smartwatches. Most research and industrial
wrist-worn systems deliver vibrotactile feedback, e.g., [15, 70]. As an example, Graham-Knight
et al. studied the use of vibrations on a smartwatch for non-visual communication for intimate
people [37]. Vibrotactile feedback on the wrist was shown to increase speakers’ awareness of time,
help the coordination between a speaker and her session chair, and reduced distraction [90].
Visual notifications were also studied. E.g., Kao et al. studied the perception of on-skin visual

notifications in social contexts [56]. Pohl et al. explored indirect illumination on the wrist as a way
to provide notifications to users [73]. Vibrotactile and visual feedback have also been combined.
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Fig. 2. Positioning to prior wrist-worn feedback: we explore curvature change, while prior work explored
different types of feedback.
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Fig. 3. Positioning to prior curvature-changing wrist-worn devices: PneuHaptic’s airbag deforms in the
same way in all directions (isotropic deformation), making the curvature linked to the diameter of the
airbag. In addition, it is always in contact with the users’ wrist [42]. RetroShape provides low curvature
resolution through its discrete 4 × 4 surface and its surface is made of hard material [47]. The eyes-free
haptic wristwatch relies on a membrane that is always in contact with the user’s wrist, requires high voltage
(up to 160V compared to our 12V) and provides limited maximum amplitude (a few mm compared to our
>15mm) [70].

E.g., Schäfer et al. studied visual (light), audio, and haptic (vibration) notifications on the wrist to
monitor questions and feedback during online presentations [79]. Further modalities have been
studied to provide notifications to users on their wrists. E.g., Lee and Lee studied the absolute
detection threshold of airflow on the wrist [63].

Stronger push on users’ skin has been studied for notification. E.g., HapticClench [38] uses shape-
memory alloys to provide a squeezing sensation around the arm, and InContact [85] compares
pinch, squeeze, and twist sensations to vibrotactile feedback for mediated social touch. However,
both provide shear force feedback on the skin, in addition to feedback perpendicular to the skin
that we study here. In addition, these devices do not use curvature for haptic feedback as we do.
PneuHaptic [42] pneumatically & independently actuates five silicone chambers worn around

the arm. In an informal evaluation, the authors show the effectiveness of PneuHaptic. However, the
curvature of the inflated silicone chambers is fixed by their size (isotropic deformation, Figure 3).
In addition, chambers are always in contact with the users’ skin. On the contrary, in this paper,
we propose to explore the impact of two different curvatures temporarily touching the skin on the
absolute detection threshold, for the same watch size.
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2.2 Shape-change on the wrist
Shape change on the wrist has been studied. E.g., Doppio [81] explores the design space of a
modular screen for smartwatches. WristOrigami explores the design space for foldable multi-
display smartwatches [99]. On the contrary, in this paper, we explore a more organic and soft
design providing surface continuity and study the noticeability of its curvature change.
Cito [32] explores movements of the watch face, namely orbiting the face around the wrist,

translating it out of the sleeve, rotating it around its orthogonal axis, tilting it, and raising it. While
rising, it provides the same kind of haptic feedback that we study here, but it does not allow to
vary the curvature of the watch face.

AmbienBeat [11] sticks electromagnets on silicone membranes to provide users with haptic
feedback with the repulsion and attraction force of electromagnets. The authors find that haptic
feedback from ambienBeat can better guide users’ heart rate regulation comparing with auditory
and visual guidance. However, they do not explore the feedback from surfaces with different
curvatures.
RetroShape [47] provides a 2.5D shape-display on the back side of a smartwatch. The authors

study the impact of the resolution of the 2.5D display on the illusion of the presence of virtual
objects. The shape display that we provide is different as it is soft and continuous (Figure 3).
A haptic wristwatch [70] was proposed, where a piezoelectric disc on the back side of a watch

changes curvature to hit a membrane in contact with the users’ skin. However, Pasquero et al.’s
change of curvature does not change the contact area on the users’ skin as we do and requires
higher voltage while providing lower amplitude of shape-change (Figure 3).

2.3 Perception of shape-change
Prior work studied the noticeability of shape change. E.g., Lee et al. studied visual notifications
provided through a shape-changing plant [64]. Among other kinds of shape change, the authors
study the change in the plant’s curvature. However, its absolute visual detection threshold has not
been studied. Bending a flat panel has also been studied as a way to provide visual notifications
from the users’ environment [54]. Authors found that such feedback in the users’ near periphery
was efficient and not distracting. However, these prior works study ambient notifications.

Closer to the users’ bodies, different types of shape-changing notifications were studied in a
video-based study [71]. In particular, around 82% of their participants said they would attend to
curvature-based notifications. MorePhone [31] provides notifications by bending the whole mobile
phone or its corners independently. Authors found that bending the whole phone was rather
matched to urgent notifications. Leveraging the haptic information provided by the change of
shape, Hoggan et al. studied if users can distinguish mobile shape-changing textures [43] at the
surface of a mobile phone. On the contrary, this paper investigates the noticeability of curvature
change on the wrist. Dimitriadis and Alexander studied if different types of shape-changing mobile
phones were noticeable in the front pocket of trousers [14]. However, it is hard to generalize these
results to another body part (wrist vs. tight) and to different types of shape-change.
Prior work studied more particularly curvature-changing interfaces (e.g., [10, 30, 40, 75]). E.g.,

HapTag [10] provides haptic feedback through the deformation of a thin surface located on users’
skin. However, this prior work did not study the impact of the curvature of the surface on no-
ticeability. Pneumatibles [30] decreases the air pressure step-by-step in a “detents” pattern. The
authors studied users’ recognition precision with different combinations of the number of detents
and the initial maximum pressure in the button. However, they did not study the combination of
participants’ absolute detection threshold and curvature of a wrist-worn device.
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2.4 Touch, curvature, and softness
Touch between a system and users can happen actively or passively. Active touch happens when
users initiate the touch, e.g., when users voluntarily touch their capacitive screen. Passive touch
happens when users are touched without controlling the movement, e.g., for haptic notifications.

When actively touching, humans can distinguish with their index finger a curved surface –with
a base-to-peak height of 0.09 mm– from a flat surface [35]. Fan and Coutrix later studied the
just-noticeable difference in curvature in different softness conditions [18]. They did not, however,
study the absolute detection threshold on the wrist for passive touch. Hu and Hoffman explored
round and spiky bumps on a robot skin for emotional expression [44–46]. However, they do not
explore if these shapes can be used as any other type of feedback.

Other work on active touch studied perception when users slide their finger over the surface to
explore the curvature [74]. However, active touch perception does not involve the same perception
mechanisms as passive touch, i.e. when receiving a notification [18]. Users only use cutaneous
cues2 when passively touched. On the contrary, active touch [28] involves kinesthetic cues2 [62].
When being passively touched on their index finger, humans judge stimuli slightly less curved

than they actually are when the contact force increases (e.g., from 0.196 N to 0.588 N) [33]. In
addition, humans’ discrimination threshold slightly decreases when the contact area increases [34].
While contact force and area play a role when being notified through curvature change, both the
effect of contact force [33] and contact area [34] are much smaller than the effect of the surface
curvature itself. For this reason and for the sake of simplicity, we present our exploration around
the exploration of the surface curvature to provide notification feedback, although we are aware
that the resulting contact area and force play a role.
Actively touching soft objects, like passive touch, involves cutaneous cues. The contact area

of a finger with another soft surface increases as the finger presses deeper into the surface [52].
The softer the surface, the more rapidly this contact area increases. Leveraging this phenomenon,
Bicchi et al. proposed the Contact Area Spread Rate (CASR) device [6, 80]. Through the contact
area between the finger and the device, this device provides users with cutaneous information.
The hard device can vary its contact area with the user’s finger pad through telescopic concentric
cylinders. The finger presses at the top of the device and indents the cylinders more deeply. When
the finger comes in contact with larger cylinders, the contact area increases. Bicchi et al. adapt the
speed of the enlargement of the contact area according to the softness of the simulated surface:
the softer the simulated surface, the more rapidly the contact area increases. The authors found
that with this simulation, users recognize the softness almost as well as with real objects: 75% with
CASR vs. 87% with real objects. This shows the important role of cutaneous cues, in particular the
contact area, in softness perception. In this paper, users are passively touched by a soft surface.
Depending on its curvature, we expect the contact area to vary. Therefore, we expect cutaneous
cues to play a major role in the detection of the notification.

While prior work explored areas close to the problem addressed in this paper, this section shows
that no prior work studied the absolute detection threshold of the soft curvature-changing back-face
of a watch. In addition, the work closest to ours use different technologies, e.g., either confounding
maximum curvature and size [42], with low curvature resolution [47], or with limited maximum
curvature [70].

2The cutaneous cues refer to the responses of mechanoreceptors [53] innervating the finger pad skin within and in the
neighborhood of the contact area [62, 87]. 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
[62, 87].
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3 Watch design
To design our watch, we considered the following parameters: shape change, temporal pattern, and
location.

Shape-change. Among the many possible features for shape change, such as porosity, modularity,
or size [59, 76], we choose to first focus in this paper on curvature (Figure 4), as this is one of the most
common changes of shape studied in the literature. We leave for future work the full exploration
of the space for alternative shape change, and particularly focus on the range of curvature that a
surface can offer. In order to limit the number of experimental variables for this first experiment,
we chose the same curvature all around the surface (rotational symmetry).

We considered concave and convex curvatures (Figure 4). We explored in a pilot study flat-to-
concave curvatures –away from the wrist as shown in Figure 4. It was hardly noticeable without
looking at the wrist. For this reason, we only consider flat-to-convex deformation –towards the
wrist. We then considered a range of maximum curvatures from round to spiky. We discarded
extremely spiky curvatures for user safety, as even a low pressure on the skin can hurt if the contact
area is extremely small [49]. As shown in Figure 4, the spikiest prototype we could fabricate offers
a maximum curvature of 0.064 mm-1. We then fabricated an intermediate prototype, less spiky but
able to touch the skin when inflated, with a maximum curvature from 0.054 mm-1.

Temporal pattern. Kinetic parameters of the change of shape, such as speed, path and direc-
tion [76], open a large design space for notifications through shape-change. Such patterns are
often studied for other notification mechanisms such as vibration, e.g., [37]. In this paper, we study
a simple ramp pattern: the surface linearly goes from flat to curvy, stays constantly curvy for a
certain amount of time, and then linearly goes back to flat at the same speed as before.

Location. We considered alternative locations for the curvature-changing surfaces, all around the
watch (Figure 5). The outside of the watch –watch face and outer bracelet in Figure 5(a)– allows for
visual feedback, while the inside of the watch –watch back-face and inner bracelet in Figure 5(a)–
allows for haptic feedback as it contacts with the skin. We also considered the different sides of the
wrist (Figure 5(b)): posterior, medial, anterior, and lateral sides of the wrist. We only explore the
watch back-face for the study presented in this paper (Figure 1) based on the following rationale:
As prior work already studied the visual feedback provided by the change of curvature very close
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(b) Placement of a watch on the left wrist.

Fig. 5. Location design space, on the watch (left) and on the wrist (right).

to the users’ wrist [54], we choose in this paper to focus on the haptic feedback provided by the
change of curvature, i.e. the inner side of the watch. As the posterior side of the forearm is the
most sensitive side of the forearm [17], we choose to start with the back-face of the watch (yellow
in Figure 5(a)), rather than the other sides of the wrist.

To fabricate a soft, round surface that changes curvature on the back face of a watch, we leverage
previous work in material sciences on soft shape-changing materials [83], namely silicone surfaces
with embedded air channels called baromorphs (Figure 1). The arrangement of air channels defines
the surface deformation when inflated. The distinguishing characteristic of different designs is
the local curvature of the resulting inflated material: varying arrangements of air channels show
different local curvatures under the same inner pressure. We focus in this paper on rotation-
invariant arrangements of air channels (Figure 6) which allows us to explore the different maximum
curvature (and resulting contact areas and pressure) when inflated. This material is the single one
we found that allows the deformation of a continuous, soft surface in a single direction, with low
voltage (12V) and >1cm amplitude of shape-change (Figure 2).

4 Watch fabrication
We are the first to fabricate such small baromorph surfaces. Making small prototypes is a grand
challenge in shape-changing research and an essential step to leverage results from material science
for wearable interaction [3]. We faced the three following challenges when fabricating our �42
mm and 3 mm-thick baromorph surface following Siéfert et al.’s instructions made for larger
surfaces [84].

3D printing a small and high-resolution mold. To precisely control the shape of a �42 mm and
3 mm-thick baromorph, the challenge lies in achieving a high density of air channels in such a
limited volume. We used a Form3 high precision Stereolithography (SLA) 3D printer [22] and faced
a printing precision challenge and a cleaning challenge. The printer precision and the resin we
used were bottlenecks to achieve thin air channels. When cleaning with isopropyl alcohol [23] in
FormWash [21] after printing, the mold slightly deforms. At this scale, such fabrication defects
lead to relatively large unwanted deformation of the inflated surface. To solve these problems, we
systematically tried to print the molds for 0.1 mm- to 1 mm-wide air channels with the 3D printer.
We tried to print with Formlabs General Purpose black, white, and clear resins [24] and noticed
that the clear resin worked best. We also noticed that changing the isopropyl alcohol [23] in the
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250:8 Zhuzhi Fan, Alexis Sanson, Thomas Rames, & Céline Coutrix

FormWash [21] more often than required by the manufacturer, prevented any residue at the surface
of the mold. The smallest air channels whose mold was of sufficient quality to achieve the designed
deformation were 0.4 mm wide.

Removing air bubbles trapped in the uncured silicone. As the inner structure of our baromorph is
very thin, even one small air bubble inside the baromorph will lead to strong local deformation
around the bubble and thus lead to an unpredicted shape when inflating the baromorph. To solve
this problem when molding the silicone, we carefully remove all entrapped air inside the mixture
of silicone after pouring the silicone into the mold. To do this, we vacuum degas the mixture for 3
minutes and use a needle to bring bubbles entrapped in the mold to the surface.

Gluing the cover to the channels. To complete the baromorph fabrication, we unmold the baro-
morph, and we spread and cure a 0.4 mm-thin silicone membrane for the cover. When gluing such
a thin membrane on top of such thin and low channels, the risk lies in obstructing the 0.6mm-high
channels. Air channels that are obstructed by the glue or not perfectly glued to the cover lead to
relatively large unwanted deformation of the inflated surface. To solve this problem, we use the
Sil-Poxy glue [86] instead of silicone [83]. The higher viscosity of the glue enables a more precise
control of the thickness. We use a high precision film casting knife [8] to precisely control the
thickness of the glue [86] to 0.3 mm, which is thick enough to strongly glue all inner structures but
thin enough to avoid the obstruction of channels.

We tested different silicone (Smooth On Ecoflex and Dragon Skin silicone series [48]) in a
pilot: Shore 00-10, Shore 00-50, Shore A-10, Shore A-20, and Shore A-30. We selected the Shore
A-10 silicone, as it provided a trade-off between large shape-changing ability, and fast curing and
fabrication.
We 3D print the watch case and bracelet with Formlabs Flexible 50A Resin [24] with the same

printer [22].
To actuate the change of shape at the back of the watch, we developed a Python script that

controls three 12 V two-way peristaltic air pumps [36] connected in parallel to inflate and deflate
the shape-changing surface. The pumps are connected directly to the shape-changing surface with
a long and thin Flexible PVC Tube [92] (1.5 m long, 0.8 mm inner diameter and 2.4 mm outer
diameter). Through this technical design, the shape-changing surface can rapidly increase its inner
pressure from 0 psi to 12 psi within 1 second.
We paid particular attention to the parameters of the proportional–integral–derivative (PID)

controller in the software, to avoid the tingling sensation that we noticed during early testing.
We share all the necessary materials to fabricate our prototype, including 3D models and Python
scripts with the parameters of the PID controller.

5 Absolute detection threshold
The absolute detection threshold is an important and fundamental initial psychophysical measure-
ment [27] that defines the threshold at which users can notice the feedback from the backside of
the watch. Rather than measuring human sensitivity, the aim of our experiment is to determine a
baseline when triggering the notification. This measure is necessary to design future interfaces and
applications with the soft curvature-changing back face. We conducted this study in the lab with no
distractions, to identify the baseline notification. First, determining the ADT with no distraction is
a standard procedure in prior work, e.g., [5, 38, 72]. To reduce unintentional false positive inflation
of results [25], we registered the experiment before collecting the data [19].
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0 psi 
Curvature = 0 mm-1Homogeneity of distance  

between air channels
Round

Pointy
0 psi 

Curvature = 0 mm-1

12 psi 
Curvature = 0.054 mm-1

12 psi 
Curvature = 0.064 mm-1

Watch back-face — 0 psi Watch back-face — 12 psi

Watch face

Fig. 6. Design of the molds for the surface we compare, and corresponding shape-changing watch upside
down, showing the inside shape at different pressures and the corresponding measured curvatures. The molds
are then 3D printed, the shape-changing surfaces are molded in silicone, and the bracelet is 3D printed using
elastic resin (see section 4).

5.1 Experimental design
We conduct a within-subject experiment to find the absolute threshold at which users notice the
haptic feedback provided by the watch. Participants experience two different designs of shape-
change (Figure 6).

Independent variable. We vary the homogeneity of the distance between air channels as shown in
Figure 6 in order to compare the two following maximum curvatures:

R: The flat-to-round surface has dense and regularly spaced air channels (Figure 6, top). With
baromorphs of �42 mm, we find that this design results at 12 psi in the curvature of 0.054
mm-1, i.e. a curvature radius of 18.52 mm (Annex A).

P: The flat-to-pointy surface has air channels far from each other at the periphery and air
channels close to each other at the center (Figure 6, bottom). With baromorphs of �42 mm,
we find that this design results at 12 psi in the curvature at the top of 0.064 mm-1, i.e. a
curvature radius of 15.53 mm (Annex A).

We measured experimentally the curvature of our prototypes in the range of 1-13 psi. We explain
our procedure in details in Annex A. In the range of 1-10 psi, curvatures are very similar as shown
in Figures 10(b) and 10(c) in Annex A. In the range of 10-13 psi, the center of the P surface is curvier
than the center of the R surface.

Half of the participants start the experiment with R and the other half starts with P.

Dependent variables. We collect participants’ answers –whether they notice a stimulus– at each
trial.We also collect their answers to an AttrakDiff questionnaire [41] for each maximum curvature,
their ranking of maximum curvatures in terms of preference and subjective detectability, and
their qualitative feedback through semi-structured interviews. We chose not to collect physical
data, like the pressure on the skin or the resulting indentation of the skin, because we aim to design
a usable device (HCI) rather than understanding biological mechanisms (psychophysics).

5.2 Apparatus
Participants wear the bracelet shown in Figure 1, 6, and 7(a). We fabricate the prototype as explained
in section 4. The watch face is a closed surface to ensure the baromorph deforms towards the
participants’ wrists. The experimenter kept the bracelet securely closed with tape during the
experiment. We control the fit of the bracelet by measuring participants’ wrist circumference (𝐶 in
cm) and adjusting the bracelet length (𝐿 in cm) to this circumference following 𝐿 = 0.8 ×𝐶 + 5.8.

Proc. ACM Hum.-Comput. Interact., Vol. 8, No. MHCI, Article 250. Publication date: September 2024.

celine
Authors’ copy

celine
Authors’ copy



250:10 Zhuzhi Fan, Alexis Sanson, Thomas Rames, & Céline Coutrix

2

1
(a) (1) Overview of the experimental setup and (2) close-up
of the non-dominant hand wearing the watch inside the box.
The pumps and Arduino are placed in a box on a separate
table on the right (cardboard box in the background in (2)).
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(c) Experimental timeline.

Fig. 7. Experimental setup.

To find this model, we performed a fitting pilot with 5 participants (adjusted 𝑅2 = 0.93), where we
made sure that the bracelet was as tight as possible while comfortable to wear.
We developed Python software to run the experiment. We provide all the necessary files to

reproduce our hardware and software experimental apparatus in the supplementary material.

5.3 Participants
We recruited 12 participants from our university campus. Twelve participants allow us to test both
orders of presentation of the two maximum curvatures. In addition, 12 participants are the most
common sample size [9]. Participants were 21 to 40 years old (median = 27). Six self-reported as
women and six as men. Four of them own a smartwatch providing vibrotactile feedback that they
wear regularly or every day. All participants have normal sensitivity on all sides of the wrist, except
P7’s sensitivity on the anterior side of the wrist (Figure 5(b)) which is slightly impaired.

5.4 Procedure
Participants sit and rest their forearm at a table (Figure 7(a)). We first measure participants’ wrist
circumference, and sensitivity using a Semmes-Weinstein monofilament test [50] on the posterior,
anterior, lateral and medial sides of the wrist (Figure 5(b)).
The experimenter installs the shape-changing watch back-face with the first maximum curva-

ture. To control a tight while comfortable fitting of the bracelet, homogeneous among participants
according to the model presented in section 5.2, the experimenter closes the bracelet at the position
line corresponding to participants’ measured wrist circumference –black lines labeled with wrist
circumferences as shown in Figure 1. We asked participants to confirm if the fitting was tight
while comfortable. To isolate the haptic sensation and avoid visual feedback, participants hide their
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forearm in a box as in [38, 100]. The experimenter installs the prototype inside the box around the
participants’ non-dominant wrist as in [38, 72, 100] (Figure 7(a)). While the dominant side is more
sensitive than the non-dominant side at the mid-posterior forearm [17], testing the feedback on the
non-dominant side is more ecological: most users wear their watch on the non-dominant arm [97].
In addition, to avoid any impact of the noise of the pumps, participants wear headphones playing
Brownian noise.

At the beginning of each block (one for each maximum curvature, Figure 7(c)), the experimenter
asks participants to test the prototype, as this type of feedback is novel. To do so, the experimenter
presents in a pseudo-random order either no stimulus (0 psi) or a strong stimulus (10 psi). The
training stops after participants correctly judged both two zero stimuli and two strong stimuli
successively3.
We then follow a standard two-down, one-up staircase procedure [65]. In each staircase series,

the first trial starts with the baromorph at 0 psi (Figure 7(b)). We maintain the desired pressure
for 1s as in [63, 100]. We do not consider longer times such as 2s [38] or 5s [72] as our pilot study
showed that users rather notice changes in curvature and get used to a stable curvature. We then
decrease the pressure to 0 psi before participants report whether they felt any stimulus by pressing
the corresponding key on a keyboard (Figure 7(a)). This is the standard procedure for non-distracted
absolute detection threshold experiments [38, 63, 72, 100].

As shown in Figure 7(b), if participants do not feel any stimulus, we increase the target pressure
of the next trial by a constant step of 3 psi. If participants feel the stimulus, we keep the same target
pressure for the next trial. If participants feel a stimulus twice in a row, the target pressure of the
next trial is reduced by the same constant step.

The increase/decrease steps are equal and constant before each reversal4 [65]. Between the third
and the fourth reversals, we decrease the step value to 1 psi to improve threshold accuracy [38, 100].
The staircase series ends after nine reversals [38]. We later compute the threshold as the mean of
the last five reversals [38].

Participants take a break after each staircase series (Figure 7(c)). We repeat each staircase series
three times for each maximum curvature to further improve the accuracy. Thus, we collect 2
maximum curvature × 3 repetitions × 12 participants = 72 measurements of the threshold.
At the end of each block, participants fill an AttrakDiff questionnaire [41]. At the end of the

experiment, they rank the prototypes in terms of preference and subjective detectability. We
then conduct a semi-structured interview to collect participants’ qualitative feedback. The topics
planned in our interview guide were the location and descriptions of the sensations, if users felt any
difference between experimental conditions, and if they had any strategy to answer the perception
question. The experiment lasts around 60 min for each participant.

5.5 Data analysis
From participants’ answers, we compute the absolute detection threshold as the mean of the
last five reversals –as in, e.g., [38, 72, 100]. We report to computed thresholds in psi –that can
be converted to bar or kPa as in [100] and to mm-1 (Annex A). We use estimation techniques
based on geometric means. Figures between brackets show 95% bootstrapped confidence intervals
(CI) as recommended [16]. We use pairwise differences to show effect sizes. These methods are
recommended by the APA [4] and largely adopted (e.g., [12, 13, 18, 51, 58, 61, 68]). Rather than
the dichotomous inference supported by p-values, we opted for this more nuanced analysis of the

3Most participants succeeded in training in the first 4 trials with both 2 zero stimuli and 2 strong stimuli. Only 3 participants
needed slightly more trials for training with the pointy surface, i.e., 5 trials for P5 and P11 and 7 trials for P10.
4A reversal is a change in direction, i.e. a local extremum shown as a triangle (peak) or a square (valley) in Figure 7(a).
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Fig. 8. Analysis of the absolute detection thresholds. Error bars indicate bootstrapped 95% confidence intervals.

direction and magnitude of the effect. A p-value-approach reading of the results presented in this
paper can be done by comparing the CIs spacing with common p-value spacing, as shown in Figure
3 in [60]. A pairwise difference is an intra-subject measurement that expresses the effect size and is
computed between each of the geometric means.

We analyzed the interviews’ transcripts using thematic analysis [77]. We chose thematic analysis
to find out participants’ experiences from our interview transcripts. Our research question was
What are users’ experience with the wristwatch? We combined inductive and deductive approaches to
analyse the transcripts: While, e.g., location and sensation were topics that we questioned explicitly
during interviews (deductive approach), we analyse their subthemes through an inductive approach
(bottom-up from participants own words). In addition, we adopted a semantic approach, i.e. we
analyzed the explicit content of the transcripts, and did not rely on assumptions underlying the
data. We followed the six steps of thematic analysis:
(1) Familiarization: we first transcribed the audio and read thoroughly the resulting transcripts.
(2) Coding: we thoroughly coded all the data using the taguette software. We highlighted and

labeled/coded everything we found potentially interesting regarding participants’ experience
with the watch.

(3) Generating themes: we then looked over all the codes previously defined, and grouped
them into themes.

(4) Reviewing themes: we then read the transcripts again and analyzed if the generated themes
were accurately and relevant representing the data. This lead us to readjust some of our
coding.

(5) Naming themes: we finally reviewed the naming of each theme to make sure each precisely
pictures the data.

5.6 Results
5.6.1 Absolute detection threshold. Figure 8 presents the absolute detection threshold. Figure 8(a)
shows that the flat-to-round (R) surface has an average absolute detection threshold of 3.49 psi
([2.25, 5.07]), and that the flat-to-pointy (P) surface has an average absolute detection threshold
of 4.22 psi ([3.11, 5.65]). Although the P surface has a slightly higher absolute detection threshold
(M = +0.72 [-0.44, 1.46]) than the R surface (Figure 8(b)), the difference is very small, and the 95%
confidence interval crosses 0, meaning that the actual difference might even be a little reverse.
When looking at each surface at such low pressures (< 10 psi, Figure 10(c) in Annex A), we find no
curvature difference between the top center of R and P surfaces.

To conclude, the maximum curvature of the surface has very little to no impact on the absolute
detection threshold. Overall, this notification modality has a low absolute detection threshold (M =
3.86 psi [2.96, 4.91]).

5.6.2 Pragmatic and Hedonic Qualities. Figure 9 presents the AttrakDiff questionnaire results [41].
An interface rated as neutral lies in the range [-1, 1], while [-3, 1] or [1, 3] denotes respectively
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Fig. 9. AttrakDiff scores. Error bars indicate bootstraped 95% confidence intervals.

rather negative or positive ratings. Figure 9(a) shows that participants found both watches rather
neutral in terms of usability and perceived ease of use (Pointy M=0.81 [0.24, 1.33], Round M=0.57
[-0.25, 1.30]). This can be explained by the fact that the stimulus levels were very low to measure
the absolute detection threshold. Figure 9(b) shows that participants found that both watches
have rather positive stimulation qualities (Pointy M=1.09 [0.82, 1.38], Round M=1.24 [0.86, 1.59]).
Figure 9(c) shows that participants rated as neutral the ability of both watches to support a social
function and to communicate users’ identity (Pointy M=0.20 [-0.25, 0.52], Round M=0.1 [-0.36, 0.42]).
Figure 9(d) shows that participants found the P surface slightly attractive (M=1.08 [0.38, 1.51]),
while they found the R surface slightly more neutral (M=0.77 [-0.14, 1.39]).

5.6.3 Ranking. At the very low levels of stimuli that participants experienced in this experiment,
we found no difference in the ranking of both R and P surfaces. Among 12 participants, half of the
participants preferred the R surface, while the other half preferred the P surface. Seven participants
think the deformation of the R surface was easier to perceive, while the other 5 participants found
the contrary. As P10 mentioned that he preferred P because it was the first time he experienced
this novel and pleasant stimulus, we explored if the order of presentation of each surface had an
impact on the ranking and found no impact.

5.6.4 Qualitative feedback. We identified the four following main themes in the final interviews.
While location, sensation and differences were themes that we asked explicitly during the interviews
(top-down) while their subthemes were bottom-up (participants own words), enjoyment was a
theme that emerged during our bottom-up thematic analysis.

Enjoyment. Five participants explicitly mentioned that the sensation was pleasant. For instance,
P9 said that it was “very smooth, delicate”, P10 said it was “soothing” and “nice”, and P12 said it was
“attractive”. P10 said that “there’s also a great deal of emotion involved”. Prior work studied the
relationship between shape-change and emotions [71, 89, 91]. However, these works are based on
visual stimuli and not haptic ones, as in this paper. Although further work is needed to quantitatively
measure how this prototype positively affects users, this positive qualitative feedback from our
participants shows that this novel notification modality can be complementary to existing ones.
Indeed, when comparing to their smartphones –they did not own a smartwatch– P2 and P8
mentioned that this novel type of feedback was more pleasant than vibrotactile (P2) and sound (P8)
feedback.

Location of the sensations. As expected, all participants –except P9– mentioned feelings on the
posterior wrist side. P1 explicitly mentioned that she felt “at the top, for the big pressures”. I.e.,
the main sensation was at the posterior side of the wrist when the stimulus was higher than the
threshold. The secondmost mentioned locations were the wrist lateral and medial sides. Participants
could feel the very low stimuli strength that we tested during this experiment already on the sides
of the wrist. As P4 said, “On the sides, I felt less, well, I had the feeling that I could feel less on
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the sides”. Participants mentioned less the anterior side of the wrist and for the same feeling as
the lateral and medial sides. As our experiment studied very subtle stimuli, P12 even mentioned
that he could feel these stimuli at the location of the cable connection. This shows that users are
very sensitive to this novel type of notification modality. This is promising for future experiments
exploring distracted detection threshold when users experience additional haptic sensations, like
when driving a bicycle.

Description of the sensations. We found 21 subthemes describing participants’ sensations from
their own words: inflation (24 occurrences), deflation (15 occurrences), pressing and vibrating (14
occurrences each), touching (10 occurrences), hairs (9 occurrences), breathing (8 occurrences),
squeezing (5 occurrences), spreading (3 occurrences), pricking, curvature, release, waves, moving
and air blowing (2 occurrences each), massaging, sucking, tingling, pulse, skin (1 occurrence each).
The most discussed theme during interviews was inflation (9 participants). Five participants

said they could feel the inflation more clearly (P4-8) than the deflation, while only one found the
deflation easier to detect (P2).
The second most discussed themes were touching (P2-5, P9-11), pressing (P4, P6-7, P9, P11-12),

and vibrating (P3, P4, P8, P10, P12). Participants described a local pressing sensation: “It was
pressing at a point” (P7). Participants also felt the spreading of the pressure: “It really felt like it
was crushing and spreading on my skin” (P11) and “it touches a corner and then spreads out” (P2).

P3-4-8 mentioned that the vibration was very subtle. P3 said “I’m in a controlled environment
here, but I think that if I make everyday gestures, I might not notice the vibration”. As said above,
as we tested very low stimuli levels, participants could already feel the vibration before the actual
change of shape.

Subjective differences between R and P surfaces. As our quantitative measurement of the ADT
predicts, P1-2, P4-6, P8, and P12 mentioned that both R and P surfaces were similar during this
absolute detection threshold experiment, e.g., “I had the feeling that they were the same” (P1).
However, P2-5, P7 and P11-12 were able to discuss their different sensations: “it was not the

same sensation” (P11). P2 said, for instance, that “[R] must be more flat”, and “with [P] you have
the feeling that it touches”. P4 said that “[R] had a larger surface. [P] was smaller, I think”. P1 and
P5 also discussed a difference in the location of their sensation: Both felt R stimulated them rather
on the sides, while P stimulated them rather at the center of the posterior wrist side.
Consistently with the results of the pragmatic qualities (Figure 9(a)) and the global attractivity

(Figure 9(d)), P1-4 and P10 explained during the interviews why they preferred P: “It was easier to
know if I felt it” (P1), “[I found R] less detectable, and since it’s less detectable, it’s my least favorite.”
(P2), “I had more sensations with P” (P3), and “when [the stimuli] were clear, I think it was a bit
clearer in P” (P4).

6 Discussion
Variance inter-participants. We found that there are differences between our participants. We

made sure that all participants had normal sensitivity on the posterior side of their wrist, but we
did not test their actual sensitivity threshold with a more precise Semmes-Weinstein monofilament
test [50]. We hypothesize that variations in users’ sensory threshold might have an impact on
the ADT of this prototype. During interviews, two men (P2&11) mentioned their sensation came
from hairs on the skin of the wrist: both could feel the movement before any contact with the
skin because the device attracted their hair or made their hair move. Previous work [26] found
that people can perceive tactile sensation with hair on their skin, e.g., perceiving the vibration
of an object contacting with the hair on the dorsal part of the middle finger. Besides, in Pohl
et al.’s experiment [72] measuring users’ detection threshold of compression from a blood pressure
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cuff on the forearm, they observed that participants with larger diameter arms have a higher
detection threshold. They supposed participants’ arms shape might influence the cuff’s inflation
characteristics. Further studies can investigate whether participants’ anthropometric measurements,
such as arm shape and hair on the skin, can impact users’ threshold with our watch. Ecological
testing of this novel notification modality should include an initial calibration in order to adapt the
threshold to individual sensitivity.

Fitting of the bracelet. We paid great care to control the fitting of the bracelet (see section 5.2) so
that we could reliably compare the results between participants and between blocks. However, in
more ecological situations, users may fit the bracelet of their watch differently: some like to have
it tightly adjusted to their wrist, while others prefer to wear it more loosely. Future work could
explore the impact of the fitting of the bracelet on the detectability. As above, ecological testing of
this novel notification modality should include an initial calibration in order to adapt to individual
preferences, as this is already the case with vibrotactile feedback on smartwatches.

Memory effect. During interviews, three participants mentioned a possible memory effect. P1&11
mentioned that they were not sure if the sensation they had was from before or from the current
stimulus. On the contrary, P4 mentioned that it was hard to remember the sensation. The impact
of memory on users’ haptic perception was observed in previous research [93–95]. For example,
Vogels et al. found that after touching a convex (resp. concave) surface, their participants perceived
a flat surface as concave (resp. convex) [95]. They also found that the memory effect can last more
than 40 seconds. In another study, Gilson and Baddeley found that their participants can recall
the position of a pen touching their forearm, while their remembered position precision decreases
over time [29]: E.g., three seconds after been touched, the average remembered position error was
measured as 15 cm. Furthermore, our experiment studied users’ haptic perception on the forearm
which involves hairy skin [1]. In addition to the mechanoreceptive afferents with high conduction
speed (20-80 m/s) [67] that exist both in glabrous and hairy skin5, one unique characteristic of hairy
skin is the presence of C-tactile (CT) fibres, another kind of mechanoreceptive afferents with low
conduction speed (0.5-2 m/s) [67], which might introduce latency in neural signal processing [96].
We could not explore the existence of a memory effect with our experimental setting. Future work
should measure if there is any memory effect in order to compensate in future design, and measure
the minimum interval needed between two successive stimuli to eliminate any confusion between
stimuli like P1&11 mentioned.

ADT and vibrations. Our initial registered hypothesis [19] was that participants would have a
lower absolute detection threshold when wearing a watch with higher maximum curvature. We
therefore designed our experiment to compare curvatures. We eventually found little difference
between curvatures. During the experiment, the cable coming out of the watch connects it to three
pumps and does not touch the participants’ skin (Figure 7(a)-2). The absolute detection threshold
without distraction is so low that it might not imply shape change as shown in Figure 10(c) at 3 psi.
However, we noted that the difference between curvatures is greater when the deformable surface
is enclosed inside the watch (Figure 6 at 12 psi) compared to outside any enclosure (Figure 10(c)
at 12 psi). Nevertheless, we believe the experimental procedure does not question the ADT we
measured because we eliminated any contact with the cable and pumps (placed on another table).
In fact, our prototypes feature long and thin air channels (e.g., for the rounded prototype, 664
mm long and 0.4 mm wide). Radial inflation of the channels can induce vibrations in the channels
themselves due to the turbulence of the airflow [7, 69]. Therefore, these vibrations are an integral
5In contrast to hairy skin, glabrous skin is devoid of hairs. Glabrous skin mainly covers the palmar region of the hand and
and plantar region of the feet [1].
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part of the haptic modality presented. These vibrations are perceptible to our participants and come
from beneath our prototype, unlike those coming from a pipe or a motor. Ultimately, we think that
we cannot untie the impact of vibrations caused by the inflation, barely perceptible, and the impact
of the curvature, at such a low level of stimulus needed for undistracted absolute detection.
Besides quantitative results, seven out of twelve participants explained during interviews (sec-

tion 5.6.4) that they actually felt differences between round and pointy curvatures. Ultimately, our
results actually tell the scientific community that this novel feedback is easily detectable, and that
curvature plays little role in the undistracted absolute detection threshold. This does not mean
that curvature will not play a role in other levels of detection, like distracted absolute detection
threshold or just noticeable difference, as qualitative feedback showed that participants might be
able to tell the difference.

Comparison. To better understand this new modality, in this study we chose to compare two
alternative curvatures for the same modality. However, we have not compared this new modality
to existing ones, such as those presented in Figures 2 and 3. Positioning this new modality in
relation to the state of the art will be necessary in future work. In comparison, PneuHaptic [42]
offers a different feedback through a series of inflatable air chambers around the arm. Their authors
did not measure users’ absolute detection threshold with the device. SqueezeBack [72] offers a
different feedback –compression– through a blood pressure cuff applying pressure around users’
forearm. Their authors measured an average detection threshold of 0.1 psi. This threshold is lower
than the one we found (3.49 or 4.22 psi depending on the curvature). Designers can balance this
difference with other requirements, such as multimodality, as the feedback we propose in this paper
is different and relies on surface curvature change rather than compression. To further enable
designers to make a decision, future work should compare users’ subjective evaluation of these
different haptic modalities.

Mobility. Although we have studied this new modality in the case of a connected watch, the
current prototype is not mobile yet. Although the technology is not yet ready to enable this type of
feedback on current watches, it is important to study the opportunities for interaction with users
today [39], in parallel with technological advances such as the miniaturization of pumps.

7 Conclusion
Soft & shape-changing materials offer unprecedented opportunities for wearable UIs, in particular
for notifications on the wrist. In this paper, we propose a soft curvature-changing mechanism to
notify users from the back-face of their smartwatch. To do so, we use baromorph surfaces [83] to
control the maximum curvature, while keeping all parameters constant, e.g. the watch size. We
are the first to fabricate a baromorph surface as small as �42 mm and 3 mm thin to allow for its
wearability on the wrist. We conduct a standard two-down, one-up adaptive staircase procedure to
find an absolute detection threshold (ADT) of 3.86 psi, i.e., the minimal pressure needed to inflate
the watch to be detected by users. Our qualitative findings show that participants enjoyed this
novel type of feedback, and that participants could feel different sensations with each watch.
This paper paves the way for further studies to deepen our knowledge of this novel type of

feedback. On the perception side, now that we know the minimal detectable feedback, future work
could measure users’ ADT when they focus on a primary task, such as walking or cycling, and
a cognitively demanding activity [38]. Future work could also measure users’ just-noticeable-
difference between two curvatures. In addition, prior work found that users would like to have
persistent modalities for notifications [66]. Shape change could provide such persistent modalities.
For this, future work needs to explore how users perceive shape change in the long term.

Proc. ACM Hum.-Comput. Interact., Vol. 8, No. MHCI, Article 250. Publication date: September 2024.

celine
Authors’ copy

celine
Authors’ copy



Design and Perception of a Soft Shape Change Beneath a Smartwatch 250:17

On the design side, future work could embed the system on the bracelet and even on the whole
body, as the human sensitivity varies [17, 82], and consider other types of shape change [59].We plan
to conduct a design workshop to systematically study soft shape-changing on-skin notifications.
On the technical side, as prior work, e.g., [42, 47, 70, 78], a critical aspect for future adoption is

the size of the hardware: future work should focus on miniaturizing the hardware controlling the
prototype.
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A Curvature measurements
We verified the curvature of our prototypes as in [88]. We first took pictures of our prototypes
(Figure 10(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 remove the distortion
of the camera lens with OpenCV 4.6.06. To ensure measurement accuracy, we took pictures of each
prototype with each air pressure three times, by inflating them from 0 psi to objective pressure
each time.
We then detected the contour of the curved surface of each stimulus with OpenCV. We fitted

points to this contour (Figure 10(a)) using the circle-fit 0.1.3 [55] python package, to finally find its
curvature as presented in the green square in Figure 10(a). As shown in Figure 10(c), the curvatures
of our prototypes are not constant across the whole surface, so we fitted the central part where
the prototype first made contact with the participants’ skin for curvature calculation. We take the
central �15 mm part, as cropping images with smaller size leads to failed circle fitting because
of too few pixels of prototypes among noise. To convert the curvature from pixels (px) to mm as
shown in the y-axis of Figure 10(b), we fixed a vernier scale on the 3D printed support (Figure
10(a)) to ensure the precision of the conversion. We found that 69.9 mm on the scale equals 1213
px in the pictures. Therefore, we convert our measurements of the curvature with 0.058 mm/px.
Figure 10(b) presents on the y-axis the results of our measurements with the average curvature of
each prototype in each pressure condition. With Figure 10(c), we can see that when air pressure is
low (i.e., R prototype under 6 psi and P prototype under 5 psi), our prototypes barely inflate and
stay nearly flat. This is coherent with the poor circle fitting result shown in Figure 10(b), i.e., low

6https://docs.opencv.org/4.x/
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(a) Setup for curvature measurement. The fitted arc is shown
in purple.

0.00

0.02

0.04

0.06

5 10
Pressure (psi)

C
ur

va
tu

re
(m

m
⁻¹)

Pointy
Round

R² of circle fitting
0.6
0.7
0.8
0.9

(b) Curvature measurements of each prototype inflated at
different air pressures.
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Fig. 10. Curvature measurement setup and results.

R2 value in low-pressure conditions. The exact values in Figure 10(b) and the code to compute the
curvature are available in the supplementary material.
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