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An Ultrathin and Lightweight Soft Inflatable Actuator for

Natural Tactile Sensory Feedback

Hanna Scherer, Francesco lberite, Giulia Caserta, Nicolo Boccardo, Jacopo Carpaneto,
Emanuele Gruppioni, Silvestro Micera, and Tommaso Proietti*

The human sense of touch converts skin deformations into electrical impulses,
enabling functional tasks such as object recognition and manipulation. Providing
haptic information is crucial for improving usability in applications like prosthetics.
Soft actuators have the potential to deliver modality-matched feedback and high
compression forces in a compact form. However, their full potential has been
partially demonstrated. This study presents a soft inflatable actuator utilizing
thermoplastic polyurethane to provide rich multimodal sensory feedback, including
pressure and vibration. The actuator weighs less than 2 g and is 0.4 mm thick,
significantly improving upon previous designs. Mechanical characterization reveals
that the actuator can produce high-bandwidth vibrations (200 Hz) and high forces
(28 Newtons at 60 kPa). Psychometric tests, conducted with 14 able-bodied indi-
viduals and three transradial amputees, show performance comparable to state-of-
the-art invasive and noninvasive solutions (Weber constants within 0.19-0.22).
Additionally, the actuator successfully provides different artificial roughness sen-
sations in able-bodied individuals. Finally, amputees achieve an overall accuracy of
73.3% in a classification task, with dominant sensations of touch and pressure
(45% of the stimuli). These results demonstrate that the proposed soft feedback
actuator is effective, versatile, and lightweight, with potential for integration into
robotic systems for feedback restoration and augmentation.

temperature changes, and pain.'! This
system is essential for somatosensory
guidance, significantly enhancing pre-
cise motor control and coordination.
The absence of sensory feedback strongly
reduces user performance and engage-
ment in a wide range of applications
including surgical robotics,”” teleopera-
tion,?) and virtual reality™ impacting
the overall functionality and usability.
The impact is even more severe in individ-
uals with sensory impairments, such as
amputees,”’! stroke survivors, and patients
with spinal cord injuries.” In the former
case, artificial haptic feedback can augment
and substitute for the lack of sensory infor-
mation, while in the latter, it aims to restore
essential sensory functions.[®!

The variety of applications for artificial
haptic feedback has led to the develop-
ment of systems that can deliver precise
mechanical stimulation in a closed-
loop manner. Various approaches have
been used to provide haptic stimuli,
including pressure,”® vibration,!>*% skin
stretch, 1112 squeeze,m’“] electrical,[*>1°!

1. Introduction

The somatosensory system plays a crucial role in human inter-
action with the surrounding environment, enabling propriocep-
tion and perception of texture, surface properties, pressure,

and thermal!'”*® feedback. Although the goal of these systems
is clear—replicating or restoring realistic sensations that allow
the user to intuitively comprehend sensory information while
being comfortable, wearable, and affordable—remains an ongo-
ing challenge.!**!
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Most common approaches focus on vibrotactile feed-
back,'*?°2*! which is simple, inexpensive, and compact.”!
However, its working principle is based on sensory substitution,
which contrasts with the common consensus that the most intu-
itive and natural way of providing sensory feedback is through
biomimicry and bioinspired approaches.***? Additionally,
vibrotactile feedback can disrupt user concentration,™ and its
long-term effects can be detrimental to fast-adapting mechanor-
eceptors,’? raising concerns about its suitability for prolonged
use. Tactors, i.e., mechanical devices applying a deformation
to the skin through motors, are a potential complementary solu-
tion to the vibrotactile feedback approach.*®! However, they are
inherently limited by their nonnegligible size, limited adaptabil-
ity, and lack of comfort.

To address these limitations, soft tactile actuators—highly
compliant interfaces that enable safe and gentle interaction with
human bodies—have been increasingly investigated for their
ability to convert various forms of energy input into mechanical
deformation of the skin. Such energy inputs may include electri-
cal (e.g., electroactive polymers such as dielectric elastomer
actuators (DEAs),””) or piezoelectrical actuators)®®! thermal
(e.g., shape memory materials),“‘” magnetic (e.g., magneto-
responsive actuators),® or fluidic (e.g., hydraulic or pneumatic
systems)!'” sources.

These technologies offer lightweight, flexible solutions with
fast response times and the ability to deliver pressure and vibra-
tion stimuli. However, they are still limited.!*! Electrical actua-
tors are sensitive to environmental conditions (dehydration of
liquids), have a limited force output (mV range), and require high
operating voltages (kV range) which can be considered one of
their major drawbacks.?®! Furthermore, their fabrication is non-
trivial and the result is fragile when scaled up or integrated with
deformable substrates.*” Thermal actuators suffer from slow
response times, limited durability, and missing reverse actu-
ation. Magnetic actuators require additional compliant structures
resulting in mechanical stress at the soft-rigid interface, high cur-
rents to overcome the limited actuation range, and potential heat-
ing issues.

Recent efforts have explored the design of soft pneumatic
actuators (SPAs) using compliant materials, aiming at overcom-
ing these limitations. In particular, air chambers made from
heat-sealable fabric,>"! and polymers®? have shown significant
promise. These actuators are fast and simple to manufacture,
extremely thin, yet capable of generating multimodal feedback.
Previous studies!**1*334 have primarily explored the use of
elastic materials such as silicone and nylon, which, while feasi-
ble, exhibit limited performance due to their reliance on high-
pressure and the need of being perfectly in contact with the skin
to produce meaningful forces. In contrast, the use of hyperelastic
materials such as thermoplastic polyurethane (TPU) remains
largely unexplored in this context, despite offering potential
advantages in mechanical performance, durability and ease of
fabrication.

Here, we present the design and validation of a lightweight
and ultrathin TPU-based soft SPA (see Figure 1A,B) capable
of producing a rich range of bioinspired, multimodal tactile stim-
uli, including both pressure and vibration, surpassing the perfor-
mance of previous soft actuators reported in the literature (see
Figure 1D and Table S1, Supporting Information). The current

Adv. Intell. Syst. 2025, 2500262 2500262 (2 of 13)

work focuses on evaluating the actuator on the forearm for pros-
thetic applications, where sensory restoration is especially criti-
cal, as well as on the fingertip—a more sensitive stimulation
location relevant to potential future applications such as virtual
reality, surgical robotics, and teleoperation.

Our approach offers a simple, highly customizable, and cost-
effective manufacturing process that requires less than 10 min.
This enables rapid prototyping and easy adaptation for applica-
tions in sensory restoration and augmentation, where customi-
zation is essential (see Figure 1C). The actuator delivers both
high forces—50% greater than prior solutions under similar
conditions—and vibration frequencies, doubling the frequency
achieved by most existing designs. Despite this high perfor-
mance, the actuator maintains a remarkably compact form fac-
tor, offering a 10-95% reduction in thickness and a 30-80%
reduction in weight compared to the current state of the art.
Moreover, the actuator can still stimulate the skin when the
mounting contact is not perfect, i.e.,, some distance between
the skin and the surface of the actuator is present. This combi-
nation of performance, compactness, and adaptability marks a
significant advancement over existing solutions, showing poten-
tial for integration into most available wearable robotics to
enhance sensory feedback capabilities. To demonstrate the per-
formance of the feedback actuator, we conducted a full haptic
characterization that includes the pneumatic and mechanical
properties, as well as a user-centered evaluation. The user study
involved 14 able-bodied participants and three transradial ampu-
tees, testing the actuator on three body locations (the fingertip,
forearm and residual limb).

2. Results

2.1. Soft Actuators Design and Characterization

The soft actuator, which serves as the interface to the skin, is
fabricated using two ultrathin 0.2 mm heat-sealable TPU mem-
branes; see Figure 1A (FT1029, Novotex, Italy). Details of the
manufacturing process can be found in the Experimental
Section. To evaluate its performance, we manufactured a
state-of-the-art actuator, similar to,** using TPU-coated nylon
(0.3 mm thickness, Ariatex, DD Global Store srl, Italy) of the
same size (25 mm diameter) for comparison and measured both
actuators’ characteristics (see Figure 2B). We performed all our
recordings up to a maximum supply pressure of 60 kPa; higher
pressure led to rupture within the TPU membrane.

The results in Figure 2A indicate that the prototypes achieved
equal performance at 60 kPa transmitting forces of 28 N (nylon:
28.1+0.04 N, TPU: 28.0 + 0.06 N; average + standard deviation)
when a preload of 1.5 N was applied assuring a perfect surface
contact condition. We further investigated the performance by
introducing a gap, accounting for variability among human
users, such as differences in comfort during the tightening of
wearable solutions, which influence the mounting on the body.
By increasing the distance between the actuator and the force
sensor (gap), distinct differences between the two designs
became apparent. As shown in Figure 2A, the TPU design gen-
erated 14% more isometric force compared to the nylon-based
solution, when a very small gap of 2mm was introduced
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B Ultra-thin TPU-Actuator - Size Comparison
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Figure 1. Overview of the ultrathin, lightweight, and multi-modal (pressure and vibration stimuli) soft feedback actuator. A) The actuator is manufactured
of TPU. Using heat-resistant paper, the air chamber is created by heat sealing the two TPU layers. An opening towards one side of the actuator allows the
insertion of the tube. The resulting 25 mm actuator weighs less than 2 g (without the tube) with a thickness of only 0.4 mm. B) Actuators of different sizes
(10 and 25 mm) were produced and tested on humans. The long inlet tube, shown for the 25 mm actuator, allowed comfortable mounting under the
socket of a prosthesis. C) Different mounting solutions for the actuator, including fingertip, forearm and residual limb fixations. The fingertip is used for
the 10 mm actuator while the forearm and residual limb stimulation used the 25 mm actuators. D) Comparison of the TPU actuator performance to state-
of-the-art soft SPAs (only similar technologies were included in the comparison). See Table S1, Supporting Information. Our TPU-based actuator excels in

the two existing size categories, reaching higher forces at lower pressure and high vibration frequency.

(nylon: 17.2£0.06 N, TPU: 20.1 £0.03 N; average + standard
deviation). This trend becomes even stronger at 4 mm distance,
where the TPU solution generates ~50% higher forces (nylon:
6.1+£0.10N, TPU: 12.8 & 0.08 N; average =+ standard deviation).
Above 6 mm distance, the nylon actuator was not able to transmit
any force, while the TPU still transmitted up to 6.4 £0.20 N,
showing the clear benefit of the hyperelastic nature of TPU
(see Figure S4, Supporting Information).

Four different designs of TPU actuators (10 mm—suitable for
average fingertip dimensions—to 25 mm, designed for other
body locations) were further evaluated to explore suitability for
different applications. As shown in Figure 2C, even the smallest
actuator demonstrated the ability to produce meaningful forces,
reaching 8.9 £ 0.1 N at 60 kPa (average + standard deviation). To
ensure the stability and robustness of our actuator, we conducted
an endurance test over 1000 inflation—deflation cycles to 30 kPa.

Adv. Intell. Syst. 2025, 2500262 2500262 (3 of 13)

The results ensure consistent performance with a maximum var-
iance of 0.1 N and no membrane deformation within the test
duration of 100 min (see Figure 2E).

From a thermal stability point of view, the TPU actuator is
designed for direct skin contact—within a glove, armband, or
prosthetic socket—which provides a stable environment (32—
35 °C skin temperature). Nonetheless, we evaluated the material
behavior at the high temperatures (150-160 °C) faced during the
manufacturing process and found that the heated TPU samples
exhibited reduced stiffness and stress levels, indicating a softer,
more compliant response to stretch (see Figure S1, Supporting
Information for further details).

Humidity may also affect the performance of the actuator,
especially considering human sweat and prolonged-term usage.
While thorough evaluation of this phenomenon is required, in
this study, a single actuator sample was used across all the pilot
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Figure 2. Mechanical characterization of the soft actuator. A) Maximum transmitted force at inflations of 60 kPa for nylon (black) and TPU (red) actuators
(mean over three repetitions). With increasing gap (2-8 mm), distinct differences between the two designs are apparent. At 6 mm, the nylon-based
actuator is not able to transmit any force on the load cell surface. B) Free-inflation height of the nylon and TPU actuators at 60 kPa. The TPU actuator
reached a maximum free inflation of 12.5 mm, the nylon-based solution only reaches 10 mm. C) Isometric force transmission for four TPU actuator with
different sizes (10, 15, 20, 25 mm, mean over 5 repetitions, 2 actuators for each size). While decreasing, in the smallest design the actuator was able to
produce 8.9 +£0.1 N at 60 kPa. D) Vibration bandwidth: the main FFT component is linearly correlated to the setpoint frequency (Pearson correlation
coefficient of 1). E) Endurance test over 100 min with 1000 inflation/deflation cycles to 30 kPa shows a stable behavior of the actuator with a maximum
standard deviation of 0.1 N from the setpoint. F) Vibration acceleration reached during different frequency setpoints (1-200 Hz), always above the VPT,B*!
meaning that the stimulation is perceivable by humans. G) Examples of actuator dynamical behavior for sinusoidal setpoints up to 10 Hz.

tests and the experiments with 14 able-bodied participants, for a
total of more than 7h of wear time and approximately ~3800
inflation cycles across the systems full pressure range (0-
60kPa). During these trials, repeated mounting and donning
introduced additional mechanical stress. However, force output
of the newly manufactured actuator did not degrade after this
extended use (see Figure S2, Supporting Information).

Regarding vibrotactile stimulation, the frequency response of
the system was characterized by analyzing acceleration data
recorded from an inertial sensor (IMU) placed on the actuator
TPU membrane (see Figure S5, Supporting Information). Fast
Fourier transform (FFT) analysis revealed a linear correlation
(Pearson correlation coefficient =1) between the setpoint fre-
quency (1-200 Hz) and the measured signal (see Figure 2D).
The additional frequency components that can be found (see
Figure S6, Supporting Information) can be likely explained by
the coupling between the TPU membrane and the IMU, thus
affecting the acceleration. Additionally, the maximum accelera-
tion values remained above 120dB (see Figure 2F), despite
the non-negligible weight of the IMU (30 g), exceeding the vibra-
tion perception threshold (VPT) for the human index finger in
able-bodied individuals under the age of 60 (VPT:115.2dB up
to 250 Hz,).%*! These results confirm the system’s ability to gen-
erate effective vibrotactile feedback.

Adb. Intell. Syst. 2025, 2500262 2500262 (4 of 13)

2.1.1. Air Supply System

For any pneumatic system, the stability, repeatability, and
dynamic performance depend on the air supply system. In this
work, the inflation was controlled by using a prototype portable
control unit (Figure S7 and S8B, Supporting Information),
including a pump (SPV35R0-12FC-A-DV, Schwarzer Precision
GmbH, Germany) and a custom soft air accumulator, manufac-
tured following the same procedure as the soft actuator but in a
bigger size (12 cm X 7 cm, fitting ~160 mL at 70 kPa). The accu-
mulator is used to reduce the activations of the pump thus limiting
noise which is a common drawback of pneumatic systems. The
pneumatic circuit was regulated by two normally closed propor-
tional valves (VSO MAX HP model 2, Parker Corporation, USA)
mounted on a 3D-printed custom manifold (Grey-Pro Resin,
Foarmlabs, USA). Two pressure sensors (one for the actua-
tor, one for the accumulator) closed the control loop
(ABPDANVO060, Honeywell International, USA) together with a
microcontroller (Feather M4 Express, Adafruit Industries, USA)
running a proportional-integral-derivative (PID) pressure con-
trol loop at 500 Hz. The lightweight control box weighs 585 g,
including a 125 g power supply and a 150 g pump, and measures
14 cm x 16 cm x 8 cm. Notably, the overall size and weight
are comparable to other wearable technology for prosthesis
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users in literature (e.g., ref. [16]). Considering weight, margin to
improve lays in replacing the power supply with thin Li-Po bat-
teries which would also make the system untethered. At the
same time, the pump could be replaced by a CO, canister,
which would also dramatically reduce noise and size in
exchange of a shorter lifetime before substitution with a new
canister (e.g., what was proposed by ref. [36] in a similar pneu-
matic system). Regarding noise, due to appropriate isolation of
the control box including a silencer on the pump air intake, the
running system produces only 52.0 dB of noise, with a peak of
57.5 dB when the pump is filling the reservoir. For reference,
this is comparable to the noise level of an office or a normal
conversation.l’”) Measurements were recorded using a Sound
Level Meter (72-942, Multicomp Pro, USA) in a background
noise environment of 42 dB.

Additionally, the number of air chambers can be increased
to create an actuator array, though independent activation
comes at the cost of adding valve to the pneumatic control
box (see Figure S7, Supporting Information). Pressure levels
and waveforms were set through a custom graphical user inter-
face, while participant answers were gained over a touchpad.

2.2. User Study

To validate the versatility and simplicity of use of our actuator, we
conducted a user study comprising three distinct experiments. In
the first experiment, we assessed the just noticeable difference
(JND) among a group of 14 able-bodied participants (4 women,
10 men; mean age 26 + 2.4 years) and three male individuals with
transradial amputations (mean age 51.3 + 13.6 years). The second
experiment involved five able-bodied participants who performed
a perception-matching test, exploring three different surface tex-
tures to evaluate the system’s ability to convey nuanced tactile
information. Finally, the third experiment focused on the three
participants with amputations, testing their accuracy in character-
izing levels of force intensity and the type of elicited sensations
delivered by the feedback system. For able-bodied, the quality
of the elicited sensations was rated in a final questionnaire (for
the full questionnaire, see Table S2, Supporting Information).

The test on able-bodied was performed on the forearm mount-
ing the 25mm actuator and, on the fingertip, mounting the
10 mm actuator. The test on amputees, instead, was performed
using the 25 mm actuator on one remapping spot on the residual
limb, producing unique sensations on the phantom hand. The
full procedure to locate the remapping spots and mount the actu-
ator is described in the Section 4.

Each participant provided written informed consent prior to the
study, which followed the principles of the Declaration of Helsinki
and received approval from the Territorial Ethics Committee of the
Liguria Region (Protocol code: IIT_REHAB_HTO01) and by the
Joint Ethics Committee of the Scuola Normale Superiore and
the Scuola Superiore Sant’Anna (Protocol code: 18/2023).

2.2.1. Just Noticeable Difference Threshold

Participants performed a two-alternative forced choice (2AFC)
test, in which they were presented with pairs of stimuli (10,
22.5, 35, 47.5, and 60kPa, always compared to 35kPa) and
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repeatedly asked to determine which stimulus in each pair felt
stronger. Figure 3A illustrates the JND results for the three tested
conditions. For able-bodied participants, the mean JND for the
forearm was 7.0£0.22kPa, and for the fingertip, it was
6.5+ 0.23 kPa. In the amputee group, the mean JND was slightly
higher, with 7.7 + 1.1 kPa (mean values =+ standard error).

The Weber fraction k, defined as the ratio of the JND to the RS
intensity, was calculated. This fraction quantifies how much a
stimulus must change for a person to detect a difference. The
calculated values were 20%, 19%, and 22% for the forearm, fin-
gertip, and remapping spot on the residual limb, respectively
(higher values indicate lower sensitivity).

In Figure 3A, the individual responses of the able-bodied (fore-
arm) and amputee participant are shown along with the fitted
sigmoid curve. This curve was used to calculate the individual
JND, as described in the Section 4. The x-axis represents stimu-
lus intensity, while the y-axis (ranging from 0 to 1) indicates the
proportion of CS perceived as stronger than the RS, i.e., CS > RS.
All individual able-bodied results from the 2AFC test are pro-
vided in Figure S9, Supporting Information.

The scoring (range 1-7) of the questionnaire able-bodied par-
ticipants filled after the test is shown in Figure 3C. The overall
scoring of the participants with small variation is indicating a clear
consensus regarding the comfort, pleasantness, pain, and willing-
ness to longtime use of the fingertip and forearm interfaces
(full questionnaire in Table S2, Supporting Information).

2.2.2. Perception-Matching Test

Five able-bodied participants compared three virtual stimuli
presented simultaneously against a real surface—grating with
1 mm spacing, grating with 4 mm spacing, and a smooth sur-
face. Participants rated how similar the virtual stimuli felt
compared to the real surfaces. The results of the perception-
matching test showed ratings for smooth, 1, and 4 mm surfaces
of 0.6 £0.1, 0.7+ 0.1, and 0.6 £ 0.3 in the case that the virtual
stimuli were designed to match the real surfaces (“fully match-
ing” defined as 1.0, average + standard deviation). For the dif-
ferent stimuli, the ratings were 0.1+£0.1, 0.2+0.1, and
0.2+ 0.1, for smooth, 1, and 4 mm surfaces (average + standard
deviation). The results are shown in Figure 3B, with the simi-
larity rating on the y-axis (ranging from “not at all” to “fully
matching”) and the type of virtual stimulus on the x-axis.
The label “same” indicates that the virtual stimulus was
designed to match the real surface, while the other label “diff”
represents the ratings for the two additional virtual stimuli that
were different from the real surface.

The scoring (range 1-7) of the questionnaire participants filled
after the test is shown in Figure 3C. The pleasantness (6.0 £+ 1.1)
and naturalness (6.6 & 0.5) of the stimuli were rated very high.
Given the small group size (n = 5), no statistical analysis was car-
ried out to compare the vibration—pleasantness scoring against
the pressure—pleasantness (JND-task).

2.2.3. Intensity Characterizations Test

Three amputees participated in a classification task in which
they categorized 60 stimuli into three intensity levels: low,
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Figure 3. Overview of the results of the user study. A) Comparison of the mean JND results for the three tested conditions as a bar plot (mean values
+ standard error) with the corresponding Weber fraction k. AB: able-bodied. The mean for the amputee group was slightly higher (7.7 £ 1.1 kPa) com-
pared to the able-bodied (forearm, 7.0 £ 0.22 kPa). The lowest JND values were found for the fingertip condition (6.5 & 0.23 kPa). On the bottom, the
individual performance of each participant (able-bodied in grey, amputees in blue). The circles show the data for the summed response for each of the five
stimuli levels, where the comparison stimuli (CS) were judged stronger than the reference stimulus (RS), within 20 repetitions. The RS at 35 kPa is shown
by the dashed vertical line. In case of comparison between equal stimuli (CS = RS), participants were expected to score close to 0.5 (indicated by the solid
horizontal line). The lines show the sigmoid fit to the summed response. A difference in the slope of the sigmoid corresponds to higher or lower J]ND
values (computed as the mean between the point of subjective equality—PSE, 0.5 on the fitted psychometric function—and the intensity values at the 0.25
and 0.75 points on the psychometric function). B) Perception-matching outcome, with the able-bodied participants asked to compare real and virtual
surfaces. The individual mean data (black circle) is plotted together with the overall group rating (yellow circle). The label “same” indicates that the virtual
stimulus was designed to match the real surface, while the label “diff” represents the ratings for the two additional virtual stimuli that were different from
the real surface. C) Overview of the questionnaire (full questions can be found in Table S2, Supporting Information) highlighting the positive feedback
from the participants regarding the stimulation and wearable comfort as well as the high naturalness perceived. The mean rating and standard error are
shown. Questions concerning the JND were answered by all able-bodied participants (n=14), while the last two questions (naturalness and pleasantness)
were only answered by the subgroup conducting the perception-matching task (n = 5). D) Intensity classification results show the overall performance of
the three amputees, with an accuracy of 73.3%. The lowest intensity level was selected with 95% accuracy, while the middle and highest intensity included
more false decisions, indicating that participants perceived it difficult to separate these levels (but still largely above the chance level, 33%).

medium, and high. The overall classification accuracy was Despite the differences in individual phantom hand sensa-
73.3%, higher than the chance level of 33.3% for random guess-  tions stated in the mapping process (shown in Figure 4A), on
ing. For details on individual accuracy, see Figure S10, average, the sensations elicited during the test by the actuator
Supporting Information. across the three amputees were dominantly Pressure (25%)
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Figure 4. Overview of the elicited sensations during the study involving amputees. A) The initial mapping locations and types of sensations elicited with
the round end of a pen. Across the three amputees, the sensations ranged from pure pressure/touch sensations to movement and tingling perceptions in
the phantom hand. The letters label the phantom sensation map and correspond to unique locations on the residual limb. B) The single locations on the
residual limb used during the user study and their corresponding projected phantom sensations and locations. The specific locations were selected based
on a ranking that prioritized palmar fingertip locations due to their importance in daily interactions with the prosthetic hand. For participant P02, stimu-
lation activated two phantom hand locations—namely, the index and thumb fingertips—creating a sensation as if the fingertips were moving toward each
other in an “OK” sign. C) Distribution of the sensations elicited when the actuator stimulated the residual limb during the classification task at three
intensities (60 stimuli in total). Participants labeled their sensations using the terms “Pressure,” “Touch,” “Vibration,” “Tingling,” “Movement,”
“Discomfort,” and “Undefined” based on ref. [38]. “Undefined” was selected when no label matched their sensation. The indication of
“Movement” may, in addition to the phantom sensation, be linked to the actuator’s physical activation (inflation/deflation). Discomfort in PO1 occurred
at all stimulation levels. As it was already present at the lowest stimulation level (8.3%), it was likely the results of other external factors affecting comfort

(e.g., sweating, task duration).

and Touch (20%), while Movement (7.8%), Tingling (6.7%),
Discomfort (6.7%), and Vibration (3.8%) were reported less fre-
quently (see Figure S11, Supporting Information). A high pro-
portion of Undefined (30%) suggests that the provided labels
(following ref. [38]) did not fully capture all sensations experi-
enced. The indication of Movement (7.8%), apart from being
present at the residual limb, may partially be attributed to the
actuator’s physical activation, which could have been perceived
as movement (inflation/deflation).

Individual distribution of elicited sensations is shown in
Figure 4B,C. It is interesting to highlight the shift in the domi-
nant sensation of the initial phantom spot for P02 and P03. For
P02, the sensations shifted from the initial Movement sensation

Adv. Intell. Syst. 2025, 2500262 2500262 (7 of 13)

to Touch/Pressure (68%). For P03, the sensations changed
from only Tingling to more versatile ones, including 16%
Touch/Pressure and 20% Movement, leaving only 8% to
Vibration/Tingling. If we do not consider undefined sensations,
the initial sensation of P01 for the selected remapping location,
namely Pressure, stayed instead dominantly (49% Touch/
Pressure).

P01 was also the only participant reporting Discomfort (20%
of cases). However, the fact that discomfort was perceived at the
lowest stimulation level (8.3%) suggests that it may have been
influenced by external factors to the stimulation, such as socket
fit, task duration, or sweating—none of which were investigated
in this study.
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3. Discussion

Haptic interfaces have the potential to significantly improve the
overall user performance by providing rich sensory information
in many robotic devices (e.g., artificial limbs) and applications
such as virtual reality and teleoperation. However, current solu-
tions face several challenges, including requiring high pressure
to provide meaningful forces that are significantly impacted by
suboptimal wearing (e.g., gap between skin and actuator), thick
designs that reduce the possibility to be integrated in current
robotic systems, lack of multimodal feedback, and, considering
prosthetics, lack of validation in amputees. In this article, we
explore a TPU-based design for an ultrathin, lightweight, soft
actuator for multimodal tactile sensory feedback, whose perfor-
mance goes beyond conventional silicone-based as well as HST-
based actuators. Moreover, this work represents the first in-depth
validation of a soft feedback TPU actuator on both able-bodied
individuals and amputees, including both a psychometric and
a functional characterization.

Our compact inflatable actuator is manufactured using a cost-
effective, quick 10-min process (as a reference, the common
Dragon Skin silicones have a cure time ranging from a mini-
mum of 30 min up to a few hours), allowing a high degree of
fast customization. Compared to state-of-the-art silicone-based
solutions, our biggest actuator (diameter 25 mm) demonstrates
weight (at least 30% below previous work,"! despite our actuator
being twice the diameter) and thickness reductions (at least 10%
below previous work!*?). Even when compared to previous HST-
based solution,”'! we were able to observe reduction in weight
(80%) and thickness (96%) despite the same chamber dimen-
sion. Improved form factor, in terms of both lower weight
and thickness, is crucial for integrating the actuator into current
robotic platforms, such as artificial limbs, without requiring com-
plex modifications. The actuator interface itself, with a thickness
of only 0.4 mm, can be easily incorporated as a proof of concept
into many wearable systems. This allows for quick evaluation of
important parameters such as size and placement and whether
haptic feedback would be beneficial, before proceeding with
proper integration which would require mechanical modifica-
tions to the system (including a non-negligible integration of
a compressed air source).

However, a thinner actuator could be weak in terms of trans-
mitted force, robustness, and durability. We demonstrated that
despite a lower inflating pressure (60 kPa), our 25 mm design
provides an improvement of 47% in force output with respect
to existing solutions under similar conditions (HST-based,
30 x 30 mm, 100 kPal®*)). The robustness of our solution was
validated with an endurance test including over 100 min of con-
tinuous cycles of inflation/deflation resulting in minimal vari-
ation of force (0.1 N). Moreover, the system reaches up to
200 Hz, with a minimum of 120 dB vibration, which is more
than double of most solutions in literature, and second only
to Talhan et al. (250 Hz??).

We assessed the functionality of our feedback system in three
distinct experiments. These experiments demonstrate the sys-
tems applicability across diverse user groups in augmentation
and restoration -tasks, highlighting its potential for broader
implementation. The results of the standardized psychometric
tests allow comparison across different populations, including
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those with sensory impairments. The measured k, 19% fingertip
and 20% forearm in able-bodied, and 22% in amputee, are within
values for force discrimination found in literature on soft feed-
back actuators (Frediani et al.l') Barontini et al.l**)) where higher
values indicate a lower sensitivity. However, in both cases, their
systems produce lower forces (1N at 20kPa for Frediani and
15N at 40kPa for Barontini) when compared to ours (28 N at
60 kPa), which still translate into a more versatile and powerful
feedback capability for our solution. Importantly, high forces at
lower pressure directly and positively impact the air supply sys-
tem, easily the largest component affecting wearability and
portability.

We conducted perception-matching tests with a subgroup of 5
able-bodied participants and demonstrated the practical capabil-
ity of the actuator in conveying the tactile characteristics of virtual
surfaces, particularly at different levels of roughness to the fin-
gertip. While previous works have included other functional
assessments (e.g., pattern and texture recognition,*!! mirror
box experiment of sensation mapping,*?) and directional cues
classiﬁcation[34]), the lack of standardized tests, and thus uniform
metrics, and the absence of psychometric characterization, make
a direct comparison challenging.

In a discrimination test with three amputees, we observed
high accuracy above chance (73.3%) when classifying stimuli
of different intensities. These results are comparable to the out-
come of Valle et al. ,** using invasive biomimetic intraneural
electrical stimulation, reaching an accuracy of 70%. For the non-
invasive case, soft pneumatic solutions have rarely been tested on
amputee for three levels (i.e., Antfolk et al.** two levels, finding
90% accuracy with a chance level of 50% on PHM spots on
amputee and 80% in able-bodied; Simons et al. three levels,
soft nonpneumatic, 20 able-bodied participants only 66% accu-
racy). Following up on this application, future work will address
the full integration of the sensory feedback system, including
closed-loop control of a prosthetic hand, to conduct further tests
such as object size and compliance discrimination, which can be
found more frequently in literature.

Restoring or augmenting sensory feedback has the goal of
making the experience as natural and intuitive as possible while
creating a realistic touch illusion. Therefore, the quality of sen-
sation plays a key role in how users accept and integrate a haptic
device into their experience. In this study, able-bodied partici-
pants rated the comfort and pleasantness of stimulation deliv-
ered by the actuator as very high (5.9 and 5.7 out of 7).
Additionally, when rendering surfaces at a high dynamic range,
participants further confirmed a natural sensation (6.6 out of 7).
While sensory feedback restoration in amputees has been widely
tested using both noninvasive and invasive methods, the result-
ing quality and range of sensations differ significantly from those
of able-bodied individuals. This difference arises due to the cause
of amputation, the surgical procedure, which can alter nerve sen-
sitivity and organization. Additionally, the way sensory informa-
tion is transmitted to the afferent nerves plays a crucial role in the
elicited sensations—either mechanically through the skin, with
or without relying on the phantom phenomenon, or directly via
electrical stimulation using invasive interfaces. Although the
range of sensations in our approach could be limited to the initial
phantom hand map, we observed a notable shift towards pure
touch sensations. The high percentage of pressure and touch

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

3SU017 SUOWILIOD dAIER.D 3|ged! dde au3 Aq pausenob afe 9ol YO 88N JO S3JNU 10} Akeuq18UlIUO A3]IAA UO (SUOIPUOD-pUE-SWBH D" A3 | 1M Atelq 1Pul|UO//:SANY) SUORIPUOD PUe SLLLB L U1 38S *[G202/90/8T] U0 Akeid1auliuO A3|IM ‘elfeleueIy0D AQ 292005202 AS1e/200T OT/10p/iod"A3|ImArelq i puljuo"psoueApe//sdiy Wo.j papeo|umod ‘0 *L9S70v9e


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

reported (45%, combined) highlights the potential of the ultra-
thin actuator for impaired populations. We furthermore found
no touch sensations in P03 in the initial mapping, whereas they
were elicited with the actuator stimulation (16%). Additionally,
participants reported a perceptual shift when comparing the ini-
tial mapping done with a pen to the sensations elicited by the
actuator.

Qualitative feedback also conveys the promise of the proposed
technology. P02: “The sensation with the actuator is very differ-
ent compared to the pen; it feels less on the surface of the skin
and more on the phantom hand.” P03: “Most phantom hand
locations initially felt like tingling and paresthesia, extending
to the finger. However, with the actuator, the tingling sensation
disappeared, leaving mostly touch.” These statements resulting
from our preliminary study show the potential for sensation shift
which the actuator in combination with a direct encoding could
provide. We further emphasize that this approach can be used for
amputees who do not experience phantom sensations, as the
direct translation of pressure from the prosthesis hand sensor
to the actuator on the skin still provides a straightforward, bio-
inspired encoding, resulting in modality but not location match-
ing. These two points will need to be investigated in future work,
including a more diverse group of participants using a bidirec-
tional prosthesis.

Matching the quality and type of sensations to natural physio-
logical ones in populations with sensory loss remains a challenge
in state-of-the-art research.*”! In the noninvasive approach of
Gozzi et al.*®! who restored lost foot sensation using transcuta-
neous electrical nerve stimulation (TENS), a high proportion of
vibration/tingling (70%) and electricity (9%), with a low percent-
age of touch/pressure sensations (6%) was found. Notably, the
study did not assess unpleasant sensations. Examples of invasive
approaches that elicit phantom hand sensations in amputees,
using direct nerve stimulation such as the work by Valle
et al.l*”! reported that the sensations were perceived as very dif-
ferent from the natural touch. The reported distribution of
touch/pressure sensations in two amputees never exceeded
17%. Sensations of electricity/vibration dominated, often activat-
ing large areas of the hand. A finer degree of control over the
elicited sensations was reported by Tan et al.*®! where two par-
ticipants described the perceptions as natural, including a wide
range of sensations. Despite promising, it is important to under-
line that invasive solutions come with the significant impact of
surgery, associated costs (which are currently not covered by the
healthcare system), and the personal decision to undergo an
implant. A noninvasive solution like the one presented in this
work, which is reaching similar or beyond performances, is more
likely to become commercially available and thus impacting a
greater group of people.*”!

Importantly, and in contrast to invasive solutions, we show-
cased the simplicity of the proposed soft actuator that can “stick”
to the skin, without any complicated integration processes (e.g.,
physical modification of the prosthetic socket for amputees). The
modality can be switched between touch/pressure and vibration
depending on user preferences or application needs. This
approach can be applied to any research on human-robot inter-
action requiring sensory feedback, whether for restoration or
augmentation.
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While our system demonstrates great advancements in both
design and performance, certain limitations must still be
acknowledged. From a technical standpoint, the system’s sam-
pling frequency (500 Hz) restricted the maximum vibration fre-
quency we could test to 200 Hz. Additional experiments will be
carried out to confirm that the feedback system can achieve even
higher vibration frequencies.

The user study was limited due to the absence of a true closed-
loop system with real-time sensing of surface properties, relying
instead on predefined parameters. Integrating sensors to record
actual surface characteristics (prosthetic hand) and enhancing
the sensory feedback with virtual visual effects could significantly
improve the user experience with the system. To minimize vari-
ation between users, future designs should include the sensori-
zation of the actuator surface (such as stretch-sensitive sensors)
in addition to controlling the internal pressure of the actuator.
Our initial testing has stimulated one location at a time, but stim-
ulating multiple locations simultaneously remains a common
limitation for noninvasive feedback solutions for amputees,
which will be addressed in future work.*) For long-term appli-
cations and integrated solutions, future studies should also inves-
tigate potential changes in surface properties, ideally using the
aforementioned stretch sensor embedded within the TPU mem-
brane. While we anticipate the actuator itself to be low-cost, long
endurance is necessary to increase the potential for user accep-
tance in real-life wearable systems.

Finally, miniaturization and noise reduction of the pneumatic
control unit will be important considerations in future studies,
particularly those involving activities of daily living. These aspects
were not required in the current study, where participants wore
noise-canceling headphones to eliminate environmental distrac-
tions and all tests were conducted in a seated, tabletop configura-
tion. Practically, the already low noise generated by our pneumatic
system could be mitigated by replacing the pump and reservoir
with a compact CO, cartridge and pressure regulator, as demon-
strated in a fully integrated pneumatic prosthesis socket by
Tanriverdi et al.**! In addition, recent advances in miniaturized
pneumatic systems—such as piezoelectric and conventional
micropumps, as demonstrated in the FlowIO platform, used
for haptic feedback in the HaptiKnit system®”! offer promising
directions for reducing the size and weight of pneumatic compo-
nents, thereby enhancing portability and wearability.

As the applications for haptic feedback continue to grow, our
actuator’s reduced physical footprint, improved customization,
and enhanced performance make it a promising solution for
applications where space and weight are critical factors (e.g., arti-
ficial limbs). We anticipate from our preliminary user tests that
our approach will allow for fast proof of concept, without requir-
ing complex modifications, into existing systems including pros-
theses, exoskeletons, supernumerary robotics, teleoperation, and
virtual reality, without the need for extensive modifications, fur-
ther underscoring its practical applicability and the importance of
the findings.

4. Experimental Section

Objective and Design: The objective of this study was to design and val-
idate a sensory feedback device, encompassing a soft SPA and its
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controller. The experiments aimed to determine the device's key mechan-
ical characteristics and assess its psychometric and functional perfor-
mance with able-bodied and individuals with upper limb amputation,
as representative of two potential applications (sensory augmentation
in virtual reality and restoration in prosthetics).

Actuator Manufacturing Process: The manufacturing process of the soft
actuator consisted of a few steps. Importantly, the main features, such as
size and shape, can be easily adjusted to fit the body mounting location
and the specific application without impacting the duration of the process.

First, the actuator shapes were cut out of TPU and heat-resistant paper
using a laser cutter. Then, the layers were manually assembled (see
Figure 1A), in the following order: first, the TPU; second, the heat-resistant
sheet to prevent the melting of the TPU layers in the air chamber area;
third, again, the TPU. Importantly, the heat-resistant separator was also
placed towards one extremity of the actuator to allow the insertion of
the air tube. A custom aluminum frame was placed between a heat press
plate and the assembled layers to protect the TPU chamber area from
excessive heat. However, it was also possible to heat seal the actuator
without using the custom frame. This approach came at the cost of alter-
ing the stretchability of the TPU membrane (see Figure S1, Supporting
Information). After the assembly, the actuator was sealed using a heat
press (temperature 155°, duration 100s) taken out, and a weight was
applied to it to prevent any warping, which may occur due to rapid cooling.
After cooling off, the heat-resistant separator (second layer, Figure 1A) was
removed. The soft actuator resulted in being 0.4 mm thick and weighed
less than 2 g. Finally, a PVC tube (TUH0604, SMC, USA) was sealed within
the inner sides of the TPU channel, using a hot air gun (see Figure S3,
Supporting Information) to allow for the actuator inflation. Depending
on the actuator air chamber size, tubes with an external diameter of 2
or 4 mm were used. The total manufacture time was less than 10 min.

Mechanical Characterization Tests—Isometric Force Test: The isometric
force test measured the relationship between transmitted force and infla-
tion pressure. The recording was performed with a load cell (1kN max
force) within a universal material tester (Instron 5965, Instron
Corporation, USA). The soft actuator was placed in a rigid 3D-printed cus-
tom mounting, allowing only upward inflation. For the 0 mm distance
condition, a preload of 1.5 N was applied. For the increased distance
recordings of 2, 4, 6, and 8 mm, the distance measured by the universal
material tester position control was used. For the recording, one TPU and
one nylon actuator (25 mm in diameter) were used for each design. The
actuators were inflated using air pressure levels ranging from 0 to 60 kPa,
in 1.7 kPa steps, with three repetitions for each actuator. The control sig-
nal comprised a stepped train of square waves with 5-s plateaus at
increasing amplitudes and 1-s pauses at 0 kPa between steps (negligible
rise time). This protocol was also repeated in the 0 mm distance testing
condition, while sweeping the air chamber diameter sizes for the TPU
actuator (10, 15, 20, and 25 mm, 5 repetitions, 2 actuators for each size).

A further endurance test in the 0 mm distance test condition was per-
formed using one 25 mm TPU actuator. Measurements were performed
over 100 min of continuous inflation/deflation cycles (5s inflation, 1s
deflation) from 0 to 30 kPa.

Mechanical Characterization Tests—Vibration Test: To analyze the vibra-
tion characteristics of the feedback system, 20 different frequencies
responses were tested (1, 2, 3, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60,
70, 80, 90, 100, 150, and 200) Hz. The frequencies were selected around
the sensitivity of the mechanoreceptors (SAl receptors are associated with
primarily static indentations and low-frequency vibrations; RAI receptors
are most sensitive at 40-60 Hz ;"1 RAIl receptors respond most sensitive
to high-frequency vibrations between 100-400 Hz),*' while the maximum
was defined by the updating frequency of the controlling system (500 Hz).
For every frequency, a dataset consisting of a 5-s baseline (used for the
three-axis accelerometer calibration) and 5s of vibration was collected.
The pressure level setpoint and actuator pressure were recorded by the
control system. The setup for the recording consisted of a TPU actuator
(25 mm) fixed to a custom rigid 3D-printed mounting allowing inflation
only towards the upper direction. A three-axis accelerometer (MPU
6050, TDK IvenSense Inc., USA) was used to validate the vibrations follow-
ing.2>* The accelerometer was attached to the top expanding surface
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and connected to a microcontroller (Arduino Mega 2550, Arduino,
Italy), sampling at 800 Hz. The 3D-printed mounting was placed on foam,
while the air supply controller was placed on a separate table, to reduce
unwanted vibration sources, such as the pump activation. The time and
frequency domains were analyzed using MATLAB (R2023b, Mathworks,
USA). Raw acceleration data was first recalibrated offsetting the reading
such that it read 0ms™2 in the static position and then low pass filtered
(fc=250Hz). The frequency accuracy was analyzed by identifying the
main frequency component present in the spectrum (fast Fourier trans-
formation, FFT) and computing the linear correlation of each value with
the corresponding setpoint. The peak acceleration (dB) was calculated for
each frequency setpoint and compared to the VPT in able-bodied humans
presented in ref. [35].

Testing  Protocol:  User Study—Able-Bodied ~Participants:  Fourteen
able-bodied individuals (4 women, 10 men, aged 26 +2.4years, 13
right-handed) participated in a single-session trial. Two stimulation loca-
tions were chosen for the experiment: the index fingertip and the inner
forearm, both on the nondominant side. The two locations were selected
due to their difference in sensitivity and potential applications. The finger-
tip is highly sensitive because of its high number of mechanoreceptors
(slowly adapting afferents 241 units cm™?),*? making it an ideal location
to test the system’s precision and responsiveness to fine stimuli. In con-
trast, the cutaneous skin of the forearm has fewer nerve endings (slowly
adapting afferents 6.5 units cm ), providing a different sensitivity pro-
file that helps evaluate the system’s performance across varying levels of
tactile sensitivity. In addition to their different mechanoreceptor densities,
the two locations were selected as they cover a range of practical appli-
cations (e.g., virtual reality, prosthesis).?"! The forearm feedback actuator
included a 25 mm-diameter actuator, placed using a one-size-fits-all brace-
let (participant circumference at stimulation location: 20-30 cm, with a
forearm length range of 21-27 cm) specifically designed for the experi-
ments (Figure 1C). The bracelet was fixated at 25% of the forearm length,
measured from the elbow, tightened using a BOA-like fit system ensuring
stability for the stimulation and comfort for the participant. The fingertip
feedback actuator, including a 10 mm-diameter actuator, was fixed with
the custom mounting shown in Figure 1C. Participants could choose
between two mounting sizes. The participants were randomly assigned
to have the fingertip as the first stimulation location and the forearm
as the second or vice versa to avoid learning bias. Participants wore head-
phones playing white noise throughout the session to prevent any addi-
tional information about the stimulation level other than somatosensory
cues (e.g., noises from the pump).

At the end of the experiment, participants completed a quantitative
evaluation using a seven-point Likert scale survey, consisting of ten ques-
tions about the system and the experimental tasks (control questions).
The questions followed what was proposed by ref. [40]. The questionnaire
assessed the comfort and quality of the experimental setup, the perceived
performance, and the participant's engagement with the interface and
feedback on the usage over a longer period (for full questionnaire see
Table S2, Supporting Information).

Testing Protocol: User Study—Participants with Transradial Amputation:
Three male individuals with transradial amputation (mean age 51.3 £ 13.6
years, right-hand amputation) participated in a single-session trial. Before
the experiments, participants were asked if they were experiencing any
limb or phantom pain. The 25 mm TPU actuator, specifically designed
for mounting beneath the prosthetic socket (see Figure 1B), therefore hav-
ing a long inlet that could be placed under the socket without being
uncomfortable as a PVC tube would be, was positioned on areas of the
residual limb that, when stimulated, evoked a phantom hand sensation
in the missing limb (see Figure 4A). To identify these locations systemati-
cally, we followed the procedure defined in ref. [17], where a grid was
applied to the residual limb, with each square assigned a number and let-
ter. The phantom hand map was then defined by repeatedly probing each
square with a round-tipped pencil. We furthermore aimed to activate the
confirmed phantom sensation using a Monofilament kit (calibrated set for
evaluation of tactile sensitivity). The small diameter of the filament acti-
vated the phantom sensations for two of the three participants only at
a very high threshold (>15 g), basically puncturing the skin.

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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Locations covered by electrodes used for controlling the prosthesis
were excluded. Additionally, preference was given to skin spots that cor-
responded to the fingertips on the palmar side of the phantom hand, as
these areas are most frequently involved in daily interactions with the envi-
ronment. The 25 mm actuator was positioned at the predefined location
on the residual limb and secured using standard medical tape. The ampu-
tee was then instructed to don the inner liner (ThermoLyn, Ottobock SE &
Co. KGaA) as they normally would when mounting the prosthesis over the
stump. Before the beginning of the tests, the actuator was gradually
inflated up to a maximum pressure of 60 kPa, with continuous confirma-
tion from the participant to ensure that the stimulation range did not
cause any discomfort or pain. The experiments were conducted in a closed
and quiet room. During the experiment, the participants sat comfortably
next to the stimulation device, located on a separate table, to prevent vibra-
tion cues (see setup in Figure S8, Supporting Information). Participants
wore headphones playing white noise throughout the session to prevent
any additional information about the stimulation level other than somato-
sensory cues (e.g., noises from the pump).

Testing Protocol: User Study—/Just Noticeable Difference Threshold Test:
The JND was determined using the two-alternative forced choice
(2AFC) method of constant stimuli.?! In each trial, participants received
two stimuli transmitted by the soft actuator in contact with the skin. Each
pair consisted of a RS, and a CS. Following [54], the stimulation values
were chosen so that the largest stimulus would almost always be judged
greater than the RS, and the smallest CS would almost always be perceived
lower than the RS. The predefined set of CS values was defined as 10, 22.5,
35, 47.5, and 60 kPa. The RS was set to 35 kPa. The total number of CS
levels and repetitions was chosen as a trade-off between the precision of
the estimated discrimination threshold and the duration of the experi-
ment, as the latter could impact the participant’s mental load and, thus,
their performance. With five CS stimulation levels and twenty repetitions
for each, the test consisted of 100 trials. The trapezoidal-shaped stimuli
had a rise time of 250 ms and a stimulus duration of 1s. The pause
between the stimuli pair lasted 2's (0 kPa), leading to a total test duration
that was less than 15 min for each location. During each stimuli pair pre-
sentation, the order of the RS and CS was equally randomized. To famil-
iarize the participants with the stimulation levels that would occur during
the main experiment, the stimuli levels were presented twice in ascending
order before the start of the measurement. Participants were asked if they
experienced any discomfort. In addition, it was assured that any noise
coming from the system was covered by the headphones. After the famil-
iarization, the participants were presented with 100 randomized stimuli
pairs. After each stimulus pair presentation, the participant reported which
stimulus was perceived as stronger by selecting either stimulus 1 (first) or
stimulus 2 (second) on a touchscreen. The participants were unaware that
the paired values also included RS equal to CS. They were instructed to
decide even if the levels were perceived as equal. The proportion of “stron-
ger” (CS > RS) responses was calculated for each stimulus level. For the
cases where RS was compared against itself, a predefined vector was used
to indicate if the first stimulus or the second one was considered as RS or
CS. The vector contained 20 elements, half being the first stimulus and half
being the second stimulus, in a randomized order. Using MATLAB
(R2023b, Mathworks, USA) curve fitting toolbox, a psychometric function
was fitted to the participant data (sigmoid, logistic using nonlinear least
squares estimation). The JND was calculated for each participant using the
point of subjective equality (PSE, the intensity value for 0.5 on the fitted
psychometric function) and the intensity values at the 0.25 and 0.75 points
on the psychometric function. Following,** the upper difference threshold
was defined as the difference between the PSE and the 0.75 point, and the
lower difference threshold as the difference between the PSE and the 0.25
point. The average of these two thresholds was taken as the difference
threshold for the RS.P®! The overall JND was calculated as the mean
JND between all able-bodied participants for the forearm and fingertip,
as well as for the overall JND by the amputees.

Testing Protocol: User Study—Perception-Matching Test: In this test, a
subgroup of five able-bodied participants (1 woman, 4 men, aged
26.6 + 2.4 years, 4 right-handed) interacted with matched pairs of real
and virtual rough surfaces. The experiment design included the rendering
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of three real surfaces: one smooth, and two sinusoidal with 1 and 4 mm
spatial period (3D printed using Grey-Pro Resin, Formlabs, USA). The
sinusoidal plates had a ridge height of 0.3 mm, and a ridge width of
0.4 mm, with a total plate length of 80 mm (values taken from refs. [32,55]).
At the beginning of the test, the participants were introduced to the real
plates, while staying unaware of the stimulation patterns provided by the
system and the amount of them (no training was performed). To improve
the roughness illusion, the interaction with the virtual surface was
designed in an active manner. Therefore, the participant started the stim-
ulation by using a haptic slider, designed for the experiment and consisting
out of two force sensitive resistor, FSR (FSR07C, Ohmite, USA), 80 mm
distant. The rendering was delivered via the soft actuator on the nondomi-
nant hand. The participants were instructed to slide on the one side along
the haptic slider with the stimulated fingertip and simultaneously on the
other side on the real plate (see Figure 3B). The participants were further
instructed to slide the 80 mm length within 2 s, leading to a sliding velocity
v of 40 mm s~ which is within the normal surface exploration speed.’*?!
Following the relation for the frequency f of vibration f=v/A (with the
velocity v and the spatial period 1),*? this experimental parameters
resulted in three rendering frequencies, aimed to match the three real sur-
faces: smooth, 1, 4 mm (0, 40 and 10 Hz). All stimuli were delivered with a
baseline pressure of 10 kPa, while the amplitude of the sinusoidal vibration
was set to 5 kPa for 40 Hz and 4 kPa for 10 Hz. The experiment consisted
of three steps, one for each real surface plate. Within each step, the three
virtual surfaces were presented five times against the real plate.
Participants were able to repeat the stimulation until they decided for a
similarity rating using verbal labels on a touchscreen (not at all, little
bit, middle, very much and fully,).’> The participants wore headphones,
playing white noise throughout the session. The similarity rating was used
to calculate the matching score, and then grouped as “same”, i.e., when
virtual stimuli matched the real surface, and as “diff”, i.e., when virtual
stimuli did not match the real surface (e.g., smooth surface but 1 mm vir-
tual stimulus). Given the three possible stimuli (smooth, 1 and 4 mm) in
the case of “diff,” the ratings of the two remaining conditions were
combined.

Testing Protocol: User Study—Intensity Classification Test: An intensity
classification test was conducted with three participants with transradial
amputations. The test aimed to evaluate their ability to distinguish and
correctly classify the intensity of three stimuli. To do so, the participants
were tasked with categorizing tactile stimuli delivered at three pressure
levels: 10, 35, and 60 kPa (low, medium, and high). The stimuli had a rising
time of 250 ms and a duration of 1s. To familiarize the participants with
the stimulation levels that would occur during the experiment, the stimuli
levels were presented twice in ascending order before the start of the
measurement.

During the experiment, each of the three levels were presented 20 times
in a randomized order. During each trial, participants classified the per-
ceived intensity of the stimulus into one of three predefined categories
corresponding to the pressure levels (low, medium, and high). With three
possible categories, the chance level for correct classification was 33.3%.
Additionally, participants labeled their sensations using the terms
“Pressure,” “Touch,” “Vibration,” “Tingling,” “Movement,” “Discomfort,”
and “Undefined,” based on.®¥ If none of the labels matched their sensa-
tion, they selected “Undefined.”

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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