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Abstract—Numerous studies have indicated that the use of
a closed-loop haptic feedback system, which offers various
mechano-tactile stimuli patterns with different actuation meth-
ods, can improve the performance and grasp control of prosthetic
hands. Purely mechanical-driven feedback approaches for var-
ious mechano-tactile stimuli patterns, however, have not been
explored. In this paper, a multi-cavity fluidic haptic feedback
system is introduced with details of design, fabrication, and
validation. The multi-cavity haptic feedback system can detect
the physical touch with direction at the fingertip sensor. The
direction of the force is reflected in the form of pressure devia-
tion in the multi-cavity fingertip sensor. The feedback actuator
generates various mechano-tactile stimuli patterns according to
the pressure deviation from the fingertip sensor. Hence, users
can identify the force with direction according to the stimuli
patterns. The haptic feedback system is validated through two
experiments. The initial experiment characterises the system
and establishes the relationship between the fingertip sensor
and feedback actuator. The subsequent experiment, a human
interaction test, confirms the system’s capability to detect force
with directions and generate corresponding tactile stimuli in
the feedback actuator. The outcomes corroborate the idea that
participants are generally capable of discerning changes in angle.

Index Terms—Haptic Feedback System, Mechanotactile Stim-
ulation, Soft Robotics, Upper-limb Prosthetics.

I. INTRODUCTION

MPUTATION of upper limbs causes a significant effect

on the ability and functions in daily activities. According
to data from the World Health Organization (WHO), 95%
of the 40 million amputees in developing countries lack
affordable prosthetic care [1]. Various reasons can lead to
limb amputation, such as diabetes, traffic accidents, occupa-
tional injuries, polio, meningitis, and stroke [2]. Trauma has
caused the majority of upper-limb amputations (31.5%) [3].
In particular, partial-hand amputations related to occupational
injuries are the most frequently amputated body parts [2].
Regarding the severity, amputees may require long-term,
frequent support to work and adapt to daily life. Hence,
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Fig. 1. CAD drawing of the five-chamber haptic feedback system.
Five chambers in the fingertip sensor and feedback actuator are
individually connected with silicone tubes. The four coloured cavities
(red, yellow, green, and blue) with the labels S1, S2, S3, and S4 on
the outer layer of the fingertip sensor are connected to the peripheral
chambers in the feedback actuator with the same colour and numbers
Al, A2, A3, and A4, respectively. The inner cavity is connected to
the central chamber in the feedback actuator. The entire system is
filled with water.

types of prosthetics are designed to help amputees, including
cosmetics, body- and battery-powered devices [4]. Notable
advancements in developing types of prostheses have been
achieved to reproduce hand functionality. Cosmetic prosthetics
are primarily designed for appearance rather than function,
helping amputees achieve a natural look [5]. Body-powered
prosthetics are mechanically operated by the wearer’s own
body movements. The system employs a series of cables,
harnesses, and levers—much like a bicycle’s brake system.
The user’s actions, such as chest expansion or waist bending,
are translated into prosthetic limb movements, such as opening
or closing a hand. These prosthetics, despite having some
functional limitations, are appreciated for their reliability, cost-
effectiveness, and suitability in low-resource settings [6], [7].
On the other hand, battery-powered or electric prosthetics
use battery-driven motors for movement. These smart devices
pick up Electromyography (EMG) signals from the remaining
muscles in the amputee’s limb to move the prosthetic. While
they offer more control and precision, they are more complex
and costly compared to body-powered prosthetics [5], [8], [9].



However, restoring the versatility of a hand is challenging,
especially in terms of conveying sensory information.

Tactile sensation is crucial for adept manipulation of the
human hand, and significant challenges emerge when such
sensations are diminished or completely absent. There have
been substantial advancements in equipping amputees with
sensory perception using both invasive and non-invasive haptic
feedback systems. A spectrum of systems, including static
mechano-, vibro-, electro-tactile, and hybrid models, have been
assessed in [10]-[12]. A range of mechano-tactile stimuli have
been facilitated by the rigid mechanisms of the haptic feedback
system, through skin stretch and indentation [13]-[16]. In [17],
they provide a platform to deliver different kinds of tactile
stimuli. There is an emerging trend towards haptic feedback
systems with soft structures, owing to their user-friendly
features and simple structure [18]-[20]. In [21], [22], soft
elastic pockets were incorporated into the prosthetic socket
to denote contact force by inflating the socket with a pump.
Nevertheless, cost remains a significant factor for amputees. A
pneumatically actuated soft sleeve was developed to provide
users with a variety of tactile stimuli [23]. Moreover, the work
by [24] offers a reconfigurable platform featuring various soft
elastic structures for forearm tactile stimulation.  Notably,
purely mechanical-driven feedback methods associated with
low costs have been relatively under-explored. The initial
concept was introduced by Rosset [25] in 1933. Subsequently,
Conzelman et al. were granted a patent in 1953 for the closed-
loop sensory attachment which facilitates contact transmission
in prosthetics. Initial studies concerning a pneumatic closed-
loop haptic feedback system were undertaken and validated
with subjects in [26]. A fluidic closed-loop haptic feedback
system employing incompressible fluids has been validated
with an analytical model [27], [28]. Existing research on
fluidic haptic feedback systems has focused on single chamber
designs to indicate physical contact. However, a multi-chamber
system that can indicate both contact and direction is still un-
developed. Numerous studies suggest that employing a closed-
loop haptic feedback system with multiple mechano-tactile
stimuli patterns enhances the functionality and grasp control
of prosthetic hands [29]-[32]. A haptic feedback system with
multi-actuator generates vibro-tactile haptic patterns helping
amputees to identify the contact location of the fingertips in
a prosthetic hand [33]. However, a fluidic haptic feedback
system has not been developed with a multi-actuation design
to identify contact locations.

This paper introduces the design, fabrication, and character-
isation of a multi-cavity, fluidic haptic feedback system fea-
turing a soft-structure fingertip sensor and feedback actuator,
illustrated in Fig. 1. The proposed haptic feedback system
operates by converting tactile information captured by the
fingertip sensor into mechanical pressure changes, which are
then transmitted through fluid-filled channels to actuate soft
actuators against the skin on the forearm, providing intuitive
tactile feedback to the user. The contributions are:

o The development of a novel mechanically-driven, multi-
cavity haptic feedback system designed to sense and
indicate touch, including direction. The system adopts

an optimised soft structure within a coupled hydraulic
system to generate varying tactile patterns.

o The proposed system is both lightweight and cost-
effective due to its entirely mechanical nature, thereby
eliminating the need for electronic components such as
batteries or a micro-controller.

In applications for upper-limb prostheses, our haptic feed-
back system might enrich the user’s sensory experience and
control. As each fingertip provides an array of tactile forces,
the system might allow amputees to precisely understand
the direction and nature when in interaction with objects.
This perception might enable users to perform complex tasks
with greater accuracy, such as distinguishing between different
textures or grasping objects of varying shapes and sizes.

Section II introduces the operating principles of the entire
haptic interface, providing detailed descriptions of both the
fingertip sensor and the feedback actuator. In Section III,
the fabrication processes for the soft structures used in the
fingertip sensor and feedback actuator are elucidated. An
engineering characterisation of the proposed system, along
with validation tests conducted with healthy subjects, are
presented in Section IV, followed by a critical discussion in
Section V. Section VI consolidates the key findings of this
research and offers recommendations for future work.

II. DESIGN OF THE HAPTIC FEEDBACK SYSTEM

The multi-chamber fluidic haptic feedback system presented
in Fig. 1 shares features with the initial prototype described
in [27], including being mechanically driven and capable of
sensing physical interactions with objects, then subsequently
transferring the tactile sensation back to the user. In order
to sense and feedback not only the force level but also its
direction, the haptic feedback system is designed with multi-
cavity structure. It comprises two key components: a fingertip
sensor and feedback actuators, each containing five cavities.
A double-layered elastic membrane forms an ellipsoid shape
at the fingertip, with four individual cavities in the outer layer
and one in the inner layer. The four outer layer cavities follow
a four-quadrant pattern. The feedback actuator also has five
chambers with round-shaped membranes, with one central
chamber and four peripheral chambers arranged circularly
around the centre at 90° angles to each other.

In Fig. 1, the four outer layer chambers of the fingertip sen-
sor, coloured red, yellow, green, and blue, are connected to the
corresponding coloured peripheral chambers of the feedback
actuator. The inner cavity connects to the central chamber of
the feedback actuator. The mapping strategy ensures that force
patterns on the forearm, mirroring those on the fingertip sensor,
intuitively indicate the same direction of force at the prosthetic
end. Altogether, the five fingertip sensor chambers connect to
the feedback actuator chambers individually through silicone
tubes, forming five independent closed-loop cavities filled with
incompressible fluid water.

As the fingertip sensor interacts with objects from various
angles, the five cavities deform responsively. Depending on
the contact angles and object shapes, the five chambers ex-
hibit different deformation patterns due to varying hydrostatic



pressure amplitudes. Given water’s incompressible nature, the
fluid flows to the feedback actuator as the chambers deform,
pressurising the feedback actuator membranes individually and
generating the tactile pattern detected by the fingertip sensor.

A. Design of the fingertip sensor

Fig. 2(a) provides a general configuration of the fingertip
sensor, which is ellipsoid shape with four quadrant chambers.
Fig. 2(d) illustrates an exploded view of the fingertip sensor
structure, which includes an outer layer, curved ribs, and an
inner layer. In Fig. 2(b), the cross-section view of the fingertip
sensor shows that both the inner and outer layers are 1 mm
thick, while the curved ribs possess a height of 2mm. In
the fingertip sensor, the cavities in four quadrant chambers
is 144.02mm?>, and in inner cavity is 314.16 mm?. The
diameter of the inner cavity is 10 mm. The sensor comprises
a total of five cavities—four arranged in a quadrant pattern
within the outer layer and one formed within the inner layer.
The curved design of the ribs reduces compression strength,
thereby increase the flexibility during deformation, as the
primary function of the ribs is to partition the cavities.

When the inner cavity deforms due to an intensive deforma-
tion, a considerable volume of liquid flows toward the enhance
chamber in the feedback actuator. When the inner cavity is
significantly deformed, a substantial volume of liquid is di-
rected towards the enhancement chamber within the feedback
actuator. Hence, the inner layer of the fingertip sensor acts as
a sensor of a high force level touch on a prosthetic hand. In
Fig. 2(c), the bottom of the double-layered membrane seals the
five cavities, with round housing in corresponding positions to
connect with pipes for water flow.

B. Design of the feedback actuator

The aim of the feedback actuator is to react to pressure
elevations in each cavity, creating tactile stimuli for users.
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Fig. 2. The configuration of the double-layer fingertip sensor. (a) Top
view (b) Cross-section view (c) Bottom view (d) Exploded view.
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Fig. 3. Configuration of the feedback actuator:(a) General view of the
feedback actuator. (b) Top view of the feedback actuator. (c) Side-
section view of a linear actuator. (d) Side-section view of an actuated
actuator by a pressure p. (e) Cross-section view of a linear actuator

Though membrane inflation has proven effective in generating
mechano-tactile stimuli as shown in [21], [22], the limited
volume of the cavities in the fingertip sensor necessitates a
design to minimise inefficient deformation for tactile stimuli.
Thus, an optimised linear actuator, characterised by a thread-
reinforced cylindrical geometry, is utilised, which exhibits
elongation when subjected to pressure.

Thread reinforcement, first introduced in [34], has been
widely utilised to control motion of soft actuators in various
applications [35]-[40]. Studies comparing thread-reinforced
soft actuators have shown that reinforcement significantly re-
duces the ballooning effect, allowing for up to ten times higher
deformation with hydraulic actuation in desired areas [41],
[42]. Thread reinforcement minimises lateral inflation and
increases actuation efficiency to achieve intended motions, as
compared to flat membrane inflation. Upon pressure applica-
tion to the actuator chamber, the thread enhances the radial
stiffness of the cylindrical chambers, causing them to elongate
rather than inflating in all directions.

The five cavities of the fingertip sensor are connected
to five linear actuators to generate tactile patterns. Fig. 3(b)
displays how four directional actuators surround the central
intensifier actuator. According to [43], the minimum distance

TABLE I: Design specification of feedback actuators

Symbol Definition Value & Unit(mm)
i Length of actuators D&C:15

D, Outer diameter of actuators D:10&C:35
D, Inner diameter of actuators D:8.5&C:33.5
D; Diameter of threads D:9.25&(C:34.25
Dy Distance of two directional actuators D:40
De Distance of directional to the enhance D:20
O Thickness of silicone layers D&C:0.75

* Design parameters with D: Directional chambers, C: Central chamber.
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Fig. 4. In the fabrication process of the haptic feedback system, moulds highlighted with blue colour means the surface is in contact with
silicone compound. (a) Moulding progress of the fingertip sensor: (b) Diagram of fabrication of the feedback actuator

necessary for two-point touch discrimination on the forearm
is 40 mm. This value offers critical insights into the spatial
resolution of tactile sensations on the forearm. Therefore, the
gap from the centroid of each side directional actuator, D,
is 40 mm. Consequently, users can distinguish each point of
stimuli from directional chambers when both chambers engage
simultaneously. The D., representing the centroid distance
between the intensify actuator and the directional actuator, is
20mm. As a result, the user perceives only one point of stimuli
while the directional and intensify actuators are activated
simultaneously. When the intensive deformation happened at
the fingertip sensor, user will feel the extensive tactile stimuli
when the enhance actuator is actuated. Thus, the contribution
of the enhanced chamber is to serve as an indicator, signalling
when the prosthetic hand is engaging in a grasp that involves
a high force level. This feature provides users with intuitive
feedback about the intensity of their grip. In Fig. 3(e), a
cross-sectional view of the linear actuator shows the elastic
silicone (grey) and embedded thread (blue circle). The outer
diameter D, is 10mm, the inner diameter D, is 8.5mm,
and the embedded thread has a diameter of 9.25 mm. Table I
summarises the design specifications. In the feedback actuator,
the cavities in four directional chambers is 56.74 mm?, and in
inner cavity is 880.97 mm?

III. FABRICATION OF THE HAPTIC FEEDBACK SYSTEM

To create a durable, purely mechanically driven haptic feed-
back system filled with water, silicone polymer was chosen for
fabricating the fingertip sensor and feedback actuator due to its
softness, skin-friendly, robustness, and waterproof properties.
The Dragon Skin 20 series was selected to create the fingertip
sensor for its high elasticity, shape retention, and minimised
pressure increase interaction in cavities. Ecoflex 0010 was
chosen to cast the stretchable wall of each linear actuator,
and the sealing layer of actuators utilises Dragonskin 30, a
stiffer silicone. The soft feature of Ecoflex 0010 allows the
linear actuator to elongate under pressure, generating more
intense tactile stimuli. This difference in stiffness enhances
the efficiency of pressurisation in producing tactile stimuli.

The manufacturing process of the fingertip sensor and
feedback actuator is demonstrated in Fig. 4. Both devices
employ moulding methods to fabricate. The surfaces of moulds
coloured in blue represent the contact surface of the uncured
silicone liquid and the shape of the cured silicone solid. The
mixed silicone compound is prepared and degassed in a vac-
uum chamber using a vacuum pump at a vacuum pressure of
—0.9, bar, ready for pouring. The uncured silicone compound
(viscous liquid) is poured into the mould and solidifies into
an elastic material with the desired shape after curing. Casting
moulds were designed using Solidworks (Dassault Systemes
SE) and 3D printed by a Form 3+ printer (Formlabs Inc.) with
photopolymer resin (Tough 2000 V1).

In order to maintain the consistency of the elastic com-
ponents, the uncured compound has a mix weight ratio of
1:1, measured by a highly accurate weight scale (ACCT)
with 0.01 g accuracy. During fabrication, this weight ratio was
strictly maintained to ensure material consistency. Regarding
the structure of soft components, including the fingertip sensor
and feedback actuator, they were crafted using 3D-printed
moulds from a Formlab 3B printer, which offers high accuracy
with a 0.025 mm resolution. This printer ensures dimensional
consistency for the moulds. Although the fabrication process
involves manual operations, which could lead to inconsisten-
cies at minor level, overall consistency remains high due to
these stringent measures.

A. Fingertip sensor

The fabrication process of the fingertip sensor is illustrated
in detail in Fig. 4(a). The double-layer soft structure of the
fingertip sensor requires a three-step fabrication process for
the outer and inner layer as well as for the bottom sealing, as
outlined below.

a) Outer layer: The outer layer, inclusive of the ribs,
is created using a two-part moulding technique. An ellipsoid-
shaped mould base is loaded with uncured silicone, after which
a corresponding positive mould is applied, ensuring precision.
Upon curing of the silicone, excess material is meticulously



trimmed, ultimately yielding the outer layer adorned with
curved ribs.

b) Inner layer: The creation of the inner layer com-
mences while the outer layer with ribs is still retained within
the mould base. Curved-edge support chips are introduced to
preserve the volume of the outer layer’s cavities throughout
the casting process. These chips, in conjunction with the rib
surfaces, establish an ellipsoid shape destined to form the inner
layer. Uncured silicone is then dispensed into this setup and
subsequently capped. The silicone adheres to the exposed rib
surfaces upon curing. Following this, both the support chips
and any surplus silicone are extracted, culminating in a double-
layered ellipsoid membrane.

c) Bottom sealing: A two-part mould is utilised to seal
the fingertip sensor using silicone. To prevent excess silicone
from interfering with the design, a release spray (HD-SIL
RELEASE, Ambersil) is coated to the exterior surface of the
fingertip membrane. Uncured silicone is then poured into the
lower section of the sealing mould, followed by the insertion
of the double-layered fingertip sensor. A cap, equipped with a
positioning hollow, is employed to guarantee a precise seal
in accordance with the intended shape and size. Once the
fingertip is sealed, silicone pipes are attached to the housing
in the bottom layer using silicone glue (Sil-poxy, Smooth-on)
for fluid flow.

B. Haptic feedback actuator

The thread reinforced actuator requires three steps fabrica-
tion process, as outlined in Fig. 4(b). The thread (cotton) with
a rough surface generates robust adhesion with the silicone
solid, ensuring the thread experiences the same displacement
as the attached silicone under pressurisation.

a) Mould assembly: Cotton thread is wrapped around
the chamber moulds designated for each linear actuator. Four
mould pieces are then assembled, generating five cylindrical
chambers at the centre. A positioning plate, furnished with
grooves and holes, is employed to secure the moulds together,
thus guaranteeing the accuracy of the dimensions for the
silicone after curing.

b) Silicone casting: Uncured silicone (Ecoflex 0010) is
poured into the assembled moulds to create the actuator. Once
cured, the chamber moulds are removed, leaving the thread
embedded in the silicone. Smaller diameter chamber moulds
are inserted and filled with silicone. After curing, the moulds
are removed, forming a reinforced layer in each actuator to
enhance durability and robustness.

c) Sealing and demoulding: A stiffer silicone (Dragon-
skin 30A) is used to seal the actuators on both sides. By
replacing the positioning plate with a mould, a stiffer layer
is cured on the actuator’s top. Silicone pipes are attached to
the actuator’s bottom using silicone glue (Sil-poxy, Smooth-
on) for fluid flow. Finally, the mould components are removed,
yielding the finished feedback actuator.

C. System Assembly

The assembly of the haptic feedback system involves steps
to ensure proper function and reliability. First, a syringe is
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Fig. 5. The workbench of the characterising test for the five-chambers
haptic feedback system: (a) The overview of the workbench setup.
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schematic diagram of the outer layer of the fingertip sensor with the
corresponding name.

used to fill the system with liquid. The components, including
the fingertip sensor and feedback actuator, are then placed
in water and put into a vacuum chamber to remove any air
bubbles. This step is crucial to eliminate air pockets that could
affect system performance.

After removing the air bubbles, the system is assembled
underwater to keep the liquid intact and prevent air from en-
tering. The components are then sealed with the silicone pipes
and silicone glue to ensure a watertight seal, enhancing the
system’s durability. The hose connecting the fingertip sensor
to the feedback actuator is 235 mm long. The inner diameter
of the silicone tubes is 0.75mm, and the outer diameter is
1.25 mm. These dimensions are essential for maintaining the
system’s fluid pathways and ensuring accurate haptic feedback.

IV. VERIFICATION AND VALIDATION OF THE
MECHANICAL-BASED HAPTIC FEEDBACK SYSTEM

Two experiments were carried out to evaluate and analyse
the haptic feedback system. Firstly, the haptic feedback system
was characterised with a workbench. The relationship of
pressure, indentation, angle, and force between the fingertip
sensor and the feedback actuator was determined. Section IV-B
presents the human interaction test to identify the touching
threshold, the direction of the force, and the level of the force.

A. Experiment 1: Characterising the haptic feedback system

Protocol: This experiment was structured to characterise
the physical correlation between the chambers in the fingertip
sensor and the associated actuators in the feedback actuator
using a single system. The force F, applied to the fingertip
sensor, the force Fy elicited by the feedback actuator, and
the internal liquid pressure P, of each closed-loop cavity in
the haptic system were recorded. The fingertip sensor was
indented by 4mm at a rate of 5.8l mm/s at a variety of
directions composed of rotation angle (6,) and pitch angle
(6,). The choice of an indentation depth of 4mm and a
speed of 5.81mm/s is based on research into human hand



grasping data from [44] and [45]. The selection is aimed
to validating the system’s relevance in real-world scenarios.
Related data in the experiment, including angles (6., 6.),
pressure, indentation, response force on the fingertip sensor,
and the blocked force at the feedback actuator, was recorded
via hardware sensors. Each scenario with different angles was
tested five times, and an average was obtained from the trials.

To assess the capability of the sensor in discerning different
contact angles via pressure differences among the five cham-
bers, the experiment was conducted using a combination of
angles. The rotation angle (#,) ranged from 0° to 45° with an
interval of 22.5°, while the pitch angle (6,) varied between 90°
and 60°, with a 10° increment. When 6, is 90°, the fingertip
sensor is perpendicular to the force sensor. This alignment
results in an equivalent level of indentation in each chamber
of the fingertip sensor, regardless of the value of 6. Hence,
when @, is set to 90°, only 6, at 0° was subjected to testing.

The pitch angle (6,) starts from 60°. If the value of 8, is
less than 60°, the Force/Torque (F/T) sensor cannot provide
the sufficient indentation of 3 mm to the fingertip sensor. The
rotation angle (f,) range was determined based on the axis-
symmetry of the sensor about its major and minor axes, given
its ellipsoid shape. Therefore, the results within a range of 0°
to 90° can be extrapolated to cover any indentation angle, 6.

Experimental setup: The experimental workbench was con-
structed as shown in Fig. 5(a), including a linear rail (Zaber X
LSM100A) with 0.05 pm sensitivity, a 6-axis force/torque sen-
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first column shows the relationship between the fingertip force F
and indentation Ho. The corresponding pressures P. in five-cavities
against the indentation Ho in the second column. The third and
fourth columns present the enlarged view of the fingertip sensor with
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sor (IIT FT17) with 0.318 mN sensitivity, five membrane force
sensors (MFO1A-N-221, Alpha TW) with 1.89 mN sensitiv-
ity, and five pressure gauge sensors (ABPDANVO15PGAAS,
Honeywell) with 0.033 kPa sensitivity. The linear rail records
the indentation applied to the fingertip sensor, while a 6-
axis force/torque sensor measures the force exerted on the
sensor. Pressure gauge sensors are utilised to monitor pres-
sure changes within the five closed-loop cavities, and five
membrane force sensors track the output force of the linear
actuators within the feedback actuator system. A 3D-printed
rigid mechanism is employed to adjust the rotation angle (6,)
and pitch angle (0,) of the fingertip sensor. As depicted in
Fig. 5(c), the outer layer chambers in the fingertip sensor are
labelled as follows: Upper Left (UL) in light blue, Upper Right
(UR) in dark blue, Down Left (DL) in light red, and Down
Right (DR) in dark red.

Test Results: The test results related to indentation Hy, force
exerted on the fingertip sensor F,, and liquid pressure in the
five closed-loop cavities P, are shown in Figs. 6 and 7. The
relationships between pressure P, and blocked force F; for
the five actuators are represented in Fig. 8. The data associated
with each cavity of the five cavities are colour-coded: light
blue for upper left (UL), dark blue for upper right (UR), light
red for down left (DL), dark red for down right (DR), and
yellow for the center chamber (C). Overall, both the force on
the fingertip sensor F, and the pressures P, display a non-
linear increase relative to the indentation H,, with pressures
growing exponentially after Hy exceeds 1.6, mm. However,
the variation in pressure across different chambers and force
F, on the fingertip sensor fluctuates in magnitude as the
rotation angle 6, and the pitch angle 6, change.

In Fig. 6, the pitch angle 6, is varied from 90° to 60°
in decrements of 10°. As shown in Fig. 6(a)-3 and (a)-4,
an evenly distributed compression was observed across the
four chambers in the outer layer of the fingertip sensor when
compressed at 6, = 90°. At 4 mm of indentation, the fingertip
force F; peaks at 4.86 N and the centre pressure P,y reaches
8.96 kPa. Meanwhile, the pressures in the chambers of the
outer layer of the fingertip sensor, specifically Por), Pevr)s
P.pr), and P,(pr), reaching at approximately 7.26 kPa. In
contrast, when the fingertip sensor is compressed at 6, = 80°,
as demonstrated in Fig. 6(b)-3 and (b)-4, the compression
starts leaning towards the left side of the fingertip, resulting
in a more intensive compression on the left-side chambers.
At maximum indentation, the force on the fingertip sensor
measures 5.21 N. It is noteworthy that the pressures increase
in a non-linear trend with increased indentation. The left-side
pressures, Por) and P, pr), reach a higher level of around
9.48kPa, similar to P.). In comparison, the chambers on
the right side register lower pressures. The maximum pressure
disparity between the left-side (P,yr) and P.(pr)) and right-
side chambers (P, ygr) and Py pr)) is 3.93kPa, observed
at the maximum indentation. In Fig. 6(c) and (d), the pitch
angle 6, is reduced to 70° and 60° respectively, leading to
further inclination of compression towards the left side of the
fingertip sensor. With the pitch angle set at 70°, the maximum
force exerted on the fingertip sensor amounts to 5.92N. In
terms of pressures, P,y and P, pr) hit 11.92kPa, while
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Fig. 7. The relationship between the force F. and indentation Ho,
the pressures P. against the indentation Hp, the enlarged view of
the fingertip sensor are compared amongst changes in rotate angle
0. and pitch angle 0..

P,y and P pr) register 4.21kPa, this at an Hy value of
4 mm. The central pressure, PC(C), reaches 9.61 kPa, while the
deviation of pressure among the chambers in the outer layer
expands to 7.71kPa. In Fig. 6(d), with the pitch angle 6,
further decreased to 60°, the maximum force on the fingertip
sensor ascends to 7.27 N. The pressures, P.yr) and Py(pr),
in the chambers on the left side rise to 12.65 kPa. On the other
hand, P, yr) and P, pg) are considerably lower, registering
at 2.66 kPa. In this scenario, the pressure deviation escalates
to 10.14 kPa.

In reference to the test results shown in Fig. 6, as the pitch
angle diminishes from 90° to 60°, there is a gradual increase in
the force applied, scaling from 4.86 N at 90° up to 7.27 N. The
pressures within the chambers of the fingertip sensor respond
in diverse ways. With a decreasing pitch angle, the pressures
P,ury and Pypr) on the left side progressively rise from
7.26 kPa to 12.65kPa. Conversely, the pressures P,y gy and

P.(pr) reduce from 7.26 kPa to a mere 2.66 kPa. In addition,
the deviation in pressures, as compared between the left and
right sides, consistently augments from 0kPa to 10.14 kPa.

Fig. 7 shows the performance of the fingertip sensor under
varying rotational () and pitch (6,) angles. The results
indicate an increase in force and pressure inside the sensor
chambers as the pitch angle decreases from 90° to 60°, with
changes in the rotational angle affecting the distribution of
this pressure. Specifically, the force applied increases from
4.97N to 14.54 N with adjustments in 6,, and 6, showcasing
a complex relationship between the sensor’s orientation and
the mechanical forces exerted upon it. The compressed side
of chambers, particularly P, (pr), consistently exhibit higher
pressures, illustrating the force angle in pressure deviations.
Detailed examination, such as in conditions with 6, = 80°
and 0, = 22.5°, reveals that the lower left chamber under-
goes significant compression, leading to a marked increase
in pressure. This pattern becomes more pronounced with
a decrease in pitch angle; at 8, = 70°, the pressure im-
balance between chambers becomes more noticeable. This
illustrates the sensor’s reaction to changes in its orientation,
with significant variances in force and pressure responses,
particularly in the chambers on the outer layer, reflecting the
alteration in compression direction and intensity. Additionally,
when assessing the sensor at a rotation angle of 6, = 45°,
the disparity in force and pressure across different chambers
expands notably, especially as the pitch angle is reduced
to 60°. This situation highlights the critical influence of
increased rotational and pitch stimuli on the sensor’s feedback
mechanism. The force response under these angles provides
indicates its capability to translate complex angular changes
into distinct tactile feedback.

The results show that an increase in rotation angle 6, leads
to an increase in both F, and pressure deviations. Differently
from the decrease in pitch angle 6., a rise in 6, inclines the
indentation direction toward a single chamber, resulting in a
rapid increase in pressure compared to other chambers. In
varying scenarios with different 6, a larger 6, shifts the direc-
tion more towards the DL chamber. Specifically, at 6, = 45°
and 0, = 60°, the compression approaches its limit, where
additional compression leads to exponential increases in force
without corresponding significant deformation and pressure
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Fig. 8. Linear relationships between the output force at the feedback
actuator and the internal liquid pressure for each linear actuator.



increase, as the sensor nears contact with the rigid support
and can no longer compress the cavities in the fingertip sensor
effectively. During the indentation of the fingertip sensor, the
internal liquid pressure within the five cavities rises, resulting
in the water medium transferring this pressure increase to the
corresponding linear actuators in the feedback actuator, thus
pressurising them. The resultant blocked force from each actu-
ator, due to the pressure increase, is measured by force sensors.
The linear relationships between these forces and the pressure
are shown in Fig. 8, which presents summarised data from dif-
ferent compression cases with varying ¢, and 6. Forces from
directional actuators are represented in different colours: UL
(light blue), UR (dark blue), DR (dark red), and DL (light red).
These relationships align with each other, displaying similar
linear trends. Every directional actuator was pressurised with
a maximum pressure of 23.5kPa from the fingertip sensor.
The UL chamber’s pressure produces the highest value for
the maximum transmitted force (2.98 N), as opposed to the
DR (2.91N), UR (2.88N), and DL (2.74N) chambers. The
slopes of the linear relationships for the directional actuators
are as follows: 0.1219 N/kPa for UL, 0.1305 N/kPa for UR,
0.1244 N/kPa for DR, and 0.1158 N /kPa for DL.

The intensify actuator, connected to the central (C) chamber
in the fingertip sensor, is indicated in yellow. It has an outer
diameter of 25 mm, compared to the 10 mm outer diameter of
the directional actuators. The larger diameter of the intensify
actuator yields a higher force output at the same pressure
level. Consequently, the slope of the linear relationship for
the intensify actuator is 0.2053 kPa, and it reaches a force of
3.43 N at the maximum pressure of 16.95 kPa exerted by the
fingertip sensor.

B. Experiment 2: Human interaction tests

Protocol: This section aims to examine participants’ re-
sponses to tactile stimuli produced by the five-cavity haptic
feedback system through three experimental sessions. In the
first session, participants were asked to identify the source
of a single tactile stimulus when a single directional cham-
ber of the fingertip sensor was randomly compressed. In
the second session, two adjacent directional chambers were
simultaneously compressed, and participants had to identify
the activated actuators. The final session involved varying the
rotate angle 6, and pitch angle 6, of the compressed fingertip
sensor, with the feedback actuator generating corresponding
patterns. Participants were tasked with identifying the tactile
stimulus’s location based on 6, and 6,. The rotate angle 6,
was varied from 0° to 45° in increments of 22.5°, while
the pitch angle €, ranged from 60° to 90°, in increments
of 10°. The fingertip sensor’s axisymmetry necessitated the
extrapolation of the rotate angle 6, beyond 0° to 45°. These
experiments were designed to validate the haptic feedback
system’s effectiveness. In total, there were six male and four
female healthy participants, aged between 23 to 34 years old.
The study received approval from the UCL Research Ethics
Committee (application number 12453/001).

In these experiments, all participants engaged in trials
involving 50 stimuli. In the first two sessions, the activated

directional actuators applied a constant force of 0.5 N, main-
tained for 1s. Participants were then asked to identify the
stimulus’s location and specify the actuators responsible for
the tactile stimuli. Their responses were recorded. In the third
session, not only were participants required to identify the
location and the activated actuators, but they also had to
determine the pitch and rotate angles based on the force levels
and patterns produced by the feedback actuator. Prior to each
session, participants underwent a training session to familiarise
themselves with the haptic feedback system.

The training sessions aim to enhance users’ familiarity with
tactile stimuli delivered by actuators from different directions
and with various force patterns. Each session gradually in-
troduces increasingly complex force patterns, starting with a
single actuator touch and progressing to multiple actuators
providing extensive touch. The training sessions were designed
to last five minutes, during which tactile stimuli were randomly
given, and users were given correct identifications. This ap-
proach helps build accurate recognition of tactile sensations.

Test setup: In these experiments, ten participants sat com-
fortably with their forearms relaxed on a table. To minimise
potential external distractions, participants’ visual and audi-
tory senses were masked, allowing them to focus on tactile
perception. The feedback actuator was housed in a rigid case
that permitted placement of the participant’s forearm and
adjustment of the linear actuator’s indentation direction. As
depicted in Fig. 9(a), the feedback actuator was situated on the
inner side of the participant’s forearm, 15 cm from their wrist.
Linear actuators corresponding to the fingertip sensor’s upper
chambers were directed towards the participant’s wrist. The
fingertip sensor was compressed with controlled deformation
in both depth and angles (6, and 6,) using the workbench
setup shown in Fig. 5. The angle adjustment mechanisms
allowed static control of the compression angles, while the
linear rail controlled the depth of compression for each trial.
Fig. 6 and 7 illustrate the resulting compression angles and de-
formations. This setup ensured consistent and accurate control

Bl s ey
(b) Non-actuated

T__r_..L

(€) 6, = 0°, 6, = 90°

15cm
Feedback

actuator

d) 6,=0°6,=70°
Elastic (@ O z

case
@) (e) 6, = 22.5°,6, = 60°
Fig. 9. (a) Configuration of the feedback actuator worn by one
participant. (b)-(e) Actuated feedback actuator in different angle
indentations at the fingertips sensor.



of the fingertip sensor’s deformation during the experiment.

The force exerted on the participants by the feedback
actuator in the first two sessions was precisely controlled and
recorded by monitoring the liquid pressure, according to the
linear relationship presented in Fig. 8. In the third session, a
linear rail controlled the indentation to the fingertip sensor.
Fig. 8(b) shows the resting condition of the feedback actuator.
Corresponding patterns produced by the feedback actuator at
different angles are displayed in Fig. 8(c), (d), and (e), which
correspond to 6, = 0°,0, = 90°, 8, = 0°,0, = 70°, and
0, = 22.5°,0, = 60°, respectively.

Test Results: Fig. 10 presents confusion matrices represent-
ing the results of a single-point location test. The vertical axis
denotes actual stimuli presented to the participants, while the
horizontal axis reflects participants’ responses. The summary
on the figure’s right-hand side reflects the accuracies of
participant responses to each stimulus type. Correct answers,
which align with actual stimuli, are highlighted in blue cells.
Alternatively, red cells represent erroneous responses, indicat-
ing participant confusion. In the first session, ten participants
underwent testing with a total of 522 stimuli. Fig. 10(a) reveals
a proficiency of 93.93% in accurately identifying stimulated
fingertip locations corresponding to feedback actuators at four
distinct locations. The precision for UL, UR, DR, and DL
locations was fairly uniform, at 90.5%, 96.3%, 95.7%, and
93.2%, respectively. The tactile stimuli could be correctly
discerned at all four locations in most cases. Participant errors
appear to be evenly and randomly distributed across the figure,
showing no discernible pattern.

During the second session, a total of 500 stimuli were
administered to ten participants. The overall accuracy in
identifying two activated actuators in the feedback from the
stimulated fingertip was 89.35%, as shown in Fig. 10(b). The
case of UL & UR, UL & DL, UR & DR, and DR & DL
demonstrated the accuracy levels of 89.9%, 92.9%, 87.9%, and
86.7%, respectively. For UL & UR stimuli, 8 of 14 errors were

Stimuli

uL UR DR DL . UL&URUL&DLUR&DLDR&DL
Response Accuracies Response
(@ (b)

mistakenly identified as UL & DL. The remaining errors were
dispersed across the figure, with only one or two instances
per error. Despite these errors, most two-point stimuli could
be correctly identified by the participants.

In the final session, participants were tasked with dis-
tinguishing the rotate angle 6, and pitch angle 6, of the
compressed fingertip sensor, based on the inflation patterns
produced by the feedback actuator. ten participants undertook
the test, which consisted of 500 stimuli in total. Fig. 10(c)
shows the results. On average, the accuracy of the participants
in distinguishing the angles was 45.29%. The instances of
(22.5°,80°) yielded highest accuracies of 71.4%, whereas the
(22.5°,70°) scenario produced the lowest accuracy at 25.4%.
The layout of the horizontal and vertical axes is in descending
order of #,, and within each 6, 6, varies in 0°, 22.5°, and 45°.
The confusion errors in this session were generally located
within a deviation of three cases on either side of the correct
answers.

C. Experiment 3: Usability test

Protocol: This section aims to validate the usability of
the proposed multi-cavity fluidic haptic feedback system for
upper-limb prostheses. As shown in Fig. 11(a), the haptic feed-
back system has been integrated into body-powered prosthesis.
In Fig. 11(b), during the tests, participants were instructed to
use the prosthetic hand to grasp and lift objects, then hold
the item for five seconds. Meanwhile, participants perceived
tactile stimuli. After the trial, all participants answered two
questions regarding:

o The usefulness of the haptic feedback system: “Not useful
(1), “Slightly useful (2)”, “Useful (3)”, “Fairly useful
4)”, “Very useful (5)”.

o The difficulty to identify the direction: “Not easy (1),
“Slightly easy (2)”, “Easy (3)”, “Fairly easy (4)”, “Very
easy (5)”.
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Fig. 10. Confusion matrices for tests with summarised results from participants. (a) One-point location test: four points were required to
identify from the feedback actuator, which are UL, UR, DR, and DL, respectively. (b) Two-point location test: Four cases were required to
identify from the feedback actuator: UL & UR, UL & DL, UR & DR, and DR & DL, respectively. (c) Angle identification test: Participants
are required to identify and compression angle of in the fingertip sensor. The rotate angle 6, varies in a range of 0° to 45° degrees with a
22.5° interval, and the pitch angle 6. varies in a range from 60° to 90° with a 10° interval.
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Fig. 11. (a) Configuration of the multi-cavity fluidic haptic feedback

system integrated into body-powered upper-limb prosthesis. The
sensor is integrated into the tip of the index finger, and the feedback
actuator is mounted on the arm guard. (b) Demonstration of the
experimental setup for the usability test: A healthy participant wears
the prosthetic integrated with the haptic feedback system, then grasps
and lifts an object, sensing the tactile stimuli.

In total, there were six male and four female healthy
participants, aged between 23 to 34 years old.

Test setup: All healthy participants were wearing the
e-NABLE body-powered prosthetic hand, fitted over their
healthy hand and forearm. The prosthetic hand was 3D printed
using a Form 3+ printer from Formlabs Inc. The fingertip
sensor was integrated into the tip of the index finger. During
the operation, as the prosthetic hand grasped an object, the fin-
gertip sensor deformed and pressurised the feedback actuator.
Consequently, the haptic actuators inflated to create various
force patterns, compressing the skin tissue of the user. The
feedback actuator was positioned approximately 15cm from
their wrist.

Test Results: During the test, all participants were able
to feel the mechano-tactile stimuli from the haptic feedback
system during the grasping. Fig. 12 demonstrates the results
of the usability test. Fig. 12(a) indicates the difficulty in
identifying the directions, where the average score is 2.5,
positioned between “Easy” and “Slightly Easy”. Two out of ten
participants given the highest score, “Fairly Easy”, while two
participants assigned the score of “Not Easy”, amounting to a
score of 1. The remaining participants rated the difficulty as
“Slightly Easy” and “Easy”. Fig. 12(b) presents the feedback
on the usefulness of the system from participants, with an
average score of 2.4, bordering between “Useful” and “Slightly
Useful”. One participant awarded the highest score of “Fairly
Useful”, and two participants rated it as “Not Useful”. The
remaining participants provided scores of “Slightly Useful”
and “Useful”.

V. DISCUSSION

The system is purely hydraulically driven, utilising sili-
cone moulding as its manufacturing method. This approach
simplifies the production process by excluding electronic
components, reducing the manufacturing cost to under $5,
which includes the cost of silicone-based soft structures and
pipes. With the adoption of modern manufacturing techniques,
such as injection moulding, there is potential for further cost
reduction. The system’s weight is 25.4g when fully filled
with water, and it can operate at an internal pressure of
22.85 kPa without sustaining damage. The average weight of
an AA battery is 25.4g [46]. The proposed haptic feedback
system operates without a battery, making it lighter than
an AA battery, for comparison. Moreover, our multi-cavity
fluidic system, which solely utilises skin-friendly silicone,
significantly reduces costs compared to traditional electronic
haptic systems. Our fabrication process is notably simpler,
eliminating the need for complex electronic manufacturing
steps, such as soldering. Compared to existing devices, this
system is more affordable and features a simpler structure,
comprising only a fingertip sensor and a feedback actuator.

In Section IV, the multi-chamber haptic feedback system is
validated and characterised its capability to provide feedback
force in different directions. By compressing the multi-cavity
fingertip sensor at various pitch angles 6, and rotation angles
6., the notable pressure deviation appears allowing the feed-
back actuator to generate different haptic patterns. When the
fingertip sensor is positioned at 8, = 90°, the sensor experi-
ences compression vertically in the normal direction, leading
to a non-linear increase in the force exerted on the sensor and
the pressures within the chambers. Further compression of the
fingertip sensor results in heightened pressure, which in turn
stiffens the sensor. This leads to a more significant force and
pressure increase during subsequent indentation steps.

As the pitch angle 6, decreases from 90° to 60°, the
indentation direction on the fingertip sensor starts to incline.
This results in chambers facing the contact plate experiencing
more significant compression compared to the other chambers.
When the rotation angle 6, = 0° and the pitch angle 8, de-
creases, the two adjacent chambers facing the contact plate are
compressed equally, while the remaining chambers experience
less compression compared to when compressed in the normal
direction. As a result, the pressures within the chambers
facing the contact plate increase more substantially, while
the pressures within the remaining chambers of the fingertip
sensor exhibit relatively smaller increases. This variation in
pressure serves as an indicator of the compression angle.

As the rotation angle 6, increases, the compression starts to
incline towards a single chamber. This results in the chamber
facing the contact plate experiencing a greater degree of
compression compared to the other chambers. Consequently,
the pressure within the inclined chamber experiences a sharp
increase, leading to a noticeable pressure deviation. This surge
in pressure within a single chamber indicates a change in the
rotation angle. However, when 6, = 60° and 6, = 45°,
the fingertip sensor reaches its compression limit, as the
indentation does not lead to sufficient deformation, and the



pressure fails to increase proportionally. Although the pressure
deviation continues to reflect the rotation of the fingertip
sensor, the amplitude of the pressure level no longer accurately
represents the depth of indentation.

With the directional chamber at a indentation of 1.5, mm,
a noticeable increase in pressure within the central chamber
begins. This pressure then rises exponentially as the fingertip
continues to compress, eventually coming into contact with
the inner layer of the fingertip sensor. Given an indentation
depth of the fingertip sensor at 4, mm, the directional chamber
becomes fully compressed. However, the central chamber
can still endure further compression. After the inner cavity
deforms, pressurising the central chamber in the feedback
actuator, it triggers the actuator to signal an intense touch. As
a result, a pressure disparity is observed between the central
and directional chambers. The central chamber often exhibits
lower pressure relative to the peak pressure recorded in the
directional chamber.

In summary, the fingertip sensor efficiently discerns the
force direction by tracking pressure variances. A reduction in
the pitch angle 6, correlates with a rise in the peak pressure
within the directional chamber, resulting in a pressure variation
as the pressure in the two adjacent chambers increases con-
currently. An elevation in the rotation angle 6, induces a more
substantial pressure difference in one chamber relative to the
others. Hence, the force direction can be inferred by observing
these pressure discrepancies within the fingertip sensor.

Within this haptic feedback system, feedback actuators
generate corresponding patterns based on the compression
of the fingertip sensor. Pressure deviations in the fingertip
sensor’s outer layer are mirrored in the directional chambers
of the feedback actuator. Here, pressure acts as the signal, and
incompressible water serves as the signal medium, transferring
the pressure from the fingertip sensor to the feedback actuator.
This pressure deviation within the fingertip sensor results in
a force variation in the feedback actuator. For instance, when
the fingertip sensor is compressed at angles 6, = 22.5° and
f, = 60°, a pressure deviation of 14.95, kPa is observed in the
directional chambers at a 3, mm indentation. As depicted in
Fig. 8, this pressure difference of 14.95, kPa induces a 1.79, N
force discrepancy, with the free inflation difference shown in
Fig. 9(e). Thus, users can recognise the respective patterns to
determine the angle of the fingertip sensor.

Difficulty to identify the direction Usefulness of the system
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Fig. 12. Results for Experiment 3: Usability test results of ten
participants. (a) Assessment of the device operation with regards
to difficulty. (c) Usefulness evaluation of the grasping. Yellow lines
denote the average values.
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In the first session of the human interaction test, participants
were tasked with identifying the location of the activated linear
actuator, representative of the compressed directional chamber.
Following a training session, all ten participants successfully
determined the location corresponding to the compressed por-
tion of the fingertip. The confusion errors associated with each
stimulus were evenly dispersed across the confusion matrix.
Consequently, these errors can be regarded as sporadic or
random, rather than systematic inaccuracies. This suggests the
haptic feedback system is generally successful in conveying
information concerning the direction of the applied force.
Moreover, users can accurately decipher the corresponding
patterns after undergoing suitable training. The system is able
to produce forces up to 2.9 N using directional chambers. For
non-directional forces, the enhance chamber can generate an
additional 3.4N on the target skin tissue, acting as a force
level indicator for user.

In the second session of the human interaction test, fol-
lowing the training phase, participants were asked to identify
the two activated adjacent chambers. This session revealed
similarities with the initial session, as participants displayed
the ability to discern the side of the compression applied
to the fingertip sensor, achieving a satisfactory success rate.
Confusion errors were found to be randomly distributed within
the confusion matrix, manifesting as sporadic errors, except in
cases where the stimulating chambers were Upper Left (UL) &
Upper Right (UR), but were misidentified as Upper Left (UL)
& Lower Left (DL). In these instances, participants success-
fully recognised the common chamber (UL), but encountered
difficulty in distinguishing between the Upper Left (UL) and
Upper Right (UR) chambers. As a result, the success rate for
two-point discrimination was found to be acceptable.

In the final session of the human interaction test, participants
were tasked with identifying both the direction of compres-
sion and the compression angles 6, and 6.. Throughout the
test, the fingertip was subjected to a 3, mm indentation. As
varying compression angles were applied, the fingertip sensor
registered differing pressure deviations, as depicted in Fig. 6
and Fig. 7. These pressure deviation led to the emergence of
unique patterns within the feedback actuator.

As the pitch angle 6, decreased from 90° to 60°, while
the rotation angle 6, remained constant at 90°, an increase in
pressure was observed in two adjacent directional actuators.
This change, in turn, led to an increase in force emanating from
the corresponding linear actuators as depicted in Fig. 9(d).
The force difference in the feedback actuator escalated to
1.18,N at 8, = 60° when compared between the side inclining
towards the contact plate and the side opposite the contact
plate. Simultaneously, as 6, dropped from 90° to 60°, the
pressure within the intensification chamber declined, resulting
in the force output decreasing from 1.974,N to 1.21, N.

Generally, as 0, decreased, the force patterns generated by
the feedback actuator transitioned from uniformly activated
actuators to the activation of a single-sided actuator, while
the force produced by the intensification actuator decreased.
Considering that participants were able to identify two-point
stimuli in the second session, they were also capable of
determining against which two points the fingertip sensor was



compressed. Nevertheless, during the angle determination test
in the third session, the success rate for detecting 6, when
0, = 0° was 55.63%, a figure that is regarded as acceptable.

Analogous to the variations in #,, an increase in the rotation
angle 6, results in the compression direction inclining towards
a single directional chamber, consequently leading to a rise in
the corresponding cavity pressure. As a result, a single linear
actuator within the feedback actuator is activated, signifying
the compressed direction of the fingertip sensor. The pressure
deviation of the fingertip sensor within a single chamber
escalates to 18.97, kPa, causing the force deviation to increase
to 2.35, N.

In comparison to cases where the fingertip sensor experi-
ences compression in the normal direction (with all actuators
activated) or those with only a change in the pitch angle
0. (involving two adjacent actuators), an increase in the
rotation angle @, yields pressure deviation concentrated in a
single chamber, resulting in the activation of a single linear
actuator. Consequently, participants become aware of the rise
in 6, by identifying that only one point of the actuator is
stimulated. Simultaneously, as 6, increases, the pressure in the
intensification actuator also increases, assisting participants in
recognising the one-point stimulation.

According to the feedback from participants, she feedback
actuator can generate forces up to approximately 2.9N for
directional feedback and 3.4 N for non-directional feedback.
These forces correspond to the sensation of having a small
object pressing against the skin. For example, 2.9N feels
similar to pressing the tip of an index finger firmly against
the skin or the weight of a smartphone resting on the skin.
Similarly, 3.4N can be compared to the pressure felt when a
finger presses firmly against the skin or the weight of a tablet
on the skin.

Overall, in the angle identification test involving an increase
in 6, and a decrease in 6., the average accuracy stands at
47.92%, which is lower than the accuracy achieved when only
0. changes. This discrepancy may be attributed to the in-
creased number of cases and instances where small differences
in 6, and @, values fail to generate sufficient force differences
for participants to discern.

Experiment 3 aimed to validate the usability of the multi-
cavity fluidic haptic feedback system designed for upper-limb
prosthetics. In this experiment, participants, fitted with the e-
NABLE body-powered prosthetic hand, performed tasks that
involved grasping and lifting objects while experiencing tactile
stimuli generated by the haptic feedback system. The results of
this experiment demonstrate that all participants could perceive
the tactile stimuli during grasping, indicating the system’s
potential to enhance the perception of touch in prosthetic users.
The average scores for the difficulty in identifying the direction
and the usefulness of the system were 2.5 and 2.4, respectively,
suggesting that while the system provided some level of tactile
feedback, there is room for improvement in making the stimuli
more distinguishable and useful.

According to the participants’ feedback, they were able to
clearly perceive the tactile stimuli during the object approach
stage. By adjusting the prosthetic to different positions for
grasping, they could identify the direction of touch. When the

lower chamber of the fingertip sensor was actuated, partic-
ipants inferred that the prosthetic hand had achieved stable
grasping, contributing to a more reliable grasping function for
upper-limb amputees. Conversely, some participants suggested
that the haptic feedback system needs to generate more intense
tactile stimuli to clearly identify the touch location. As body-
powered prosthetics require some force to actuate, the move-
ment of their skin might diminish the tactile sensations they
perceive. Additionally, although participants could feel the
intensification actuator, it was activated during stable grasping
of an object, at which point they exerted significant force.
Some participants suggested that increasing the levels of force
feedback could improve force accuracy, enabling them to
apply a more precise force on the object. The feedback
provided by the participants aligns with findings in existing
research, indicating that initial usability scores suggest the
system’s fundamental design and operational concepts are
effective [26]. For instance, a study on the usability of haptic
feedback systems highlighted that participants’ ability to feel
and interpret tactile feedback is a significant indicator of the
system’s potential. Thus, while participants identified areas for
improvement, their ability to perceive and respond to the tactile
stimuli validates the functionality and foundational usability
of the system. These insights provide a baseline for future
refinements, ensuring that the system can be improved to
enhance the user experience [47].

VI. CONCLUSIONS

This paper presented an optimised fluidic haptic feedback
system, featuring a five-chamber fingertip sensor and feedback
actuator. This design equips the haptic feedback system with
the capability to communicate both the direction and magni-
tude of the applied force. A comprehensive demonstration of
the system’s design and fabrication process has been detailed.

The fingertip sensor is composed of five cavities, with four
chambers located in the outer layer to denote the direction
of the force. A single chamber in the inner layer serves as
an intensifier to augment the haptic sensation. The feedback
actuator consists of five linear actuators, each individually
connected to the five cavities within the fingertip sensor. To
regulate the direction of inflation and reduce lateral inflation,
the linear actuator implements a thread reinforcement method.
The design of both the fingertip sensor and feedback actuator
incorporates silicone into the fingertip and actuator membrane.
These two components are connected through a tube filled with
a hydraulic medium, transferring pressure transfer between the
fingertip and the feedback actuator.

The system was evaluated and validated through three
experiments. The first experiment assessed the system and
established the relationship between the fingertip sensor and
feedback actuator. This system is capable of detecting physical
touch with exerted direction, conveyed as pressure deviations
across the five cavities. Meanwhile, the pressures within the
five cavities were transferred to the feedback actuator, generat-
ing corresponding forces in response to applied pressure. The
force discrepancies among the five linear actuators reflect the
force direction and magnitude sensed by the fingertip sensor.



The second experiment involved testing the haptic feedback
system with ten healthy participants to verify its ability to
detect and convey the force with direction, as well as to
ensure users can perceive tactile stimuli. Three sessions were
designed for this assessment. The first session demonstrated
the system’s capacity to sense one-point stimulation, while
the second session illustrated its capability to convey two-
point stimuli. In the third session, participants were tasked
with identifying the force direction based on the force patterns
generated by the feedback actuator. The results show that
participants can generally detect changes in angle.

The outcomes from Experiment 3 suggest that the inte-
grated haptic feedback system can potentially improve the
functionality of body-powered prosthetics, offering users a
better grasp and awareness of the items they are handling.
In future work, the haptic feedback system will need to
be validated with upper-limb amputees. We aim to enhance
the adaptability of our haptic feedback system to fit to a
wider range of amputation conditions by exploring various
target locations beyond the forearm, particularly for those
with partial amputations with skin tissue having higher tactile
sensitivity. The haptic feedback system may be optimised with
different force level to allow the users to apply a more precise
force on the different object. Piping of the proposed system
need to be enhanced to fit into prostheses in the future.
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