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Figure 1: HydroHaptics renders detailed haptic effects onto deformable interfaces. (A) The Hydrostatic Transmission concept for
HydroHaptics utilises a hydraulic cell (A1) which couples two flexible surfaces (A2), connecting the electromechanical haptic
engine (A3) and deformable interface (A4). (B) An implementation of the HydroHaptics platform, with a silicone tube interface.
We developed several compatible deformable interfaces (C), including a silicone dome (C1), TPU-coated fabric pouch (C2)
and TPU-printed bellows (C3). We implement these interfaces in a range of applications (D), including a force-augmented
deformable 3D sculpting mouse (D1), force-augmented backpack (D2) and a 3-axis deformable force-augmented joystick (D3).

Abstract

Soft deformable interfaces offer unique interaction potential through
input flexibility and diverse forms. However, force feedback on
these devices remains limited, with pneumatic approaches lacking
responsiveness and precision, while microhydraulic solutions are
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constrained to small form factors with limited input. We present
HydroHaptics, a novel platform that enables high-fidelity force
feedback on deformable interfaces via hydrostatic transmission.
Surpassing current state-of-the-art methods, our approach allows
fine-grained force feedback on soft interfaces, achieving a 10 N
force change in < 100 ms and accurate 1 N, 10 Hz oscillation ren-
dering. We detail the system’s design and implementation, high-
lighting its ability to maintain the inherent interaction benefits
of soft interfaces. A user study (N = 18) evaluates the system’s
performance, showing high accuracy in rendering distinct haptic
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effects (82.6% accuracy) and classifying input gestures (89.1% ac-
curacy). To showcase the platform’s versatility, we present four
applications illustrating HydroHaptics’ potential to enhance inter-
action with deformable devices and unlock novel user experiences.

CCS Concepts

« Human-centered computing — Haptic devices; Interaction
devices.
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1 Introduction

We present HydroHaptics, a novel system capable of significantly
enhancing the quality of dynamically adjustable force feedback
on soft, compliant interfaces, while preserving their inherent soft-
ness, flexibility in form, and freedom of input—qualities that en-
able rich and novel user experiences. HydroHaptics utilises a fixed
volume of liquid within a sealed Hydraulic Cell (Figure 1A, A1)
which has two flexible surfaces (A2). Since the enclosed liquid is
incompressible, it hydraulically couples the two surfaces, enabling
bi-directional force transmission between them. The Haptic En-
gine (A3)—a linear mechanical actuator—can dynamically provide
force feedback by displacing the fluid in the hydraulic cell, trans-
mitting force to the Deformable Interface (A4). Similarly, to allow
the interface to deform, the Haptic Engine moves in response to the
force applied to the Deformable Interface, maintaining the pressure
within the hydraulic cell, which can be adjusted to render different
stiffness levels to the user. This approach can be used to render
sharp clicks [46, 120], oscillating forces [11, 17], and dynamic re-
sistance or input halting [30]. Simultaneously, input from the user
can be sensed by monitoring the internal pressure. As a result, Hy-
droHaptics enables unique haptic experiences on soft, deformable
interfaces—such as dynamic simulations for medical training or
providing sharp tactile notifications on soft wearables—which are
impractical using current approaches.

Previous approaches have used pneumatics to provide force feed-
back on deformable devices due to its high force output range [88],
compatibility with diverse form factors [99, 113], and relative afford-
ability and availability of components [61]. However, the compress-
ibility of air limits the accuracy and speed of force and displacement
output [88]. In contrast, hydraulic systems use liquid—with neg-
ligible compressibility—as the working fluid, allowing for greater
precision and more responsive output. Currently, interactive hy-
draulic systems primarily utilise microhydraulics [10, 18, 73], which
leverage this increased control but, due to volume limitations, con-
strain the interface to small buttons mounted on rigid surfaces [72].
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This sacrifices the input flexibility and diversity of forms that en-
able the rich interaction potential of deformable devices. Further-
more, designing hydraulic interactive systems is non-trivial due to
leakage, limited back-drivability, and the reliance on specialised
components [88].

HydroHaptics has several advantages over previous fluid-based
deformable force-feedback systems. First, unlike traditional pneu-
matic or hydraulic systems that require pumps, valves, and regula-
tors, HydroHaptics is powered by a brushless DC motor, leveraging
their affordability, availability, and control options [75]. This en-
ables us to extend the haptic authoring tool “Feelix” [94] to support
the creation of force-feedback effects on HydroHaptics. Second,
it is designed to be robust and scalable, with fewer components,
reducing susceptibility to leaks and making the system adaptable
to larger interfaces. Third, the concept underpinning HydroHaptics
is inherently bi-directional, which enables sensing of force input
interactions simultaneously with force feedback. In sum, this pro-
vides unique opportunities for designers and researchers to explore
haptic interactions on soft interfaces and develop novel deformable
devices, enabling future research.

We evaluated the performance of HydroHaptics through a se-
ries of technical evaluations using a high-precision robot arm,
followed by a user study (N = 18). Evaluations of HydroHap-
tics under stationary conditions—in which system pressure re-
mained static—demonstrated high accuracy in sensing internal
pressure (o = 0.23 kPa) and in estimating input displacement (o =
0.18 mm) and force (o = 0.17 N). Dynamic tests—with time-varying
pressure—highlighted the system’s responsiveness, surpassing the
force feedback capabilities of previous deformable interfaces. Hy-
droHaptics achieved rapid pressure changes of 30 kPa (20 N) in
under 100 ms and near-lossless rendering of a 10 Hz, 2 N sine wave.
During the user study, HydroHaptics’ ability to create distinct hap-
tic effects—such as clicks, button and oscillation—was demonstrated,
with an average identification accuracy of 82.6% across all effects
and 92.8% on the most distinct effect. Furthermore, data collected
from HydroHaptics while participants’ performance input gestures
enabled classification-based recognition, achieving an average user-
dependent accuracy of 89.1% demonstrating its ability to recognise
deformable gestures.

HydroHaptics explores the potential of high-fidelity dynamic
force feedback on deformable devices. We developed several appli-
cations to demonstrate how HydroHaptics enhances interaction
through fine-grain force feedback. These applications include a
force-augmented mouse that supports deformation inputs with
tactile confirmation and continuous feedback (Figure 1, D1), an
interactive cushion that delivers haptic feedback such as clicks
and vibrations while maintaining its softness, a backpack that pro-
vides on-body force feedback through the straps to offer directional
cues and notifications via taps and presses (Figure 1, D2), and a
3D-printed force-augmented joystick that enhances video game im-
mersion by delivering ‘push-off’ feedback to the user (Figure 1, D3).

To summarise, this paper makes the following contributions: (1)
The working concept of HydroHaptics along with the system design,
describing how it was designed to align with user and designer
goals. (2) The design and fabrication of HydroHaptics, including
3D models and platform code to support replication and adaptation,
along with an updated version of the “Feelix” haptic authoring
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tool for creating force-feedback effects [58]. (3) Technical and user
evaluations of the force-feedback and input sensing capabilities of
HydroHaptics. (4) Four applications for the HydroHaptics platform,
highlighting its potential to deliver detailed haptics on deformable
interfaces.

2 Related Work

2.1 Deformable Devices

Compliant devices—capable of moving or changing shape in
response to applied force—encompass a range of input mecha-
nisms, including buttons [46], sliders [40], dials [95, 97], and pin
arrays [20, 54]. Compliant devices can be divided into two cate-
gories [7, 57, 77]: which we term, Movable and Deformable. Movable
devices such as “HapticLever” [21], “FlexHaptics” [47] and “Man-
tis” [5], consist of rigid, articulated components, such as links and
rods, that reconfigure or move relative to one another. Their pre-
defined movement paths allow for controlled actuation, creating
changes in overall shape without the deformation of individual
parts. In contrast, deformable devices are made from soft, elastic,
or malleable materials, enabling direct physical deformation by the
user.

This fundamental difference in construction significantly influ-
ences the user experience. First, the malleability of deformable
devices expands the input degrees-of-freedom, enabling a broad
range of gestures, including pinching [63], shearing [102], twist-
ing [33, 39], bending [16, 24], and squeezing [98]. Second, as de-
formable devices do not require rigid mechanisms to achieve com-
pliance, the range of possible interface shapes is much greater. This
is highlighted in the diverse range of geometries of existing de-
formable devices, including replicating everyday objects [69, 71],
organic [53] and irregular [62] shapes, and wearables [65]. Finally,
deformable devices can be constructed with no rigid parts or hard
edges [56, 69, 76, 98] and can be integrated into existing soft objects
without degrading the users’ comfort. This makes them ideal for
objects such as pillows [9], cushions [98], car seats [4] or wearable
items [63], where movable devices, with rigid elements, would be
unsuitable.

These advantages highlight the impact of deformable devices in
HCI. The increased input potential, device freedom-of-form, and
inherent softness enable designers to create interaction experiences
that are radically different from those with movable devices.

2.2 Force Feedback on Deformable Devices

Force feedback naturally lends itself to compliant devices, and prior
work has explored its potential uses on deformable devices [36,
54, 74, 120]. Medical simulation devices leverage the compliance
of deformable interfaces to enhance realism [91]. Soft wearables
have integrated force feedback to provide tactile experiences, such
as squeezing the wrist [65] or applying pressure to the torso [14].
Researchers have also studied the role of stiffness in input per-
formance [22] and its effects on user perceptions and associa-
tions [80, 82]. Additionally, pneumatic systems with multiple cham-
bers can replicate the complexity of everyday soft objects [51, 114].

However, in current implementations, even across different ac-
tuation methods, there is a tradeoff between achieving dynamic,
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accurate and responsive force feedback, and preserving the benefits
of deformable devices. Granular jamming [19, 78] enables rapid
switching between discrete stiffness levels but cannot render in-
termediate values. Smart materials, such as MR fluids [35] and
hydrogels [52, 81], have also been used, though these are often sup-
ported by rigid structures, limiting overall deformability. Passive
approaches, like “FabriClic” [27] and “SnaplInflatables” [112], em-
ploy multiple stable states to provide tactile click-like feedback, but
their discrete nature and form-factor constraints limit versatility.

Pneumatic actuation is widely used in deformable devices [11,
13, 25, 31, 59, 65, 113, 117], with force-feedback characterisation
conducted on some pneumatic devices. “ForceJacket” [14] utilised
pneumatic airbags for force feedback but demonstrated limited per-
formance, with a response time of 0.8 s (1.25 Hz) when switching
between 1.5 N and 5.5 N. “PneuSleeve” [121] used pneumatic com-
pression actuators and demonstrated an improved response time
of 0.3 s, though within a smaller range (0.2 N to 1.3 N). The device
also exhibited a 75 % drop in force magnitude between 1 Hz and
10 Hz, highlighting the limitations of pneumatic systems due to
air compressibility. In contrast, “JetUnit” [119], a hydraulic system,
showed only a one-third reduction in force output at 10 Hz, demon-
strating the potential of hydraulic systems to provide enhanced
haptic experiences, as explored in the next section.

Augmented deformable devices with force feedback enable novel
interaction experiences. However, their potential uses are restricted
by their limited responsiveness and precision. Improvements to
performance could open up new devices and applications.

2.3 Hydraulically-driven Haptics

There are two main approaches for the use of hydraulics in haptics
The first uses mechanical pumps to drive fluid through the system,
enabling significantly higher flow rates but requiring larger, bulkier
hardware. For example, “HydroRing” [29] uses peristaltic pumps to
deliver water at varying temperatures, while “JetUnit” [119] lever-
ages high-pressure water to create on-body haptic experiences.
The second approach involves “micro-hydraulics”, using microp-
umps such as electroosmotic [66, 73], electrohydrodynamic [23], or
HASEL (Hydraulically Amplified Self-Healing Electrostatic) actua-
tors [10]. These systems achieve exceptionally high flow rates rela-
tive to their size but are challenging to scale up, as they are typically
limited to flow rates of less than 10 millilitres per minute [73]. While
ideal for small-scale applications such as on-finger devices [72], they
are not currently suitable for rapid actuation of volumes over 0.1 ml.

HydroHaptics uses a mechanical actuator to push a fixed fluid
volume. A similar approach was used in “Hydrauio” [109] and Youn
et al. [115] utilised hydraulic coupling in “HaptiCoil”, to transfer
high-frequency oscillations from a micro-speaker to a user’s fin-
gertip. This approach offers the potential to render detailed force
feedback on larger volume systems while avoiding the need for
mechanical pumps.

3 HydroHaptics Design

The HydroHaptics concept (Figure 1A) uses mechanical actuation
to produce haptic effects through a hydraulic cell. This section
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describes how we translated this concept into the HydroHaptics
platform, considering the perspectives of both users and designers.

3.1 Design Goals

To guide the design, we defined two sets of goals: User-Centred
(UC), focusing on the user experience, and Design-Centred (DC),
for the needs of designers or researchers deploying the system.
These goals were informed by the authors’ existing expertise in
conjunction with knowledge from related work:

UC1 Enable fine-grained, dynamic force feedback—This draws on
existing haptic force feedback devices and their granularity [30,
97, 120].

UC2 Compatible with a wide range of deformable interfaces.

UC3 Facilitate diverse and creative deformable inputs.

UC2 and UC3 stem from the benefits of deformable interfaces (out-
lined in subsection 2.1), as discussed in “Non-Rigid HCI” [7].

DC1 Avoid reliance on specialised components or parts—reflecting
concerns about toolkits requiring specialised equipment or soft-
ware, as discussed by Ledo et al. [42].

DC2 Robust and leak-proof design—arising from technical chal-
lenges with hydraulic shape-changing devices [88].

DC3 Enable the authoring of haptic effects—this builds on prior
work in enabling user-authored haptic effects [47, 94, 119].

These design goals informed the process of developing the final
implementation of HydroHaptics. We indicate where specific goals
shaped particular choices, offering insight into the rationale behind
the design process.

3.2 Design Overview

As shown in Figure 2, HydroHaptics comprises a haptic engine,
connected to the deformable interface via the hydraulic cell.
The haptic engine and the deformable interfaces are hydraulically
coupled by the liquid (water) sealed inside the system, which trans-
mits force and motion. By controlling and measuring the fluid
displacement within the haptic engine, HydroHaptics can vary the
stiffness profile of the deformable interface, and detect user inputs.

3.3 Haptic Engine

The Haptic Engine (Figure 2) provides linear mechanical force and
position input to control the pressure within the hydraulic cell,
generating and regulating force feedback. Selecting an appropriate
actuator for the Haptic Engine is key to achieving the required
haptic capabilities. We chose a Brushless DC (BLDC) motor for Hy-
droHaptics for two key reasons. First, BLDC motors are affordable,
reliable, and readily available in diverse configurations, and are
widely used across various applications (e.g. drones, power tools,
and e-bikes) [DC1]. Second, BLDC motor torque and speed can be
precisely controlled using field-oriented control (FOC) and robust,
off-the-shelf open-source tools such as “SimpleFOC” [75] [UC1,
DC3]. Consequently, BLDC motors are well suited for interactive
devices such as “Feelix” [94], “SmartKnob” [6], and “TorqueCap-
sules” [111]. A lead nut mounted on the motor can drive a lead
screw to convert the rotational output of the BLDC motor to linear
movement. As a result, our approach uses low-cost, off-the-shelf
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Figure 2: An overview of an implementation of HydroHaptics
platform. The Haptic Engine is connected to the Hydraulic
Cell via the Rolling Diagram. The hydraulic cell couples the
haptic engine’s force output to the deformable interface.

components to create alow-friction transmission, minimising losses
from the motor [DC1].

There is a wide variety of BLDC motors available, ranging in per-
formance, size and price. Higher-power BLDC motors can provide
increased torque and speed output, enabling increased force preci-
sion, wider force range and faster interaction speed. However,
they are more expensive, larger in size, and generate significant
heat, which requires proper dissipation to prevent performance
issues or safety risks.

3.4 Hydraulic Cell

The Hydraulic Cell (Figure 2) encloses the working fluid and needs
to be robust and leak resistant throughout the pressure range [DC2]
while avoiding reliance on specialised components [DC1]. The hy-
draulic cell can be extended with generic pneumatic tubing and
fittings, both to locate the deformable interface away from the hap-
tic engine and to connect pressure sensors for control and input
sensing [DC1]. To minimise distortions in force output, we required
a working fluid with a high bulk modulus—to limit compression—
and low viscosity—to reduce flow resistance. While various fluids
could be used within the hydraulic cell, water was selected as it of-
fers both of these properties. Although other fluids such as mercury
and acetone exceed water in one of these aspects, they are impracti-
cal due to factors such as toxicity, volatility, and handling difficulty.
Similarly, hydraulic fluid has some advantageous properties, but
brings with it significant risks to thoses using the system [34]. In
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contrast, water is readily available, safe to handle, and environmen-
tally friendly.

3.5 Rolling Diaphragm

The rolling diaphragm (Figure 3) is the flexible interface through
which the haptic engine can act on the cell’s liquid. As the hap-
tic engine moves downwards the walls of the rolling diaphragm
“roll” (Figure 3A-D), creating space within the hydraulic cell for fluid
to flow into, allowing the user to compress the deformable interface.
This must remain leak-proof throughout the haptic engine’s full
range of motion without restricting its movement. We moulded the
rolling diaphragm from silicone, with custom moulds created to al-
low for the dimensions to be adapted as necessary [DC1]. We opted
against conventional hydraulic or pneumatic cylinders, as their
reliance on internal seals can introduce additional friction, causing
sticking and jumping, which could disrupt force feedback control.
They are also prone to leakage and air ingress, compromising relia-
bility. In contrast, rolling diaphragms provide a low-friction, leak-
proof alternative by unrolling smoothly under force [107] [DC2].

3.6 Deformable Interfaces

Facilitating deformable interaction [UC3] on a diverse range of
deformable interfaces [UC2] is a core aim of HydroHaptics. The
deformable interface must be compliant while remaining airtight
and leak-proof [DC3]. It should also be practical to fabricate in var-
ious forms and sizes. Selecting a single type of deformable interface
that would enable a diverse and varied range of potential interfaces
and interactions is impractical. Instead, we opted for three different
interface types, which have distinct benefits and drawbacks that
make them well-suited to specific applications. The three input
types we explored were:

3.6.1 Cast Silicone. Silicone interfaces (Figure 5A) are elastic, soft,
resilient, and waterproof [DC2] and can be cast into a wide range
of shapes and stiffnesses. Their flexibility allows users to twist,
pull, and squash them with minimal restriction [UC3]. Although

Figure 3: A 3D rendering of the rolling diaphragm which
transmits force through the hydraulic cell in four different
positions, going from highest (A) to lowest (D). These posi-

tions are changed by the haptic engine acting upon the centre
of the diaphragm.
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softer interfaces are more prone to deformation from internal pres-
sure [118]. The fabrication of silicone parts requires some spe-
cialised equipment, particularly a degassing chamber, to achieve
defect-free parts. There are also limitations to the forms that can
be cast. Creating internal cavities is particularly difficult, either
requiring complex multi-part moulds, creating separate parts to be
bonded after curing or the use of sacrificial inner moulds [59].

3.6.2 3D-printed TPU. 3D printing TPU (Figure 5B) is an increas-
ingly prevalent method for fabricating elastic parts. Offering an
approach to creating unique complex interfaces that would be diffi-
cult or impossible to achieve through casting. Furthermore, TPU-
compatible 3D printers are common in most research and design
labs [DC1], enabling parts to be created in a single automated
process. This approach still has some limitations. The range of
available shore hardnesses is limited—ranging from 40D to 60A
shore hardness, and some shapes are not possible on commercial
3D printers. Additionally, it remains challenging to produce robust,
airtight, thin-walled structures [79, 116].

3.6.3 Heat-sealed TPU. The final method uses sheets of Thermo-
plastic Polyurethane (TPU), heat-bonded together to form sealed

pouches, enabling the rapid production of deformable interfaces (Fig-
ure 5C). This method supports the creation of large pouches with

internal cavities—geometries that are difficult to achieve using other

techniques [UC2]. Commonly, sheets of nylon coated with thermo-
plastic polyurethane (TPU) are used. The process does not require

specialist tools [DC1], although it is largely manual, and design it-
eration is limited due to the lack of modelling support. Furthermore,
producing more complex shapes often requires expert knowledge

of pattern design or specialised sealing tools [48, 112]. Unlike the

previous two interface types, heat-sealed TPU pouches are flexible

but inelastic. This alters the possible interaction, limiting deforma-
tion inputs such as pulling or stretching [UC2]. The inelasticity

significantly limits volume change under pressure, which may be

desirable in some applications. Furthermore, it also has much lower

internal stiffness, reducing the minimum resistance forces.

These three types of deformable interface expand the diversity of
HydroHaptics applications. Designers can choose the most appro-
priate interface based on the intended application and interactions.

4 Fabrication and Implementation

This section describes the fabrication of HydroHaptics’s core com-
ponents: the electro-mechanical Haptic Engine, the soft Deformable
Interfaces, and the sealed Hydraulic Cell. It also outlines the im-
plementation of the bespoke hydro-mechanical control systems.
To support reproducibility 3D STL files and parts lists (BOMs) are
included in the supplementary materials.

4.1 Haptic Engine

The design of the Haptic Engine enables the BLDC motor to drive
the rolling diaphragm via the lead screw carriage, offering a com-
pact, modular solution adaptable to different motor sizes and travel
distances. The Haptic Engine consists of two sub-assemblies: the
Motor Base and Lead Screw Carriage (Figure 4).
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Figure 4: Exploded view of the Haptic Engine (left), as well as the two sub-assemblies: the Motor base (centre) and the Lead
Screw Carriage (right). The haptic engine transmits rotary actuation into linear motion to control the rolling diaphragm.

The Motor Base (Figure 4, centre) houses the BLDC motor (ROB-
20441), lead screw nut, and microcontroller. The BLDC motor’s
stator is secured to the motor mount—a 3D-printed PLA base posi-
tioned above the “Feelix Controller” (DRV8316 Driverboard [93]).
The lead screw nut ! is directly driven via the Lead Screw Nut
Adaptor—a rotor-mounted adaptor with heat-set threaded inserts.

The Lead Screw Carriage (Figure 4, right) connects the Motor
Base to the rolling diaphragm. This consists of the Bearing Housing
and Rolling Diaphragm Clamp, both 3D printed PLA with embedded
threaded inserts. Two press-fit 8mm linear Bearings constrain the
rotation while allowing smooth sliding along steel rods. The steel
Lead Screw 2 passes through the Bearing Housing and is clamped
in place. Motor rotation drives the Lead Screw nut, moving the
Lead Screw Carriage up and down which changes the shape of
the rolling diaphragm and therefore the pressure in the Hydraulic
Cell. Finally, the Housing (Figure 4 left) aligns the Steel Rods with
the Motor Base and consists of two 3D printed PLA halves and a
hydraulic cell adaptor with threaded inserts for secure mounting.

4.2 Deformable Interface

We used three different fabrication methods for the deformable
interface, previously introduced in subsection 3.6.

4.2.1 Silicone Construction. We made the silicone deformable in-
terfaces (Figure 5A) using EcoFlex 3, a two-part, room-temperature-
curing silicone. We mixed the silicone before purging the air using
a degassing chamber to prevent gaps in the final interface. We then

ligus. Lead Screw Flange Nut — drylin SD. Retrieved July 14, 2025, from https://www.
igus.co.uk/drylin-sd/lead-screw-flange-nut

Zigus. Lead Screw — drylin SD. Retrieved July 14, 2025, from https://www.igus.co.uk/
drylin-sd/lead-screw

3Smooth-On. Platinum Silicone Rubbers — EcoFlex Series. Retrieved July 14, 2025, from
https://www.smooth-on.com/category/platinum-silicone/

poured this into a PLA mould, ensuring all gaps were filled before
a second degassing step was performed to release any trapped air.

4.2.2 3D-printed TPU. We 3D printed a deformable interface from
TPU (Figure 5B) using a similar process for 3D printing a rigid part.
We created a model in CAD software before slicing and printing
on a Sovol SV06 Plus* and a Prusa MK3S printer®, using AzureFilm
TPU 85A° and NinjaTek NinjaFlex TPU 85A7, which were dried
when required to improve print quality. We achieved airtight parts
by printing in vase mode which ensured there were no gaps in the
print where air could escape because each layer of the print was
laid down continuously in a loop.

4Sovol. Sovol SV06 Plus Fully Open Source 3D Printer with Linear Rail Structure. Retrieved
July 14, 2025, from https://www.sovol3d.com/products/sovol-sv06-plus-fully-open-
source-3d-printer-with-linear-rail-structure

SPrusa Research. Original Prusa i3 MK3S. Retrieved July 14, 2025, from https://www.
prusa3d.com/category/3d-printers/

% AzureFilm. Flexible Filament 85A Blue. Retrieved July 14, 2025, from https://azurefilm.
com/product/flexible- filament-85a-blue/

"NinjaTek. NinjaFlex Flexible TPU Filament. Retrieved July 14, 2025, from https://
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Figure 5: The three different Deformable Interface fabrica-
tion methods: (A) Cast silicone rubber to form an elastic
dome; (B) 3D printed in vase mode from TPU filament to
form a harmonica design and; (C) two sheets of TPU Fabric
heat-sealed to form a rectangular pouch.
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4.2.3 TPU Fabric Construction. Finally, we created TPU fabric in-
terfaces (Figure 5C) by bonding together sheets of TPU-coated
nylon with a heated (260-270°C) iron to form sealed pouches. A
layer of heat-proof paper was placed between the fabric and the
iron to prevent surface damage, and the iron was run over the seam
to melt and bond the layers of TPU.

4.3 Hydraulic Cell

The hydraulic cell contains a fixed volume of liquid that transmits
the force between the haptic engine and the deformable interface.
The cell was designed to be robust and airtight while enabling
connections between different system elements. Below we describe
the implementation and fabrication of the different elements of the
hydraulic cell.

Rolling Diaphragm. The Rolling Diaphragm (Figure 3) is cast
from 30A Ecoflex silicone. A two-part mould is used to create the
required negative and allow for the moulded part to be removed at
the end. It uses the same casting process as described in subsubsec-
tion 4.2.1.

Hydraulic Manifolds. The hydraulic manifolds (Figure 2) are
dual-purpose; they both provide water-tight containment for the
hydraulic liquid and provide mounting points for other compo-
nents, such as sensors or connectors. The manifolds are 3D-printed
from PLA, and the internal surfaces of the Hydraulic Manifolds
are sprayed with a clear lacquer to seal them. Threaded inserts are
embedded into the surface at clamping faces to provide connecting
points for bolts.

Hydraulic Tubing. Widely available polyurethane tubing can
extend the hydraulic cell, connecting separate hydraulic manifolds
together. tubing connects different elements of the hydraulic cell.
The tube allows for the haptic engine and deformable interface to
be separated (Shown in Figure 1C), moving rigid components in
the engine away from interactive devices—removing the need to
have rigid components inside of a soft object. Furthermore, it lets
the engine and interface move relative to each other, facilitating
more mobile applications.

Filling the Hydraulic Cell. The system must be completely filled
with water, as air trapped within the system increases compress-
ibility and degrades performance. We developed two methods to
achieve this. The first involves fully submerging the hydraulic cell
in water, allowing any trapped air to escape before sealing it un-
derwater to prevent air from re-entering. The second, more reliable
approach uses a raised, open-topped filling reservoir connected to
the hydraulic cell via tubing. As water flows in from the reservoir,
air can also escape upward through it. Agitating the system helps
release trapped air, and the haptic engine’s position can be adjusted
during filling to set its default state.

4.4 Control System Implementation

4.4.1  Force Output Control. HydroHaptics employs a multi-level
control architecture (Figure 6) to render force feedback. At the top
level, pressure effects define the relationship between force output
and user input (displacement, time). These effects can be manually
set or designed using an updated version of the “Feelix” haptic
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Figure 6: Control architecture of HydroHaptics. There are
three levels of control, highlighting how haptic effects are
rendered as changes in internal pressure.

authoring tool [94] (described below). The control system combines
the pressure effect with the system state to compute the target
hydraulic cell pressure, similar to other haptic systems.

4.4.2 Internal Pressure Control. The haptic engine can dynamically
change the pressure inside the hydraulic cell by applying a force
through the rolling diaphragm. This results in a force output at
the deformable interface, allowing the system to render different
stiffness levels. In the mid-level control, HydroHaptics utilises a
Proportional-Integral-Differential (PID) controller to continually ad-
just the haptic engine position to maintain a target internal pressure.
At the low-level, a controller based on the SimpleFOC open-source
system drives the BLDC motor, forming a closed loop with the pres-
sure PID that tracks the target force, abstracting low-level control
and allowing designers to focus on force output.

4.4.3 Sensing. HydroHaptics’s sensors serve two purposes, first en-
abling closed-loop control (as described previously) and second de-
tecting user inputs. To achieve this, HydroHaptics employs pressure
and volume sensing. Hydraulic cell pressure is measured using low-
cost (<£20) Honeywell ABP 8 hydraulic sensors embedded in either
the cell wall or connecting tubes, providing continuous pressure
monitoring. Volume is inferred from the motor position, tracked by
an AS5048A magnetic position sensor. Since the rolling diaphragm
is mechanically linked to the BLDC motor, the diaphragm position
can be precisely determined from the motor position. These sensing
mechanisms enable closed-loop pressure control and continuous
user input monitoring, feeding into the target force calculations.

4.4.4 MicroController. The system uses the open-source “Feelix
Driver Board” [93], which has an onboard DRV8316 motor driver,
AS5047D position sensor and STM32F401RCT microcontroller. The
driver board is designed to control low voltage (up to 20V) brushless
motors that operate at low speeds, deliver high torque, and have
an internal resistance of approximately 10 Ohms or higher. The
40 mm diameter board is packaged within the haptic engine hous-
ing directly below the motor. This removes the need for multiple
external boards and significantly simplifies the implementation.

8Honeywell. Basic ABP Series Board Mount Pressure Sensors. Retrieved July 14, 2025,
from https://automation.honeywell.com/gb/en/products/sensing-solutions/sensors/
pressure-sensors/basic-abp-series.
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Figure 7: The updated Feelix haptic effect authoring tool.
This facilitates the authoring of pressure-based effects, which
define a relationship between user input displacement and
hydraulic cell pressure, resulting in dynamic force feedback
as the interface is deformed.

4.5 Haptic Authoring

Authoring tools can be used to design pressure effects that are
operationalised by the Haptic Engine [D3]. While prior works have
considered this on passive [47, 120] devices. Leveraging the PID
pressure control and input sensing, pressure-based effects can be
created, defining how internal pressure changes in response to
user input. When uploaded to HydroHaptics, the internal pressure
dynamically adjusts based on input—according to the pressure-
based effects, producing a force output profile the user can feel.
We look to “Feelix” [94], an open-source platform for authoring
rotating rotary effects on dials. Feelix provides a GUI to author,
edit and upload haptic effects to a rotary dial, as well as allowing
the current input to be visualised. We adapted Feelix to support
HydroHaptics, enabling users to author deformable pressure effects
while visualising the current input displacement (Figure 7).

5 Technical Evaluation

We evaluated how accurately and precisely HydroHaptics can ren-
der force feedback on deformable interfaces through a series of tech-
nical evaluations. All tests used a configuration of HydroHaptics
(shown in Figure 2), comprising the ROB-20441 motor, a 2.54 mm
pitch lead screw, and a 13 mm radius silicone dome interface. Eval-
uations were performed using a UR3 robotic arm equipped with a
Nordbo NRS-6 six-axis force sensor. An oval-shaped probe, approx-
imating the size of a human index finger [100], was mounted on the
arm for all measurements. During the testing, the pressure inside
the hydraulic cell was set and adjusted using the PID control (de-
scribed in subsection 4.4). Data from both HydroHaptics and the
robot arm setup was collected at 5 ms intervals.

5.1 Test 1: Volumetric Input Sensing

We begin by assessing how precisely HydroHaptics can estimate
the deformation of the interface based on the movement of the
Haptic Engine during user input. The robot arm (simulating a user)
compressed the interface in 0.5 mm increments from 0 to 15 mm,
and we measured the probe displacement, internal pressure and
haptic engine position over a 200 ms window at each increment.
Each compression depth was tested at six different hydraulic cell
pressures—5 kPa steps from 10 to 35 kPa, and each combination of
pressure and depth was repeated five times. The average standard
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Figure 8: Interface displacement (A), and calculated interface
displaced volume (B) versus haptic engine position, com-
paring measured values with regression model predictions
across a range of hydraulic Cell pressures.

deviation across all points was 0.6% of pressure, with a maximum
of 2.2%, demonstrating internal pressure stability during testing. As
the robot arm compressed the dome-shaped interface, the volume
of displaced fluid increased non-linearly with displacement. This
can be calculated using the equation for the volume of a spherical
cap [104], reflecting the increase in cross-sectional area with depth.
Figure 8 shows the relationship between the position of the haptic
engine and robot arm displacement (A), and calculated volumetric
displacement (B). The plateaus observed at the higher pressures
occur as the haptic engine’s maximum position does not provide
the required pressure. Only when sufficient input is provided does
the pressure in the hydraulic cell start to match the target pressure,
at which point the motor begins moving to regulate the pressure.
Interestingly, the results show a linear relationship between volu-
metric displacement and the haptic engine’s position. Therefore,
we created a linear regression model—excluding the initial 2 mm
displacement region due to high variance—to predict volumetric dis-
placement of the deformable interface based on the hydraulic cell’s
pressure and position of the haptic engine. The model demonstrated
excellent accuracy, with a standard deviation of 0.18 mm across all
tested haptic engine positions and hydraulic cell pressures. These
results confirm that HydroHaptics can reliably estimate how much
a user deforms the interface based on the hydraulic cell pressure
and haptic engine position.

5.2 Test 2: Pressure to Force Testing

Next, we assess how accurately and precisely the haptic engine
can control and regulate the pressure of the hydraulic cell. This
is important for providing different levels of stiffness. The robot
arm compressed the interface to a depth of 10 mm while the sys-
tem commanded pressures from 0 to 40 kPa, increasing in 2.5 kPa
increments. For each pressure level, the internal pressure of the
hydraulic cell and output resistance force—sensed by the robot arm
probe—were recorded over a 200 ms window, with 10 trials per pres-
sure level. Figure 9 shows the target pressures against measured
pressure (A) and measured output force (B). These results show an
average error of -0.27 kPa (%.5% full scale) with an average standard
deviation of 0.23 kPa over the range. A linear regression was used
to predict the relationship between target pressure and measured
force, with a root mean square (RMS) error of 0.17 N across all
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Figure 9: Target pressure vs. pressure measured inside the
hydraulic cell (Measured Pressure) (A) and the force mea-
sured from the robot arm force sensor as it compressed the
cell (Measured Force) (B). A linear regression was fit between
target pressure and measured force.

pressure levels. These results confirm HydroHaptics’s ability to
accurately and precisely control internal pressure which linearly
translates to the interface resistance force a user feels across a wide
pressure range, demonstrating its capability to provide accurate,
high-fidelity force feedback.

5.3 Test 3: Step Response Time

The third test measures the step response performance which in-
dicates how quickly the haptic engine can change the pressure in
the hydraulic cell. The dome was compressed by 10 mm, before
the target pressure was changed, and the response time (the time
to first reach within the target pressure limit) and settling time
(time to settle within the limit) were calculated as measured by
the hydraulic cell pressure with a 1 kPa tolerance. We measured
both rising (starting from 5 kPa) and falling (starting from 40 kPa)
pressure changes, with the target pressure varying over six steps
from 10 kPa to 35 kPa. Ten trials were conducted per pressure step.

The results are shown in Figure 10, including example profiles
of rising and falling edges. The response time increased with pres-
sure difference, ranging from 20 ms to 100 ms, with settling times
around 100 ms slower at higher pressure levels. This pressure re-
sponse performance can be combined with the results from Test
2—showing the linear relationship between internal pressure and
output force—to understand the dynamic force-feedback capabil-
ities of HydroHaptics. Previous pneumatic systems have demon-
strated step changes of 800 ms for transitions between 1.5 and
5.5 N [14], and 300 ms to transition between 0.2 N and 1.4 N [121].
In contrast, HydroHaptics achieved transitions from 5 kPa (7 N) to
30 kPa (19 N) in under 100 ms. This highlights how HydroHaptics
can achieve fast step response times meaning force feedback and
stiffness can be changed dynamically on-the-fly.

5.4 Test 4: Frequency Response

Finally, we analysed the frequency response of HydroHaptics to un-
derstand the maximum frequency of oscillatory force feedback that
can be provided. We used the approach described by Zhu et al. [121].
We tested 20 frequencies spaced logarithmically from 1 Hz to 50 Hz
across five different pressure amplitudes (from 2.5 to 17.5 kPa) to
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Figure 10: Step response performance for pressure (A) show-
ing both response and settling times. An example response
graph is also shown for pressure falling from 40 kPa to 35kPa
and rising from 10 kPa to 35 kPa (B).

explore the interaction between frequency and force. The robot arm
compressed the dome to 10 mm, and the hydraulic cell pressure
was measured over a 2 s window for each unique pressure and
frequency combination. A fast Fourier transform (FFT) was applied
to each trial to determine the magnitude of the force response at
the target frequency. The results are presented in Figure 11, along
with example frequency response profiles. Combining again with
the results from test 2, we can understand the force-feedback im-
plications. The results demonstrate that HydroHaptics can reliably
render a 2.5 kPa (1 N) amplitude wave up to 10 Hz and a 12.5 kPa
(6 N) amplitude wave up to 5 Hz with only minor distortion. They
also illustrate the decrease in maximum achievable amplitude at
higher frequencies, showing approx 3 kPa (1.5 N) limit at 15 Hz
and 1.6 kPa (0.6 N) limit at 21 Hz. Similar tests were conducted on
“JetUnit” [119] and “PneuSleeve” [121]. “PneuSleeve” demonstrated
approximately 0.2 N at 15 Hz and 0.1 N at 21 Hz. While “JetUnit”
only reported performance up to 10 Hz, achieving approximately
0.5 N of force. This test demonstrates that HydroHaptics is capable
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Figure 11: Frequency response performance for HydroHap-
tics on a logarithmic scale (A). Example plots show the fre-
quency response at 2.8 Hz, 17.5 kPa and 21.9 Hz, 7.5 kPa (B).
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of rendering dynamic oscillatory force feedback with high accu-
racy, consistently achieving precise frequency matching up to 5 Hz
across a wide range of forces. This enables the delivery of distinct
haptic outputs through various pulsing signals.

5.5 Summary

The technical evaluation demonstrates the clear advantages of hy-
drostatic transmission for force feedback, as well as the perfor-
mance of HydroHaptics. Test 1 confirmed how HydroHaptics can
accurately and precisely sense input based on the haptic engine’s
position, while Test 2 demonstrates how the haptic engine can trans-
mit force in a predictable way to the deformable interface without
loss and distortion, over a wide range of pressures. Test 3 illustrates
how HydroHaptics can provide responsive and dynamic changes
in internal pressure, achieving rapid adjustments in output within
short time intervals. Test 4 demonstrates how HydroHaptics can
accurately vary its internal pressure at frequencies exceeding 10 Hz.
Collectively, these findings show how HydroHaptics advances the
force feedback performance possible on macro-fluidic deformable
interfaces, opening up unique opportunities for interaction.

6 User Study

The technical evaluation characterises the high precision of Hy-
droHaptics’s system pressure and input displacement sensing and
demonstrated high-fidelity and responsive force feedback. To un-
derstand the user experience of HydroHaptics, we conducted a
two-part user study examining both how users perceive different
types of force feedback and how accurately the system can detect
different input gestures that can enable unique interaction possibil-
ities. Both parts were completed by the same group of participants
using a single study setup, with only minor modifications between
them (detailed below). The studies were run sequentially, begin-
ning with the force feedback component. Each part addressed a
distinct research question: the force feedback study explored the
perceivability and distinctiveness of pressure effects rendered by
HydroHaptics, while the input study evaluated the system’s ability
to recognise user-performed gestures.

The study took place in an office at the research institution, and
participants were recruited using internal institution advertising.
The participants sat in an office chair with the HydroHaptics pro-
totype embedded into a frame in front and slightly to the side,
positioned so their dominant hand would rest comfortably on the
dome (Figure 12). The chair could be moved to either side of the
frame depending on the participant’s handedness. The top of the
prototype was flush with the surface of the frame, with only the
silicone dome extending above the surface (Figure 12B).

6.1 Participants

We recruited 18 participants (11 identified as female, 7 identified
as male), aged between 19 to 54 (Mean = 30.6, o = 10.5). All had
full mobility of their index finger on their dominant hands, with 17
right-handed and one left-handed. They were compensated with
£10 each for taking part in the study.

Nash et al.

Figure 12: The user study setup. The HydroHaptics proto-
type is sunken within a frame, with only the dome (B) ex-
tended above the surface. The participant is sat to the side of
the frame, facing the display (A).

6.2 Force Feedback Study

As demonstrated within the technical evaluation, HydroHaptics can
accurately control the resistance force felt when compressing the
interface by altering the pressure inside the hydraulic cell. Build-
ing upon this, we evaluated whether pressure effects produced by
HydroHaptics—which would be felt as varying force feedback—
were distinguishable by users. This study section tasked partici-
pants with identifying different effects, following the approach of
Chen et al. [10]. Drawing on related work and our understand-
ing of HydroHaptics’s capabilities, the six pressure effects (shown
in Figure 13) were designed to demonstrate a range of feedback
behaviours. Three of these were displacement-dependent, varying
in response to user input, while the remaining three were system-
controlled, varying over time and independent of input. They are
described in more detail below.

6.2.1 Pressure Effects. Clicks introduce small drops in resistance
at discrete displacement increments, a common mechanism for
indicating increments [94, 120]. Boundary increases the resistance
beyond a set depth, simulating physical limits similar to those
used in constrained dials [95]. Button simulates the familiar tac-
tile response of a physical button [1, 45], with a rise and sudden
drop in resistance at the actuation point. Bumps generate brief
tap-like pulses using short square waves, similar to notification
feedback [8, 121]. Oscillating provides rhythmic force feedback
that can guide pacing or focus attention, as in breathing aids [17].
Finally, Stiffening gradually increases resistance over time, sig-
nalling prolonged interaction and subtly discouraging continued
input in focus-critical contexts.

6.2.2  Study Methodology. During the study, the participant’s hand
and the prototype were obscured from view using a box to eliminate
visual cues. Participants also wore noise-cancelling headphones to
minimise auditory cues, ensuring the user study results reflect hap-
tic perception alone, following prior work [119]. At the beginning of
the study, participants were familiarised with the six PRESSURE EF-
FECTS; each effect was demonstrated at least twice, with additional
demonstrations provided upon request. Once ready, participants felt
the pressure effects rendered by the device and verbally identified
each effect, which the researcher entered into the study software.
Participants were not informed of the correctness of their answers
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Figure 13: The six pressure effects rendered to users in the Force Feedback Study. The first three effects are displacement-
dependent, changing as the user pushes into the device. The second three are time-dependent and change independently of

user input.

during the trials. Additionally, participants received a physical sheet
showing the six graphs from Figure 13, each accompanied by its
name, as the task was designed to evaluate the distinctiveness of
each effect rather than memory recall. Effects were presented in
blocks, each containing all six effects in a random order. Each par-
ticipant completed 10 blocks, resulting in a total of 60 trials per
participant. During the study, we measured if the participant iden-
tified the correct pressure effects (Success) and, the time taken for
the participant to make their selection (Response Time).

6.2.3 Results. We analysed success using a binomial logistic gener-
alised linear mixed model, as success is a dichotomous outcome and,
therefore, unsuitable for analysis with repeated-measures ANOVA.
We created a model of success with pressure effect as a fixed ef-
fect and participant as a random effect, which had an explana-
tory power of Cond.R? = .406 for both fixed and random effects
and Marginal R> = .079 for the fixed effects alone (Nakagawa
and Schielzeth [55]). The overall success across all trials was p =
82.6% [80.3%, 84.9%], ranging from the Oscillating effect (u = 92.8%

[89.0%,96.6%]) to the Boundary effect (¢ = 69.3% [62.4%,76.1%)).
There was a significant effect of PRESSURE EFFECT on success (y(5)
51.75, p < .001, pr =.048 %). Individual post hoc comparisons are
shown in Table 1. A confusion matrix summarising participants’
responses is shown in Figure 14, illustrating the distribution of user

QREP calculated following Stoffel et al. [86]
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Figure 14: Normalised participant response distribution for
the six haptic effects.

responses versus the true effect. This highlights the distinctiveness
of certain effects such as Oscillating, Stiffening, and Buttons, while
also revealing notable misclassifications—e.g., the Boundary effect
was misidentified as Stiffening in over a quarter of the trials.

For response time, we began by checking the data against the
assumptions of a one-way RM ANOVA. A Shapiro-Wilk test indi-
cated that the data were not normally distributed and could not be
corrected with transformations. Therefore, we used a Friedman test
to analyse the response time data, with Holm-Bonferroni-corrected
Wilcoxon signed-rank tests for post hoc analysis. Across all trials,
the median response time was 7.27 s[6.93 s, 7.61 s]. There was a
significant (y?(5) = 50.8, p < .001, W = 0.58) effect of PRESSURE
EFFECT on response time. Post hoc tests revealed significant differ-
ences between several condition pairs. Bumps (m = 4.73 s [4.38 s,
5.07 s]) and Oscillating (m = 4.94 s [4.48 s, 5.40 s]) were identified
fastest, while Boundary (m = 9.66 s [8.73 s, 10.60 s]) and Clicks
(m =9.325 [8.23 5, 10.40 s]) took the longest.

6.2.4 Summary. These results demonstrate the ability of Hydro-
Haptics to render distinct pressure effects, including oscillating,
buttons and stiffening, which users can very consistently identify.
This aligns with the results from the technical evaluation, which
demonstrated that the system could create changes in output force
by altering the internal pressure. It also highlighted how certain ges-
tures can be more difficult for users to identify and can commonly
be mistaken for others. This both validates the haptic capabilities
of HydroHaptics and provides insight into the design of distinct
haptics on the device.

6.3 Recognition of Deformable Gestures

The technical evaluation confirmed the precisions of HydroHap-
tics’s force and displacement sensing. Noteworthy, deformable in-
puts provide users with a rich interaction space, enabling a diverse
range of gestures that are not limited to a single input type. There-
fore, we wanted to understand the feasibility of HydroHaptics to
differentiate between these different inputs accurately. As an initial
investigation into the ability of HydroHaptics to detect gesture
inputs, we selected four gestures and trained a machine learning
classification model to identify them. The four gestures, Press, Pinch,
Shear and Twist, are shown in Figure 15 and were selected as they
are both common and well-suited to a simple deformable dome.

6.3.1 Data Collection Methodology. To begin, participants com-
pleted a familiarisation phase, during which the researcher intro-
duced and demonstrated the four input gestures. This was followed
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Figure 15: The four gestures performed in the Deformable
Gestures Recognition study. Press (A), Shear (B), Pinch (C),
Twist (D).

by a short practice period before proceeding to the recognition task.
Participants were promoted to perform the tasks as if they were
interacting with an everyday device. The participant was shown
a prompt on a display (Figure 12A) stating which gesture to per-
form. The four gestures, along with ‘no gesture’—used to collect
baseline data—were shown together in a random order within a
single block. During the ’no gesture’ condition, the participant com-
pletely removed their hand from the interface and did not touch
it for the duration of the gesture. The participant was shown 15
blocks overall, for a total of 4 X 15 = 60 gestures per participant,
and 60 X 18 participants = 1080 gestures collected in total. The
Researcher controlled the study, beginning and ending the record-
ing for each trial. During each gesture, the system measures the
pressure, motor height and motor voltage every 5 ms. The collected
data was visually inspected after the test was complete to ensure all
files had complete data within them, with participants being asked
to repeat specific gestures if they were missing or incomplete.

6.3.2 Gesture Classifier. We trained a Random Forest classifier (n
=300) using ‘scikit-learn’ [64] to recognise gesture type from the
time-series pressure and haptic engine height data. A touch flag
signal—which identifies touches based on the movement of the
motor—was used to segment the gesture, with each gesture win-
dow beginning 100 ms before the first contact and ending 200 ms
after the user released. The “Blank” gestures were omitted from
the classification. To capture temporal dynamics, each gesture was
divided into N = 3 overlapping subwindows (50% overlap) to split
between the initial dip, hold and release. We perform feature extrac-
tion on each window, calculating the minimum, maximum, mean,
and standard deviation for both pressure and height.

6.3.3 Results. To evaluate gesture classification performance, we
employed two distinct evaluation protocols with contrasting train-
test split strategies. For the user-dependent condition, we imple-
mented a Leave-One-Trial-Out (LOTO) cross-validation approach,
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Figure 16: User-independent and user-dependent confusion
matrices for the Deformable Gestures Recognition study.

where the classifier was trained on all trials from a participant ex-
cept one, which was used for testing. This process was repeated for
all trials of each participant, effectively evaluating how well the sys-
tem recognizes consistent gestures from the same user. For the user-
independent condition, we utilised a Leave-One-Participant-Out
(LOPO) cross-validation approach, where the system was trained
on data from all participants except one, whose data served exclu-
sively as the test set. This process was repeated for each partici-
pant, rigorously assessing the system’s ability to generalise across
different users. The results revealed strong performance in the
user-dependent classification (89.1%, SD = 8.11), with Pinch (93%)
and Twist (92%) gestures achieving the highest recognition rates
due to their distinctive motion patterns. However, Shear gestures
performed less effectively (81%), likely due to inconsistencies in
execution or overlap with other gestures. In the user-independent
condition, accuracy decreased notably (77.8%, SD = 10.57), high-
lighting the challenge of accommodating diverse gesture execution
styles across users. While Twist remained relatively robust (84%),
Press exhibited significant challenges (64%), frequently being mis-
classified as Shear. An example of live gesture recognition is shown
in the video figure.

6.3.4 Summary. Our gesture classification system, employing a
simple classifier, achieves a promising performance while priori-
tising interpretability and ease of deployment. However, perfor-
mance variability, particularly for Shear and Pinch gestures in user-
independent protocol, reveals areas for further improvement. While
this approach is limited to only four gestures classified post-hoc,
it demonstrates how user input can be recognised to facilitate de-
formable gestures alongside high-fidelity force feedback without
adding additional sensing. Future work could explore deep learning
or hybrid models to better capture the nuances within these ges-
ture classes. Furthermore, adaptive mechanisms like personalised
calibration may help address inter-user variability. Larger, more
diverse datasets could also enhance the system’s generalisability.

7 Applications

The HydroHaptics platform expands the interaction space for de-
formable devices. We present four unique applications which utilise
the technical capabilities and design features described in this paper.
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Figure 17: 3D Sculpting Deformable Mouse, which enables
bi-directional force-augmented sculpting of digital objects.
It supports force-based sculpting and deformable gestures
while providing continuous, dynamic force feedback.

7.1 3D Sculpting Deformable Mouse

We built a deformable mouse (Figure 17) for 3D sculpting, combin-
ing prior concepts of deformation sculpting [28] and the “Inflatable
Mouse” [41]. A silicone dome is mounted on a hydraulic cell at the
front of a standard computer mouse, preserving the mouse’s spatial
interaction capabilities. The device supports bi-directional force-
augmented interactions with enhanced deformable force-feedback
while retaining the traditional discrete button input and “button”
feedback effect (Figure 13). Beyond confirming inputs, the device
can render continuous force feedback to simulate the stiffness of
the virtual material, allowing users to haptically explore the digital
object with the same tool used to modify it. Subtle haptic cues
can also be conveyed—such as “taps” when nearing the base of a
model or “stiffening” when sculpting restricted regions—enhancing
situational awareness during the creative process. This enhanced
force feedback is complemented by HydroHaptics’ ability to provide
users with greater flexibility in how they provide input through
the deformable interface. This enables continuous deformable force
input during sculpting, allowing users to modulate the thickness
of a stroke based on the force of the input. In addition, deformable
gestures (Figure 15), such as shearing to switch brushes or pinching
to move objects, further expand the expressivity.

7.2 “Wayfinding” Force-augmented Backpack

We implemented a force-augmented backpack (Figure 18), which
builds on prior work such as “ShoulderTap” [87], which delivered
pneumatic on-body directional cues, and other similar wearable
force-feedback systems [38, 65]. Each shoulder strap contains a
heat-sealed TPU pouch embedded beneath the fabric, indepen-
dently controlled by a dedicated HydroHaptics haptic engine. The
straps can render a variety of force-feedback effects either indepen-
dently or simultaneously. For example, oscillations on one shoulder
can guide navigation, with the frequency increasing as the user
approaches a turn, while taps on both shoulders prompt the user to
stop or turn around. The device can also deliver variable stiffness
“pushes” onto the wearer’s shoulder, to provide less urgent noti-
fications [38], with the force applied increasing with the number
of notifications. In addition to output, the straps retain the Hydro-
Haptics input capabilities. Continuous force input can be used to

Figure 18: The “Wayfinding” Force-augmented Backpack pro-
vides tactile on-body feedback from force applied through
a backpack strap, facilitating spatial and temporal notifi-
cations while integrating into an existing backpack. The
white dashed line indicates the outline of the embedded TPU
pouch.

dismiss a notification by pressing one strap which is confirmed
by a tactile button effect. Holding gestures can be used to provide
multi-level input, with the bag guiding the user through the differ-
ent levels by discrete click feedback, allowing for interactions such
as controlling the volume of their earphones.

7.3 Interactive Force Feedback Cushion

We developed an interactive cushion (Figure 19) that supports
deformation-based input and force feedback, aimed at smart-home
control [9]. A heat-sealed TPU pouch is embedded within the cush-
ion and connected to the haptic engine via flexible tubing, ensuring
no rigid components impact its softness. Dynamic force feedback
enhances discrete and continuous force input on the cushion. Dis-
crete inputs—such as turning off the lights—are confirmed with
tactile “clicks”, while rate-controlled interactions—such as scrolling
through a page [3] or item selection [12, 108]—are accompanied by
varying-frequency oscillations to reflect input intensity or speed.
Furthermore, the cushion’s physical stiffness can be adjusted using

Figure 19: Interactive Force-Feedback Cushion, that enables
tactile input and feedback using a soft deformable pouch,
without compromising the cushion’s original softness. The
white dashed line indicates the outline of the embedded TPU
pouch
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Figure 20: Deformable Joystick mock-up, which supports
three-dimensional deformation input while providing im-
mersive force feedback.

force-augmented inputs, allowing control over the level of support
it provides when sat on. Beyond control, the cushion can also serve
as an immersive feedback device. Oscillations, pulses, and taps de-
livered through the surface can be synchronised with media—such
as music, films, or TV programmes—to create a more engaging
experience, akin to 4D cinema.

7.4 Deformable Joystick GamePad

We implemented a low-fidelity mock-up prototype of a deformable
joystick (Figure 20) using a 3D-printed TPU bellows-style inter-
face, capable of deformation in three dimensions without requiring
complex mechanical assemblies. Inspired by soft “origami” inter-
faces [113], our design extends the concept by integrating force
feedback. The joystick can support rich, continuous deformation
input enhanced by dynamic haptic feedback. Deformable force
feedback can augment inputs by providing tactile confirmation
and resistance—for example, pushing against a virtual object may
require effort, while “bursting” involves overcoming a sudden force
threshold. Furthermore, HydroHaptics could deliver immersive
cues. Pulsing feedback (oscillations) can simulate tension, such as a
rising heartbeat, while taking damage in-game is emphasised by
sharp pulses (taps) of force on the user’s finger. Such nuanced input-
output coupling would be difficult to achieve with conventional
mechanical joysticks, requiring substantial mechanical complexity
to support similar levels of flexibility and feedback.

8 Discussion

8.1 Summary

The technical evaluation demonstrates how hydrostatic transmis-
sion can be used to simultaneously sense and measure user in-
put (Test 1) while accurately controlling the amount of force feed-
back (Test 2) with a response rate of less than 100 ms (Test 3). The
magnitude and range of dynamic force feedback that HydroHaptics
can provide on a deformable interface exceed the capabilities of
prior deformable devices, which have instead focused on providing
spatial variations on a fixed form factor [59, 118]. Notably, Hy-
droHaptics surpasses “JetUnit” [119], another hydraulic system, by
exhibiting a reduced force output loss at higher frequencies (Test 4).
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The user study demonstrates how users can correctly identify
force feedback effects and that the HydroHaptics concept can be
used to recognise a variety of deformable gestures. However, some
haptic effects (e.g., Boundary and Stiffening) are more nuanced
and were frequently confused by users, and some gestures—such
as Shear—were more difficult to classify reliably. Prior work has
explored deformation and force sensing on soft surfaces [15], how-
ever HydroHaptics demonstrates how it is possible to translate
these capabilities into gesture recognition without augmenting the
device with additional sensors. As deformable interfaces allow a
wide range of manipulations, this creates unique opportunities to
recognise diverse user input and respond in different ways.

The gesture space enabled by a deformable interface emerges
from its physical properties, such as shape, size, and stiffness [44,
90, 96]. In this work, we focused on a small set of input gestures
and feedback profiles, selected based on prior research and our
experience. Further investigation is needed to understand how
device form, input gesture, and feedback profile interact, and how
these aspects can be combined to enhance the user experience.

For instance, the type of interaction and the associated feedback
could be modulated dynamically during the gesture—a pinch might
produce a single click, while a press could yield multiple levels of
feedback. Different gestures which map to different interactions
could trigger distinct tactile confirmations, giving users immediate
feedback that their intended gesture was correctly recognised.

Together, these studies validate both the suitability of hydrostatic
transmission for bidirectional force transfer and our implementa-
tion of HydroHaptics for rendering detailed force feedback on de-
formable devices. They show that force from the device can be both
accurately rendered and perceptible and that user inputs can be
sensed with minimal loss—enabling effective gesture recognition.

8.2 Technical Limitations

Despite the advantages described in this paper, we identified tech-
nical limitations with our specific implementation of HydroHaptics.
First, air can be trapped within the hydraulic cell or leak into the sys-
tem over time. The air introduces compressibility and reduces per-
formance, requiring careful and secure system sealing. Along with
this, high output pressures require significant power—especially
with low mechanical advantage—which can lead to thermal is-
sues within the haptic engine and risk damaging PLA components.
While heat sensing and heat-resistant PLA offers partial mitigation,
thermal management remains challenging with such high power re-
quirements. Finally, our approach relies on a rigid haptic engine to
generate force feedback. This can be separated from the deformable
hydraulic cell that the user interacts with via flexible tubing, but
the haptic engine must remain connected to the interface. This ar-
rangement is not always feasible for fully deformable interfaces, for
example our pillow application requires the pillow to be tethered
to the couch (which houses the haptic engine). HydroHaptics rep-
resents a meaningful step toward the long-term goal of achieving
fully deformable haptic force feedback systems, and future work
should aim to reduce the number and size of rigid components.

In contrast to micro-hydraulic systems such as “HapTag” [10],
“Flat Panel Haptics” [73] and “PopTouch” [18], HydroHaptics is a
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macro-hydraulics system which operates with liquid volumes sev-
eral orders of magnitude larger. While we’ve demonstrated key
advantages of such systems, macro-hydraulics in interactive de-
vices introduces notable limitations based on the upper bounds
of performance determined by the laws of fluid dynamics. The
maximum fluid flow-rate is physically constrained by viscosity and
pipe geometry [105], limiting responsiveness when deforming very
large volumes. Also, if the haptic engine and deformable interface
are at different heights, there will be a pressure differential, leading
to force output discrepancies. Macro-hydraulic systems must also
contain all working fluid within the system, imposing physical con-
straints on the device’s form factor. This is in contrast to pneumatic
systems which can render large volume changes by drawing from,
and exhausting to, the environment [67, 70].

Finally, there is significant potential for variation in both the
interface—such as form, size, material, or stiffness—and the inter-
action, including input gestures and haptic effects. This work has
considered only a small subset of possible interaction configura-
tions, and more research is required to fully explore this space. In
particular, the physical properties of the interface may affect—or
even degrade—the quality of force feedback.

8.3 Future Work

The implementation of HydroHaptics presented in this paper opens
several promising avenues for future enhancement. First, combining
two or more deformable cells with different force-feedback prop-
erties could enable more complex material simulation [51, 114],
along with richer spatial feedback. This could be achieved by in-
tegrating multiple haptic engines or by employing mechanical or
layered valves [26] to switch a single haptic engine between multi-
ple interfaces. Next, the current interface between the BLDC motor
and the hydraulic cell could be significantly simplified through
the use of a rolling-rotary diaphragm [32], allowing the motor to
drive pressure and volume changes directly via rotary motion. This
approach may reduce the system’s footprint, simplify mechanical
design, and lower the component count, potentially employing di-
rect or geared motor coupling. Finally, techniques for fabricating
hydraulic devices with transmission fluid sealed inside have been
demonstrated [49, 110], which offer the potential to simplify the
design. Such improvements could also facilitate the development
of multi-haptic-engine devices.

Future investigations could look to better support the needs of
researchers and designers. The design of HydroHaptics is highly
customisable, with parameters such as diaphragm size, motor per-
formance, lead screw pitch, haptic engine travel, and tubing con-
figuration all adaptable to suit specific use cases. However, this
flexibility currently requires significant skill and manual effort.
A future parameterised design tool could streamline this process
by allowing users to specify design constraints—such as working
volume, maximum force, response time, interface type, and sys-
tem footprint—and automatically generate tailored 3D models and
component lists [2, 50, 84].

A particularly exciting potential direction is the development of
passive deformable haptics. Recent work on passive mechanical sys-
tems [47, 120] highlights the potential for tactile feedback without
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active actuation. A passive mechanism could be leveraged to re-
place HydroHaptics’s haptic engine. This would lead to deformable
interfaces that could offer tactile sensations such as detents or resis-
tance in low-power or mobile contexts. Combined with low-power
wireless sensing, this could enable fully portable haptic-enabled
deformable devices. Further, the adapted Feelix authoring tool in-
troduced in this work could be extended to output passive haptic
profiles—fabricated using methods such as laser cutting, similar to
the “ShapeHaptics” [120] approach.

While programming HydroHaptics currently requires a PC, fu-
ture versions could enable end-users to configure the device via
the deformable interface. Users could create custom haptic profiles
by applying force to the interface or train new gesture classifiers
using specific deformation commands.

Finally, while the current version of HydroHaptics provides hap-
tic feedback along a single degree of freedom (DoF), extending this
to multi-DoF haptics is a compelling long-term goal. Enabling differ-
ent actuations across multiple directions would unlock richer and
more expressive interactions. This might be achieved through struc-
tured metamaterials, combined actuation modalities, or software-
driven techniques. For example, predictive sensing could detect
gestures such as twisting before they are fully completed, allowing
the system to adjust feedback in real-time and create the illusion of
multiple output dimensions.

8.4 Towards the Future of Deformable Devices

Prior work has shown how deformable devices, with their many
degrees of freedom, allow users to interact in expressive and per-
sonalised ways [44, 90, 96]. However, deformable devices have seen
limited adoption outside of a research context despite their rich
input expressivity [43, 98, 101] and the wide variety of form fac-
tors [17, 60, 68, 85]. We postulate that the lack of adoption is in part
due to their reduced haptic feedback capabilities—this is particu-
larly evident when contrasted with the growth in force feedback in
other domains, such as haptic simulation [5, 72] and pseudo-haptic
techniques [37, 83, 103].

Deformable haptics enabled by HydroHaptics, defined by their
high fidelity and responsiveness, directly addresses this shortcom-
ing. Deformable force feedback can augment and enhance existing
systems and enable new interaction possibilities that were pre-
viously out of reach, helping to accelerate the wider adoption of
deformable devices. Deformable devices will not completely replace
rigid devices, however we believe they serve a distinct but vital
role, much like soft robots do in the field of robotics [106].

Deformable devices are also particularly suited to replicating
real-world objects, such as those used in training applications. For
example, anatomical models or manikins are already made from
soft, malleable materials [89, 92] to enhance realism. However,
these devices are currently restricted to passive force feedback.
Deformable haptics could transform these tools by enabling real-
time changes in stiffness, even pushing users back, making training
scenarios more immersive and effective.

Finally, many of the objects we interact with daily are soft—and
their softness is essential to their functionality. Items like pillows,
chairs, children’s toys, clothing, mats, and bags rely on this quality.
Augmenting them with deformable haptics could unlock exciting
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new interaction opportunities. Such enhancements could extend
at-hand computing, allowing us to interact with smart home sys-
tems—like thermostats, media controls, or lighting—through the
soft objects already around us. They could also enable more expres-
sive and immersive experiences, such as toys that move or push
back in response to touch. Further, deformable haptics could make
everyday objects more adaptable. For example, chairs that stiffen
to support posture or items that soften for easy storage, enabling
multifunctional and responsive designs.

By enabling deformable devices to provide force feedback on par
with rigid systems, HydroHaptics removes a major limitation to
their wider uptake. We believe that HydroHaptics and other future
deformable force feedback technologies will fundamentally reshape
the role of these devices in everyday life.

9 Conclusion

In this paper, we introduced HydroHaptics, a novel open-source sys-
tem which can accurately render fine-grained haptics on deformable
interfaces and devices while remaining practical and reproducible
for researchers and designers. HydroHaptics leverages hydraulic
transmission to couple the output of a BLDC motor to a deformable
interface, bringing the haptic performance of mechanically articu-
lated systems to soft, compliant devices.

Our technical and user evaluations demonstrate how Hydro-
Haptics can maintain all of the benefits of deformability—softness,
flexibility, and input richness—while providing precise, dynamic,
and high-fidelity force feedback across a range of deformable in-
terfaces on a scale that was not previously possible. This opens up
a new and interesting design space, expanding the boundaries of
what is possible with interactive deformable devices.

Both the hardware and software of HydroHaptics are open-
source and designed for ease of replication; most components are
3D-printed using consumer-grade FDM printers with PLA or are
off-the-shelf parts that are widely available and easily substitutable.
This low-cost, accessible, and open-source approach lowers the
barrier to entry for deformable haptics, and opens up new opportu-
nities for exploration with deformable interfaces.
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A Additional results

Nash et al.

Table 1: Pairwise post hoc comparisons of success rate for
force feedback effects using estimated marginal means dur-

ing the force feedback user study.

Sample df Statistic p Effect Size

Line Factor 1 Factor 2

1 Boundary  Bumps Inf -2.65 .085  -0.74
2 Boundary  Button Inf -4.83 <.001 -1.51
3 Boundary  Click Inf -251 120 -0.69
4 Boundary  Oscillating Inf -5.84 <.001 -2.08
5 Boundary  Stiffening  Inf -4.01 .001  -1.19
6 Bumps Button Inf -2.39 158 -0.77
7 Bumps Click Inf 0.15 1.000 0.04
8 Bumps Oscillating Inf -3.69 .003  -1.35
9 Bumps Stiffening  Inf -1.47 683 -0.45
10 Button Click Inf 253 115 0.81
11 Button Oscillating Inf -1.48 678 -0.57
12 Button Stiffening  Inf 0.94 935  0.32
13 Click Oscillating Inf -3.82 002 -1.39
14 Click Stiffening  Inf -1.61 590 -0.49
15 Oscillating = Stiffening  Inf 2.36 169 0.89
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