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FlexCube: A flexible multimodal haptic display
Khoa Lanh Luu Anh569962, Haewon Jeong, Yasemin Vardar

Delft University of Technology, Delft, The Netherlands

Abstract—As virtual technology rapidly advances globally,
the integration of the sense of touch into virtual environments
to enhance realism is becoming increasingly urgent, drawing
significant attention from scientists and researchers. This has
led to the development of innovative haptic devices designed to
replicate tactile sensations, further immersing users in virtual
experiences. However, despite significant research in this field,
most of the current haptic devices appear to lack the ability
to provide direct, flexible, and natural interactions. To address
these challenges, this study introduces the FlexCube, a novel
flexible multimodal haptic display capable of delivering three
tactile sensations: softness, roughness, and temperature. The
FlexCube is developed through the creation of two modules—a
hydraulic-actuated module for temperature and contact area
rendering and a roughness module using the electrovibration
effect. Then, they are combined together and integrated with an
available stiffness rendering device into one device - the complete
FlexCube. Subsequent experiments were conducted to evaluate
the performance and behavior of each module individually. The
results demonstrate that the FlexCube is capable of rendering
a step profile and real texture’s temperature profile, tracking
a sinusoid contact area profile of 0.2 Hz with neglectable
delay, and able to deliver salient roughness sensations with the
maximum generated electrovibration force of 0.028N regardless
of the possible surface deformation. Overall, the FlexCube can
simultaneously deliver all the expected tactile sensations and
appears to be a promising tool for applications in E-commerce,
telepresence, and interactive simulations.

Index Terms—Tactile perception, Multimodality haptic display,
soft haptic display

I. INTRODUCTION

Nowadays, with the rapid development of virtual reality
(VR) technology, the limit of human vision seemingly does
not exist anymore. VR can help us visually travel every-
where while physically just staying in one place, without
any constraints of distance, time, or even the reality of the
destination. However, human beings, with 5 senses to perceive
the surrounding world every day, need more than just visual
information to achieve realistic feelings. Among those 5,
vision and hearing are considered major senses due to the
highly valuable information they bring to us. Meanwhile,
touch, despite being a major sense, appears to be the most
active and plays an important role in constituting a realistic
sensation. While devices that deliver vision (VR glasses) and
hearing (speakers, headphones) cues are already popularly
available, the regeneration of virtual tactile sensation is still
in the developing phase.

One of the biggest challenges of delivering a virtual tactile
feeling is the multimodal nature of touch. This sense integrates
multiple types of sensory information to create a compre-
hensive perception of the environment. Unlike other senses
that primarily rely on a single type of stimulus (like vision

relying on light or hearing on sound waves), touch involves
various types of sensory receptors that detect different stimuli
consisting of many different sensations (such as hot/cold,
rough/smooth, sticky/slippery, etc.). Therefore, to regenerate
the sense of touch, the created devices, which are generally
called multimodal haptic devices, are required to be capable
of giving as many tactile sensations as possible.

Much research has been immersed into this field with
the generation of many multimodal devices using different
working principles and in different forms. Some researchers
designed a wearable haptic device that is installed on the
hands or arms of users, such as a glove [1][2], a forearm
cover [3][4], or a ring [5][6]. Meanwhile, other researchers
focused on making a tool-based haptic device, which requires
a more active interaction from the users to hold and move
the hand-held tool around. Some prominent products of this
category are the stylus-based [7]–[10], computer mouse-based
[11]–[13], manipulator-based [14]–[16].

Although wearable and tool-based devices are generally
simpler to manufacture and easier to modulate the rendered
sensations, there is a widespread preference from users for
a natural and direct interaction with bare fingers in terms
of perceiving a virtual texture. This tendency leads to a big
concern from scientists and engineers in making a display-
based device that contains a flat, controllable and property-
adjustable surface. Several achievements have been made in
creating this type of direct-interaction haptic display [17]–[20].
However, the biggest drawback of those devices is the rigid
form of the touch display. The main reason is that most of the
mechanisms applied to render tactile sensations in previous
research relate to the use of hard materials. For example,
in [17], [18], [20], the authors use the Peltier element to
render thermal cues, which is usually made from ceramic to
ensure good electrical insulation properties. In [19], on the
other hand, the author utilizes a commercial touch screen
and turns it into an electrovibration display to generate the
vibration sensation. In general, the use of popular and avail-
able components appears to have hindered the creation of a
more flexible tactile display. Overall, soft multimodal haptic
devices were significantly understudied due to several practical
reasons. Moreover, integrating hand-made components instead
of using standardized and commercialized ones is much more
challenging since we can not fully anticipate the behavior of
those DIY (do it yourself) products. This, apparently, is a
fair trade-off for the potential of creating a unique flexible
display that can deliver similar tactile sensations compared to
the current rigid display.

Therefore, in this research, we delve into creating a new
flexible multimodal haptic display, the FlexCube, which is
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capable of delivering 3 tactile sensations: softness, roughness,
and temperature. The Flexcube is created by first designing and
building two modules:Hydraulic-actuated module (for temper-
ature and contact area rendering) and Roughness module (for
roughness rendering). The operations of these two modules are
then inspected separately before combining them together into
one system. Finally, the combined system is integrated into a
stiffness rendering device, which was previously available in
the Haptic Interfaces Technology Lab (HITLAB), to create
a complete multimodal haptic display - the FlexCube. Also,
it is important that the selected rendering mechanisms in
the two added modules allow high flexibility for the entire
display structure. In section II, a brief background regarding
3 rendered tactile perceptions (roughness, softness, and tem-
perature) is demonstrated, followed by the working principle
of the utilized stiffness rendering device. Section III outlines
the design process for the FlexCube, highlighting the working
principles of the hydraulic and roughness modules. In section
IV, the characteristics of each subsystem are investigated
by conducting several characterization experiments, which
eventually give us useful insight into the behaviors of the
FlexCube. Finally, in section V, a discussion is made on the
findings relating to both hydraulic and roughness modules,
followed up by some future work plans and recommendations.

II. BACKGROUND

A. Perception of Roughness

The perception of roughness, which mainly relates to the
sliding motion of the finger, is detected by the 3 mechanore-
ceptor types: Meissner’s corpuscles, Merkel cells, and Ruffini
endings. Meissner’s corpuscles are particularly sensitive to
light touch and vibrations, playing a significant role in de-
tecting rough surfaces.

Among the various attributes that characterize surface tex-
tures, roughness is one of the most extensively studied due
to its significant impact on both the physical and percep-
tual qualities of surfaces [21], [22]. The tactile perception
of roughness is fundamentally a spatiotemporal process that
involves both spatial and temporal cues from skin indentation
and vibration, respectively [23]. During finger exploration,
the spatial distribution of surface features such as bumps
and grooves is detected by the skin’s indentation on the
fingers, enabling the discrimination of macro roughness of
macrotextures. Meanwhile, for microtextures, the perception
relies more on vibratory (and therefore temporal) stimuli,
which is usually addressed as vibrotactile sensation [24].

The current haptic devices use various technologies to
replicate roughness, such as vibrotactile (with small vibration
motors or piezoelectric actuators) [6][25][26], electrovibration
(modulating electrostatic forces between the device and the
user’s skin to create sensations of friction and texture changes)
[27]–[30], or surface actuation (arrays of small actuators
deform the surface of the device to create bumps and grooves)
[31]–[33]. The resulting virtual textures also highly depend on
the stimulus delivered. In specific, a high-amplitude (equiv-
alent to high skin indentation) and low-frequency stimulus
will give a macro-roughness sensation, while low-amplitude

and high-frequency stimulus can provide a micro-roughness
feeling.

B. Perception of Softness

The sensation of softness when interacting with an object
is often associated with the pushing and tapping movements
of the finger. Softness perception involves both cutaneous and
kinesthetic cues, which combine to help us determine how soft
or firm an object is [34].

Cutaneous cues are the sensory signals received from the
skin and are detected by 2 mechanoreceptors: Meissner’s
corpuscles and Merkel cells, which are sensitive to light touch
and pressure. These cues give us information about the skin
deformations such as skin stretch or skin indentation when
we touch an object. Kinesthetic cues, on the other hand, are
the sensory signals received from muscles, tendons, and joints,
which provides information about the position, movement, and
the force applied by the finger.

The sensory information received from the kinesthetic cues
and cutaneous cues are directly related to 2 physical quantities:
object’s stiffness and touch contact area respectively [35].
When we push a surface, the muscles and tendons in our
fingers sense the force we are applying and how much the
object is deforming, which informs us about its stiffness
property. However, a complete sensation of softness requires
the information of the skin deformation of our finger when
touching an object. A compliance material’s surface will
deform more when we apply a pushing force, leading to a
larger wrapping contact area around the finger. Thanks to the
contact area, we can distinguish between pushing a piece of
metal placed on top of a spring versus pushing a real soft
material such as a piece of foam.

Currently, haptic devices employ a wide range of advanced
technologies to render the sensation of softness. These devices
usually utilize force feedback actuators, such as electromag-
netic[36][37], piezoelectric [38], pneumatic [35][39][40], and
hydraulic actuators [41], to stimulate the resistant force felt
when pushing the virtual objects.

C. Perception of Temperature

The perception of thermal sensations through touch pri-
marily involves detecting temperature changes in the skin,
which is detected by thermoreceptors: warm receptors and cold
receptors. These thermoreceptors are embedded in the skin
and respond to temperature fluctuations, providing information
about the thermal properties of objects in contact. Warm
receptors are most responsive to temperatures in the range
of 30-45°C, while cold receptors are sensitive to temperatures
between 10-27°C. Temperatures below 10°C or above 45°C
are often perceived as painful rather than simply cold or warm.

The perception of temperature is influenced by both the
material properties of the object and the thermal conductivity
of the skin. Materials with higher thermal conductivity, such as
metals, can quickly transfer heat to or from the skin, leading to
a stronger and more immediate thermal sensation. In contrast,
materials with low thermal conductivity, like wood or plastic,
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produce more subtle temperature changes, leading to weaker
thermal sensations.

Current haptic devices aim to replicate thermal sensations
using various technologies. The most popular option is apply-
ing thermoelectric devices [7][42]–[44], which use the Peltier
effect and can create localized heating or cooling by passing
an electric current through a thermoelectric material. Another
widely-used method is utilizing microfluidic systems [45]–[47]
in which the warm or cool fluids are circulated through small
channels within the device, offering localized and dynamic
thermal feedback.

D. Available Stiffness rendering device
The available stiffness rendering device at HITLAB, which

has an origami structure, is capable of stimulating different
levels of stiffness by using a pneumatic system. As demon-
strated in Fig. 1, the device consists of 3 main components:
a 1-DOF origami joint that can only move vertically, a pouch
motor placed inside the origami joint, and an origami bellows
covering every other component from the outside. The main
working principle is that when the pouch motor is inflated or
deflated, it will respectively push up or push down the origami
joint vertically. By modulating the pressure inside the pouch
motor, different values of stiffness can be obtained.

To render a desired stiffness value, it is necessary to know
the current force being applied by the user on top of the device
and the resulting displacement of the top surface with respect
to the base. By using a magnet installed on the movable top
surface and a Hall sensor installed at the base, the relative
displacement of the top surface can be measured. Also, a
Force-sensing resistor (FSR) sensor is attached to the top of
the origami joint which is responsible for measuring the force
applied by the user. In operation, when a target stiffness value
is given, we use the recorded data of the current indentation
distance and multiply it with the desired stiffness to obtain the
target force. Then, the pouch motor will be inflated or deflated
to generate a force such that the net force between the user’s
pushing force and the force generated by the pouch is equal
to the target force. During operation, the device needs to be
connected to an air compressor to provide enough pressure,
which is used to control the pouch.

Fig. 1: Constitution of the 1-DOF stiffness rendering device.

III. DEVICE DESIGN

With the goal of creating a multimodal haptic display that
can simultaneously deliver 3 tactile perceptions (softness,

roughness, and temperature), the design process needs to
take into account the possible interference of the mechanisms
utilized to stimulate each modality to ensure the independence
of the rendered stimuli. Apart from that, the device must be
flexible (deformable) to maximize the user’s realistic touch
sensation. Finally, compatibility is another important factor
that needs to be considered since the added components have
to be easily integrated and not obstruct the operation of the
available stiffness rendering device.

With all those considerations, the FlexCube was designed
with the base is the available stiffness-rendering device
(Pneumatic module) and 2 add-on modules: Hydraulic
module and Roughness module. The Hydraulic module
is responsible for both delivering thermal sensation and
adjusting the touch contact area, while the Roughness module
generates the roughness sensation. In this section, the working
principle, materials, and components utilized in each add-on
module will be demonstrated. The overall system is shown
in Fig. 2, while the signal workflow between the hardware
components is depicted in Fig. 3. The microcontroller units
utilized in this research are two Teensy 4.1 development
boards. As depicted in Fig. 3, during operation, the Master
Teensy is directly connected with the PC to receive the
command and send back the data recorded by all sensors.
At the same time, Master Teensy receives data from all the
thermistors and loadcells while giving commands to all the
drivers and relays. It also sends the control voltage signal
to the Roughness module via the NI-DAQ unit as well as
receives the compass sensor and FSR sensor data from the
Slave Teensy. Meanwhile, the Slave Teensy is responsible for
controlling the pneumatic valve and receiving data from the
FSR sensor, compass sensor, and pressure sensors.

Fig. 2: The overall system experimental setup.

A. Hydraulic Module

A closed-circuit hydraulic-actuated system is designed
to conduct a flow of temperature-modulated and flow rate-
modulated fluid passing through the FlexCube. The liquid
used in the system is water, which has a high specific heat
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Fig. 3: The signal workflow between the hardware and the
software interface.

capacity, therefore enabling stable heat transfer capability
and ensuring no blockage occurs in the pipeline and other
components during operation. The overall schematic of the
hydraulic system utilized is shown in Fig. 4.

Fig. 4: Schematic of hydraulic system.

This module consists of three water tanks, namely Hot tank,
Cold tank, and Mixer. Three NTC thermistors (TRU COMPO-
NENTS MJSTS-103-3950-1-600-3D) are used to measure the
temperature of the water in all three tanks. The maximum
volumes of both the Hot and Cold tank is 2 liters, while the
Mixer is divided into two 300ml chambers, called Control
chamber and Residual chamber. The large volume of the
Hot and Cold tank are necessary to mitigate the effect of
the returning flow’s temperature. In other words, the larger
the tanks, the more stable their temperatures are. However,
this is also a trade-off since using a bigger tank will require
more time to heat up or cool down the water inside at the
beginning of each experiment. The water in the Hot tank is
heated up by using a 300W immersion heater (WIGO RTE
304) and maintained at 40oC by a simple pair-wise control

algorithm. The Cold tank, on the other hand, is a 120W Ice
Maker (PRIMO PR407IB) in which the ice is continuously
generated to maintain the temperature of 10oC of the water
inside. The flow of water is motivated by 5 centrifugal pumps
(Bayite BYT-7A006) and directed by 4 solenoid valves (W-
PM422 Whadda).

For the temperature rendering task, the main goal is to
achieve a certain volume of water with a targeted temperature
inside the Control chamber before pushing that water through
and filling up the FlexCube so that the user can perceive the
water temperature when touching the FlexCube’s top surface.
During operation, the water from the Hot and Cold tank is
firstly pumped towards the Control chamber by using two
separately controlled pumps (P1 and P2). The two streamlines
are merged with a T-shaped connector before being directed
into the Control chamber. By adjusting each pump’s speed,
corresponding to the speed of each water stream flowing from
the Hot and Cold tank, different temperatures of the mixed
stream can be obtained before reaching the Control chamber.
An NTC thermistor installed inside the Control chamber will
measure the temperature of the current water volume at every
instant and feed the signal back for the controller to modulate
the pumps’ speed if necessary.

Another pump (P3) is installed at the outlet of the Control
chamber in order to direct the water out of the Mixer and
ensure the water level in the Control chamber is as low as
possible. The low level of water inside the Control chamber
will significantly improve the control accuracy and response
time since the temperature of the incoming mixed stream is
less affected by the temperature of the water already present
in the chamber. Besides, two solenoid valves (V1 and V2) are
installed at the outlet side of pump P3, dividing the streamline
into 2 branches, one leading to the FlexCube, and one heading
back to the Residual chamber of the Mixer. These two valves
are activated alternately to direct the flow from pump P3,
either toward the FlexCube to start rendering the thermal cues
or back into the Residual chamber during the standby period
when we need to wait until achieving the desired temperature
for the water inside the Control chamber.

For the contact area rendering task, the idea is to change
the size of the area of the FlexCube’s top surface contacting
the finger during the interaction by changing the water volume
inside the origami bellows. As demonstrated in Fig. 5, with a
certain indentation of the user’s finger, increasing the water
volume will deform the FlexCube’s top surface, wrapping up
more area of the finger and therefore increasing the contact
area sensation.

To realize such a working principle, another pump (P4) is
installed at the outlet of the FlexCube to control the flow rate
of the stream flowing out. Together with pump P3, the speeds
of these two pumps are separately controlled to generate 3
possible states for the control strategy:

• When the inflow speed is larger than the outflow speed
(Qin > Qout): The water volume increases, leading to
the increase of the contact area.

• When the inflow speed is smaller than the outflow speed
(Qin < Qout): The water volume decreases, leading to
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Fig. 5: Illustration of the contact area control strategy.

the decrease of the contact area
• When the inflow speed is equal to the outflow speed

(Qin = Qout): The water volume is kept unchanged,
maintaining the contact area at the current state.

Theoretically, the volume of water inside the FlexCube can
be determined and computed from the speeds of inflow and
outflow by applying the integration formula:

V =

∫ t2

t1

(Qin −Qout) dt = (Qin −Qout)∆t (1)

In practice, the measurement and control of the flow speed
are much more challenging since most flow sensors have a
considerably long delay time before giving a precise flow rate
result. Therefore, we determined the water volume via the
water’s weight, which was measured by a load cell installed
under the FlexCube. During the user’s interaction, the resulting
values obtained from the load cell, however, can be affected by
the pushing force exerted by the user’s finger. To compensate
for that, we utilized the FSR sensor, which was attached on top
of the foldable 1-DOF origami structure inside the FlexCube,
to measure the finger’s pushing force so that we could exclude
that force from the results given by the load cell.

The returning flow from the FlexCube is directed back
to the Residual chamber of the Mixer before being pumped
back to either the Hot or Cold tank by pump P5. Two other
valves (V3 and V4) are installed at the outlet of pump P5,
which are utilized to control the distribution of the stream
flowing back to either the Hot or Cold tank. In short, if the
rendering temperature is hotter than a certain threshold (chosen
as 30oC), the valve leading to Hot tank (V3) will be activated
(opened), and vice versa. This small control strategy helps
stabilize the water temperatures in those two tanks and keep
them unchanged for longer, taking less time to wait for them
to go back to the initial temperatures (40oC for hot and 10oC
for cold).

B. Roughness Module

The roughness module is a thin transparent film attached to
the top of the FlexCube by silicone glue. The main working

principle of this module is applying the electroadhesion phe-
nomenon to generate a virtual roughness sensation. Electroad-
hesion is defined as an attractive force occurs between two
contacting materials when there is an electrical potential differ-
ence between them [48], where ε0 is the vacuum permittivity,
A is the finger contact area, di and dSC are the thicknesses
of the insulator and the stratum corneum and εi and εSC

are the relative permittivities of the insulator and stratum
corneum. Based on that, the electrovibration effect occurs
when humans touch or slide their fingers on an insulated
electrode being applied with an alternate voltage. The result
is the creation of a haptic sensation of roughness due to the
alternate electrostatic force attracting and releasing our finger
skin periodically. The application of this effect to generate a
virtual roughness sensation has been implemented in plenty of
research before. However, as mentioned in Section I, the use
of commercial touchscreens for this work made the integration
of a softness rendering function impossible. To realize the
rendering mechanism of the contact area in Section III.A,
a flexible/bendable electrovibration display must be created,
which needs to be thin enough to be able to deform under
the finger’s pressing forces as well as not obstruct the heat
transfer from the water flow below.

All things considered, a thin film is designed with one
conductive layer as a base and one insulating layer on top
as an insulator. It is also noteworthy that the magnitude of
the electrovibration force is proportional to the insulator’s
dielectric constant and inversely proportional to the square of
the insulator’s thickness, as shown in Eq. 2 [49]. The materials
of both conductive and insulating layers should have high
thermal conductivity so as not to obstruct the heat transmission
between the water inside the FlexCube and the user’s finger
on the top surface. In this research, we decided to use ITO
film as a conductive layer with 50um thickness and UV-cured
Epoxy Resin as the insulator (refer to the work in [50]). The
properties of these two material are given in Appendix [B].

Fe =
ε0AV 2

2
(

di

εi
+ dSC

εSC

)
(dSC + di)

(2)

Since insulator thickness plays a significant role in the
generation of the electrovibration effect, we decided to use the
spin-coating method to coat a thin layer of Epoxy Rein onto
the ITO film. This method is chosen because it has the huge
advantage of simplicity, quickness, and ensuring a uniform
coating layer. Also, the coating thickness can be modulated
effectively by adjusting the spinning speed and time. During
our manufacturing process, we added Acetone as a thinner of
Epoxy Resin to decrease the viscosity of the solution so that
we could obtain the thinner coating layer. The spin-coating
recipe implemented is also included in Appendix [B]. The
resulting coated film is shown in Appendix [D]. To connect the
conductive layer with the power supply, we keep one corner
of the ITO film uncoated and connect a connector into that
area.

The coating thickness is measured by using a microscope to
observe the polished cross-section of the sample. The image
captured from the microscope is shown in Fig. 6. It can be
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seen that the thickness of the coated layer is approximately
6um. The uniformity of the coating thickness is also inspected
by visualizing the cross-section images at different positions
on the coated film. The resulting images (Appendix [D])
show that the coating thickness varies from 5 − 6um. This
1um thickness deviation can lead to different intensities of
roughness perception by the user. To circumvent this problem,
we can instruct the users to mainly move their fingers near
the center of the film where the coating thickness is higher
but distributes more uniformly. The finished electrovibration
film is finally attached to the top of the FlexCube by glue to
prevent leakage from the water from inside.

Fig. 6: Cross-section image of the resin electrovibration layer
(6µm.)

IV. DEVICE CHARACTERIZATION

In this section, the characteristics of two modules (Hy-
draulic and Roughness) with three tactile modalities (thermal,
contact area, and roughness) are inspected. The obtained re-
sults will give us insight into the performance quality, working
limit, and response time of the FlexCube, which is essential
and beneficial for the future human experiment phase.

A. Thermal rendering characteristics

The temperature stimuli delivered by the FlexCube are
expected to range from 10oC to 40oC, which falls into the
comfort range of humans so that we can ensure a pleasant
sensation for users during the interaction. The temperature
of the mixed stream (Tmixed), which is also the rendered
temperature by the FlexCube, depends on the temperatures
of the Hot tank (Thot) and Cold tank (Tcold), and on the flow
speed of the streams from those two tanks (Qhot and Qcold).
That relation can be seen in the following formula:

Tmixed =
QhotThot +QcoldTcold

Qhot +Qcold
(3)

During the stimulation process, two temperature values at
two positions along the streamline are measured, which are

the Mixer temperature and Display temperature. Mixer tem-
perature is the water temperature inside the Control chamber
which directly results from the mixing of two flows from
the Hot and Cold tanks. Display temperature, on the other
hand, is the water temperature inside the FlexCube. Since the
FlexCube is, in practice, installed 60cm away from the Mixer
along the pipeline, Display temperature is expected to show a
considerable delay compared to Mixer temperature. Moreover,
the Display temperature can be varied due to the heat transfer
from the water flowing inside to the user’s finger touching the
top surface during the interaction.

Since the intended stimuli duration is short (15s), the values
of Thot and Tcold can be assumed to be unchanged during the
interaction process. Hence, Tmixed (Mixer temperature) can
be completely controlled by adjusting the values of Qhot and
Qcold, which are directly proportional to the PWM signal sent
to the corresponding pumps. It is noteworthy that the PWM
signals controlling two pumps (P1 and P2) are coupled via an
intermediate variable, called input, ranging from 0 to 1023.
The relationship between them is shown below:

PWM1 = input

(
UB1− LB1

1023

)
+ LB1 (4)

PWM2 = input

(
LB2− UB2

1023

)
+ UB2 (5)

In which indexes 1 and 2 indicate the hot and cold sides
respectively, while UB and LB are upper bound and lower
bound values of the PWM control signal that can activate the
pumps. The variations of PWM1 and PWM2 with respect
to different values of input are demonstrated in Fig. 7 (upper).
Also, the resulting rendered temperatures (both Mixer and
Display) corresponding to those variations are shown in Fig.
7 (lower). It can be seen that the higher value of input will
result in higher stimulated temperatures. By using this control
strategy, we can simultaneously vary the speeds of two pumps
inversely, which helps accelerate the changing rate of Tmixed.
The variable of input, then, can be considered as a single
input signal for the temperature rendering subsystem, while
the Display temperature is the single output.

Overall, the measurements of both temperatures are neces-
sary and important for the control process. Specifically, Mixer
temperature shows a much faster response, which gives precise
information about the mixed stream temperature immediately
so that the pump’s speeds can be adjusted accordingly. Mean-
while, Display temperature is the rendered temperature by the
FlexCube, which can be used to evaluate the efficiency of the
design and control strategy.

1) Open-loop step transient response: In this experiment,
the open-loop transient responses of the temperature system
with respect to step input signals are inspected to investigate
how fast can the system achieve a target temperature.

Three input values (input = 300, 600, 900) corresponding
to three expected stable-state temperatures of 17.1oC, 26.7oC,
and 37.3oC respectively (from Fig. 7), are provided to the
system. The initial temperature conditions are arbitrary in both
the Mixer and the FlexCube. The corresponding responses are
demonstrated in Fig. 8.
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Fig. 7: Variation of pumps’ speed (upper) and resulting
rendered temperatures (lower) corresponding to different

values of input variable

Fig. 8: Open-loop step response for three inputs, 300, 600,
and 900.

Firstly, it can be seen that with any given step input signals
of input, the system shows a similar responding behavior for
both Mixer temperature and Display temperature. In detail, the
temperatures slowly approach a steady-state value for different
inputs, just like the behavior of a first-order system. Also, the
Display temperatures always shows a delay effect compared to
the Mixer response, no matter which input values. The delay
time is computed to be approximately 5 seconds for all the
inputs. Besides, for each step input value, both the Mixer and
Display temperature eventually converge to the same steady-

state value.
The step response characteristics from 3 inputs are shown

in Table I. Notably, most of the overshoot and steady-state
error values are smaller than 1, which is negligible, except
for Mixer temperature for input = 900. At around the 10
last seconds of the measurement, the steady-state temperatures
show a slight decline due to the change of temperatures of the
Hot and Cold tanks after a long running time. Therefore, for
future user-study experiments, the stimuli should be limited to
a maximum of 15 seconds to ensure the assumption of constant
Thot and Tcold in Eq. 3.

TABLE I: Open loop response characteristics of temperature
rendering system

Input 300 600 900
Mixer Display Mixer Display Mixer Display

Rise time 6.42 13.3 6.81 13.52 7.18 13.07
Overshoot 0.53 0.32 0.42 0.35 3.78 0.68
SS error 0.12 0.39 0.07 0.08 0.2 0.06

Another special detail is that regardless of the arbitrary ini-
tial conditions, the rise time values corresponding to all inputs
are comparable for both Mixer temperature and Display tem-
perature separately. This feature was more closely inspected
by a follow-up experiment, where one input (input = 600) is
provided when the system is at different initial temperatures
(both in the FlexCube and the Mixer). The corresponding
responses with respect to 3 randomly set initial temperatures
are demonstrated in Fig. 9. The graphs show that the transient
time to approach the (same) steady-state temperature from all
3 different initial conditions is almost similar, which means
the initial temperature has little effect on the response time
of the system. In other words, no matter what the current
temperature is, the time it takes to reach a given temperature
is almost unchanged.

Fig. 9: Open-loop step response for input = 600.

2) Closed-loop step response: Next, a PID controller is
designed and applied to control the Display temperature to
track a given profile. The utilized PID parameters are shown
in Appendix [A]. Six constant step profiles (at 15, 20, 25,
30, 35, and 40oC) are used in the Closed-loop response
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experiment. The initial Display temperature for all the cases
is 25oC.TheresultingresponsesaredepictedinF ig.10.

Fig. 10: Step tracking response of display temperature w.r.t
different step values

It is noteworthy that the system behavior in Closed-loop
(with a PID controller applied) is expected to be different from
the Open-loop responses. Overall, the tracking performance is
the best for the intermediate temperatures (20, 25, and 30oC).
For high temperatures (35 and 40oC), although the Display
temperature can eventually reach the target temperature, the
rising time is apparently much longer compared to other
cases. On the contrary, the responses corresponding to low-
temperature steps (15 and 20oC) show a quick response
tendency with significantly low rising time. However, there
always exists considerable steady-state errors in the response
of these two scenarios, which makes them unable to reach the
target temperature during the entire measuring time (≈ 40s).

3) Closed-loop texture profile tracking: When we touch a
real texture or material with our finger at room temperature,
a heat transfer process will happen in which a heat flux will
flow from the finger into that material, leading to temperature
changes in both the material and the finger’s skin at the
contact area. Touching different materials at the same room
temperature, however, can give us different thermal sensations,
even though all materials have similar temperatures initially.
This phenomenon originates from the difference in the heat
transfer coefficient of those materials, making the temperature
changing rate and temperature steady-state vary among them,
and therefore giving us different perceptional information [51].

During the user-study experiment, we want to replicate
the thermal sensation that a real material can deliver to
the human’s finger. In [52], the authors proposed a method
referring to the use of heat flux measurement from the user’s
interaction with real material and then trying to regenerate that
heat flux with the haptic display. In specific, the heat flux value
at one instant when we touch a material is given as:

q =
Tf − Tm

R
(6)

In which q is the heat flux, Tf and Tm are, respectively,
the finger’s and material’s temperatures, and R is the thermal
contact resistance. The value of R is unique for each material
and surface quality. For samples with smooth surface finishes
similar to those produced by my milling, the value of R can be
estimated [52] via the thermal conductivity k of the material
as follows:

R =
0.37 + k

1870.k
(7)

From Eq. 6, if we obtain the heat flux from the real material
interaction, we can find out the needed Display temperature
to regenerate similar values of heat flux, as below:

Td = Tf − q.R (8)

where Td now is the expected Display temperature. To inspect
the ability to track the Td profile of the FlexCube, we conduct
an experiment by using the data from the SENS3 database
[53]. The obtained temperature profile for the Display is shown
as the blue continuous line in Fig.11. However, from the
information about the system’s behavior and response time,
it appears that the system can hardly perfectly track a steep
curve as we wanted. Therefore, we generated a pseudo profile
from the real one by transmitting the curvy trajectory in two
steps signal (dashed black line). The pseudo profile consists
of two steps: one takes the value of the real profile at 12s, and
one takes the steady-state value of the real profile. The period
of 12s is selected based on the response in the Closed-loop
step response at neutral temperatures, where the rising time of
the response is approximately 12s.

Fig. 11: Temperature real and pseudo profile of the
FlexCube.

The tracking results are shown in Fig.12. The pseudo
profile appears to be significantly beneficial when the Display
temperature can replicate the expected curve from the real
profile. There is a considerable delay, as predicted. However,
this is not a problem for the stimuli rendering work since we
can compensate for this delay by instructing the participants
to wait for a certain amount of time before starting to interact
with the Flexcub. The delayed response, therefore, will not
affect the user’s perception in the further experiment stage.
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Fig. 12: Display and Mixer temperatures response upon real
profile.

B. Contact Area rendering characteristics

As mentioned in Section III, the contact area is controlled via
the weight of the amount of water inside the FlexCube. The
relations between water weight and contact area with respect
to different finger indentation forces are depicted in Fig. 13.
During operation, with a given target contact area and the
indentation force data received from the FSR sensor, we can
always deduce a target water weight inside the FlexCube. The
hydraulic system is then modulated to make sure the weight
of water inside the FlexCube can reach the aforementioned
target weight.

Fig. 13: Relationship between water weight versus absolute
(upper) and relative (lower) contact area.

A simple three-state controller is designed for the weight-
tracking task, which either accelerates or decelerates the speed
of pumps P3 and P4 to make sure the current water weight
can follow the targeted weight. The pseudo-code of the control
algorithm applied can be found in Appendix [A].

The step-tracking experiment was conducted to inspect the
behavior and response of the system with this control strategy.

A profile of square pulses with 50g step height, which is the
expected maximum weight of the water inside, and a period
of 8s is utilized. The resulting response is shown in Fig.14.

Fig. 14: PID weight-step tracking.

The response characteristics are then averaged between 5
periods. The results showed that the rise time of the system
is 2.16s for both step-up and step-down cases. The average
steady-state error is approximately 1.8g, which is 3.6% of the
step height. The overshoot can be up to 2g at some period and
only happens for a step-up scenario. The step-down case, on
the other hand, experiences some undershoot due to the elastic
force of the foldable 1-DoF origami structure inside.

Fig. 15: PID weight-sine tracking.

Since the system can reach 90% of the maximum weight in
2.16s, it is expected that the contact area rendering system can
follow a sinusoidal profile with 5s period because it takes 2.5s
to go from the bottom to the peak of the wave. A sine wave
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is interested in this characterization work because its profile
is similar to the trajectory of the finger’s pushing movement
when we explore a soft surface. The sine wave tracking result
is shown in Fig. 15. Although there is a phase lag in the
response, the maximum delay value, happening mostly at
the peak, is only 0.35s, which can trigger the sensation of
viscosity for the user.

C. Roughness rendering characteristics

The efficiency of the electrovibration module is validated
by examining the average electrostatic force and friction
coefficient that can be generated at one given AC voltage
amplitude and frequency. A simple force sensing setup is built
for this experiment, as shown in Fig.16. In this experiment, a
participant will apply a force of 0.2N on the electrovibration
film, which is measured by a 6-axis force sensor (Nano43)
installed at the bottom of the film, before starting to slide hor-
izontally back and forth with an expected speed of 40mm/s.
The motion of the finger is captured by a motion-tracking
sensor (zForce Air) and projected on a monitor placed in
front of the user. The sliding speed is maintained by showing
an animation of a moving cube with the expected speed and
trajectory on the monitor so that the participant can follow the
cube’s movement to reach the intended speed.

Fig. 16: Experimental force sensing setup.

Four voltage amplitude values (50V pp, 100V pp, 150V pp,
200V pp) and ten frequencies evenly distributed in logarithm
scale ranging from 10Hz to 1000Hz (10 17 28 46 77 129
215 359 599 1000 Hz) are utilized as stimuli for this experi-
ment. The duration of one stimulus is 10s, and the sampling
frequency is 20kHz. The recorded normal and lateral force
values are first low-pass filtered at 1000Hz cut-off frequency
to remove noise. Each dataset is then divided into 4 segments
where the sliding movement is the most stable.
For friction coefficient calculation, in each segment, the lateral
force values are divided by the normal force values at the
same sample before getting averaged to obtain the friction
coefficient of one segment. The achieved results from 4 seg-
ments are then averaged one more time to obtain the friction

coefficient of one stimulus pattern. The results of this process
are shown in Fig. 16.

Fig. 17: Friction coefficient w.r.t. various Voltage amplitudes
and frequencies.

Generally speaking, the resulting graph shows that the
Friction coefficient is proportional to the provided voltage
amplitude, which means higher amplitude leads to higher
friction sensation. The frequencies, on the other hand, do not
show any clear effect on the friction coefficient. The general
trend appears to be an increase of friction at first, followed
by a wide flat region with nearly equal values, before going
down again after 300Hz.

For measuring the Electrovibration force generated by the
electrovibration film, a bandpass filter is utilized and applied
at the frequency that the force appears. Since the electro-
vibration force’s frequency is two times the applied voltage
frequency, we need to apply the bandpass filter with the cut-
off frequency range of (2fV ±5Hz) for the voltage frequencies
of fV = 10, 17, 28, 46, 77Hz, and the range of (2fV ±10Hz)
for the remaining voltage frequencies. After that, for each of
the segmented datasets, the root-mean-square (RMS) of the
lateral and normal force are determined. The amplitude of
the forces is then calculated by multiplying the RMS values
with

√
2, before summing up the amplitude values from the

lateral and the normal force to obtain the total amplitude
of Electrovibration force of one segment. The amplitude
values from 4 segments are finally averaged to achieve the
Electrovibration force amplitude at one given stimulus. The
results are demonstrated in Fig. 18.

The resulting graph verifies the conclusion drawn from the
previous graph: the higher the applied voltage, the higher the
electrovibration force (and, therefore the friction coefficient) at
every examined frequency. Moreover, the plots of 150V pp and
200V pp show two peaks at the same frequencies: 17Hz and
599Hz, while the plots of 150V pp and 200V pp hardly show
any unusual variation. Especially all 4 plots corresponding to 4
voltage amplitudes show a significant drop in electrovibration
force amplitude at 1000 Hz, which can be explained by the
usage of the low-pass filter with the cut-off frequency at 1000
Hz as well.
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Fig. 18: Electroviberation force w.r.t. different voltages and
frequencies.

To validate the Electrovibration force results obtained from
the experiment, an analytical calculation was made to give
a quick comparison in the ideal scenario. From [54], the
electrovibration force acting on the stratum corneum of our
finger is calculated as:

Fe =
ε0εSC

2

(
VSC

dSC

)2

(9)

where ε0 is the permittivity of vacuum, εSC is the relative
permittivity of the stratum corneum, A the area of the fingertip
when in contact, dSC is the thickness of the stratum corneum
and VSC is the voltage across the stratum corneum. The value
of VSC is related to the voltage applied to the whole film by
the formula:

VSC = V
ZSC

ZSC + Zbody + Zinsulator
(10)

in which Zbody , ZSC , and Zinsulator are the impedances of
the human body, stratum corneum, and the electrovibration’s
insulator layer, respectively. Using the empirical parameters
relating to the stratum corneum and the body in [54], the
resulting theoretical electrovibration forces are achieved as
below:

TABLE II: Analytical calculation of Electrovibration force
with amplitude of 200 Vpp

Frequency Force (N) Frequency Force (N)
10 0.0001 129 0.0037
17 0.0003 215 0.0044
28 0.0006 359 0.0047
46 0.0014 599 0.0048
77 0.0026 1000 0.0049

The resulting forces from analytical calculations seem to be
10 times smaller than those measured in the experiment. The
reason may come from the uncertainty of the insulator (Resin)

dielectric constant since this property can be changed when we
mix it with a thinner solution (Acetone).

Besides, a COMSOL model was built with 3 objects:
ITO layer, Resin layer, and Stratum corneum with similar
dimensions utilized in the previous analytical calculation Fig.
19. The forces obtained from the simulation appear to be
unaffected by frequency and maintained at a constant value
of 0.0103N , which is more comparable to the results from
the experiment. In general, further work will need to be done
to find out a decent explanation for these differences.

Fig. 19: FEM simulation - Electrical potential voltage
distribution of a stationary simulation.

V. DISCUSSION

A. For hydraulic module

In general, the hydraulic system has been proven to be
capable of delivering the desired value, for both temperature
and contact area (in the form of weight) aspects.

This hydraulic-based temperature rendering system, from a
modeling perspective, has an infinite number of stable states
since the Display temperature will remain unchanged when
we stop giving the input signal. This property is beneficial
when we can maintain the temperature inside the FlexCube
without providing any further energy (at a short time when
heat emission can be neglected), which theoretically can save
us a lot of time from waiting for the temperature to rise again
whenever the system is switched off.

However, as pointed out in the Open-loop step response
experiment, the Display temperature rising time is not affected
by the initial temperature condition of the water stored inside
the FlexCube. The reason is that, different from other tem-
perature rendering interfaces (such as Peltier element) which
need time to either heat up or cool down a physical object, the
hydraulic-based system does not really change the temperature
of any object because as the flow keeps on flowing, the
old volume of water will flow out and the new volume of
water with different temperatures can appear immediately
without the need for continuity in the temperature of the flow.
For example, when a mixed streamline is flowing normally
with the operation of both pumps, pump P1 suddenly stops
(giving no more flow of hot water), and pump P2 runs at full
speed, an amount of 10oC water will suddenly appear right
behind the previous mixed streamline, creating a flow with
two significantly different local temperature.
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Besides, up to now, we are solely looking into the mea-
surement of the water temperature inside the FlexCube, not
on its top surface. When the user touches the FlexCube,
they will perceive the temperature of the top surface, not the
water below. Since the top surface is a physical object, the
delay phenomenon due to heat transfer will occur. Therefore,
it is necessary to examine the surface’s temperature during
the stimulation process to verify the effectiveness of the
temperature rendering work.

For the contact area rendering task, the hydraulic system
appears to well perform in the weight-tracking task with a
low response time and steady-state error. However, the most
challenging part of this mechanism is to relate the finger
contact area with the real volume of water needed to be filled
inside the FlexCube. The problem is that this relationship
depends on the geometry of the finger. In specific, from a
certain finger indentation distance performed by the user, we
can come up with a value of the contact area that we want
to deliver accordingly. However, when we transfer from the
desired contact area to the corresponding desired water volume
inside the FlexCube, the size and shape of the finger really
matter and significantly affect the calculation of the target
water volume. Currently, we can partly mitigate this issue by
recording the contact area - water volume relationship curve
of many participants before averaging them to obtain the most
meaningful and suitable curve for this contact area controlling
task.

B. For Roughness Module

Overall, this module has shown good performance when the
roughness sensations delivered are vivid and perceptible for
most of the frequencies in the inspected range. The fact that it
can stimulate such a salient sensation is especially important
when integrated into a multimodal device since the user can
easily get distracted or overwhelmed by other tactile modalities
if the rendered stimuli are too subtle. The only problem with
this module is the non-uniformity of the coating thickness,
which will moderately affect the user’s perception during the
experiment if they accidentally move their fingers too far to
the corner. The origin of this issue lies in the nature of the
spin-coating process when the coating substance is distributed
by centrifugal force, which always results in a thicker coating
in the center and gradually thinner when moving away from
the center.

Besides, since this electrovibration film is flexible, the
coating thickness can also be changed when the film deforms
due to the finger’s indenting movement. However, the change
in the coated film’s capacitance is shown to be insignificant
with respect to different radii of curvature [Appendix C]. As
capacitance is inversely proportional to thickness, this result
can more or less ensure that the perceived roughness will
hardly be affected by the deformation of the FlexCube’s top
surface.

Moreover, the measurement of electrovibration force is con-
ducted in a certain constrained condition, with 0.2N pushing
force and 40 mm/s sliding speed, which were adjusted and
maintained by the use of the force sensor and the motion

tracking sensor, respectively. Meanwhile, during a real human
experiment, it is much more challenging to make sure the user
can perform any desired conditions. And since the conditions
are not ensured anymore, the resulting roughness perception
is unpredictable. Therefore, further characteristic experiments
need to be done with different conditions so that we can have
a more reliable estimation of the perceived roughness by the
users in the free exploration movement.

C. Future Work

In the next phase of the research, we will conduct a user-
study experiment to investigate the subjective tactile sensation
that the FlexCube can deliver. The temperature profiles of
more materials will be used to provide a wider range of
variation in thermal cues. For the electrovibration module, the
possibly generated sensations are roughness, bumpiness, and
stickiness. One possible next step is to conduct a threshold
experiment to find out the perceptional limit of humans
when interacting with our device. Based on the data of the
threshold and the obtained resulting forces, the most salient
sets of stimuli will be selected to ensure providing vivid and
perceptible sensations. During the experiment, the participants
will give answers regarding the levels of the sensations they
perceive with a set of adjective scales. The achieved data
will then be analyzed to find out the principle dimensions
of the perceptual space of FlexCube. Also, those data help us
find out the relation between one sensation and other physical
quantities used to deliver the stimuli.
In conclusion, the FlexCube has shown good potential to be-
come a distinctive flexible haptic interface with deformability
properties and the capability of delivering 3 tactile sensations.
This device can be applied in the field of E-commerce with
the ability to stimulate the virtual texture and touch sensation
of any given product. When the customers want to inspect a
piece of cloth with a bare finger at a long distance, they can
touch and interact with the FlexCube instead and still get the
idea of how soft, smooth, or warm the real cloth is.
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A
Control algorithm

(Kp), Integral (KI ) and Derivative (KD) for temperature control

PID parameters for Temperature control
KP KI KD

38 7 10

Table A.1: PID parameters

Pseudo-code of Weight control algorithm
1 if ((weight_error < 0)&&(abs(weight_error) > 3)){
2 pump3(pump3_IN1 , 255);
3 pump3(pump4_IN1 , 100);
4 }
5 else if ((weight_error > 0)&&(abs(weight_error) > 3)){
6 pump3(pump3_IN1 , 100);
7 pump3(pump4_IN1 , 255); }
8 else {
9 pump3(pump3_IN1 , 100);

10 pump3(pump4_IN1 , 100);
11 }
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B
Coating Recipe

Material properties

The Material Young modulus Conductivity Possion’s ratio
ITO 116 GPa 106 S/m 0.35
Epoxy Resin 3100 MPa 10−8 S/m 0.4
Skin 5 kPa - 140 MPa 1.42 ∗ 10−5 S/m 0.48

Spin Coating Recipe for Epoxy Resin on ITO Glass

Materials needed:

• Substrate: ITO-coated glass slides
• Epoxy Resin.
• Solvent: Acetone.
• Mixing Ratio: 1:1 (Epoxy Resin)
• Spin Coater: With a speed of 3000 RPM.
• UV Light source: For curing the resin

Procedure:

First, start by cleaning the ITO glass with Isopropanol solution and mixing the epoxy resin with the 
acetone in a 1:1 volume ratio. Then secure the cleaned ITO glass substrate onto the spin coater chuck 
double-sided tape. Set the acceleration to 1000rpm2, speed to 3000rpmr, and duration to 30s. After 
finishing all the setup, drop the resin solution with a pipette or syringe at the center of the ITO film. 
Finally, click start the spin-coater. When the sample is done, cure it using a UV light for 3 minutes 
or more to ensure it is fully cured. Clean the cured sample one more time with Isopropanol before 
proceeding to any later measurements.
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C
Capacitance variation of Epoxy Resin

Figure C.1: Setup for measuring capacitance of Epoxy Resin layer.

Figure C.2: Variation of Epoxy Resin’s Capacitance (relative and absolute) w.r.t. radii of curvature
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D
Thickness measurements of Epoxy

Resin layer

Figure D.1: 4 inspection lines utilized to measure coating thickness
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Figure D.2: Images of Cross-section at different points along the inspecting lines.


	Thesis_appendix (1).pdf
	Thesis_draft (1).pdf
	Thesis_appendix (1)

