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Abstract

Upper limb amputations pose significant challenges for amputees, especially
in developing countries where access to affordable prosthetics is limited. Various
prosthetics, including passive, body-powered, myoelectric, hybrid, and exoskele-
ton, offer unique features and capabilities. Recent advancements in 3D-printing
have made low-cost upper limb prosthetics more accessible. However, despite
restoring some hand motion, current prosthetics lack haptic feedback, an essential

component for a complete sensory experience in daily life.

This thesis presents a fluidic mechano-tactile haptic feedback system for upper-
limb amputees that transmits tactile stimuli from a fingertip sensor and produces
corresponding mechano-tactile stimuli. The system is mechanically driven with
only two components: a fingertip sensor and a feedback actuator. Incompressible
liquid fills the cavity, acting as a medium to transfer pressure signals from the
fingertip sensor to the feedback actuator. The feedback actuator then generates
corresponding mechano-tactile stimuli for the user, indicating the force level at the
fingertip sensor. The effectiveness of this fluidic mechano-tactile haptic feedback

system has been proven.

The haptic feedback system was optimised using a multi-chamber structure to
sense and provide feedback on force level and direction. Both the fingertip sensor
and feedback actuator have a multi-chamber structure and are connected individ-
ually. By compressing the fingertip at different angles and indentation depths, the

pressures in the chambers increase non-uniformly, resulting in pressure amplitudes
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that deviate and indicate force level and direction. The prototype has been charac-

terised and validated with healthy participants.

To analyse the deformation of the fingertip sensor, an analytical model based on
finite deformation theory was developed, describing the inflation and compression
of an ellipsoid. By establishing the hyperelastic property and membrane dimensions
(including thickness, major and minor axis lengths), the reaction force, hydrostatic
pressure, and deformed shape of the membrane can be calculated. The model was
validated through experiments. Following finite deformation theory, another ana-
lytical model was developed to describe the inflation of a circular elastic membrane
under load. This model was validated with three experiments, contributing to the

fields of soft robotics and haptic feedback.



Impact Statement

This thesis significantly contributes to enhancing the understanding of the mech-
anisms of purely mechanical, fluidic haptic feedback systems, and the principles
that govern the interaction between elastic membranes and structures with objects.
The importance of this work has become increasingly critical with advancements
in healthcare and the desire for improved quality of life for upper-limb prosthetic
users. The research within this thesis specifically addresses two integral aspects of

developing fluidic haptic feedback systems.

The first aspect of this thesis focuses on developing a purely mechanically
driven haptic feedback system, characterised by cost-effectiveness, simplicity, and
effectiveness. The system is designed to sense and deliver force feedback from
the prosthetic extremity back to the users. In the haptic feedback system’s land-
scape, the fingertip sensor at the prosthetic ends requires a unique coupling with the
feedback actuator, powered purely by mechanical means. This represents a novel

commitment in the field.

The second aspect is centred on the analytical modelling of the haptic feedback
system for the fingertip sensor and feedback actuator. The deformation of the el-
lipsoidal fingertip sensor is described using the finite deformation theory, and the
hydrostatic pressure prediction is also accounted for. Concurrently, a model based
on static elastic theory has been developed for the feedback actuator to elucidate
the pressurisation behaviour. The analytical model of the deformation of an ellip-

soidal membrane can also contribute to several other fields such as bio-mechanics,
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especially in areas like tumour stiffness modelling.

Considering the fluidic haptic feedback system research is still in its nascent
stage, both the physical challenges and modelling approaches presented in this
thesis offer valuable extensions to future research in this area. The knowledge
and insights provided herein form a critical foundation for further exploration and

advancements in the field.
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Chapter 1

Introduction

This chapter provides the context and impetus for the creation of a fluidic haptic
feedback system intended for upper-limb prosthetic users. Consequently, the aims,
objectives, and the significant contributions of this thesis are highlighted, primarily
falling into two categories: the advancement of the haptic feedback system and its
analytical modelling with applications. The end of the chapter concludes with a
detailed overview of the thesis structure, outlining the progression of the conducted

research, its division into distinct chapters, and the interconnectedness of these

sections.
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1.1 Research background

Hands, being among the most sensitive parts of our body, play a crucial role in
our daily interactions and perceptions. The loss of an upper limb poses significant
challenges for amputees, affecting both manipulation and perception. According
to the World Health Organisation (WHO), 95% of the 40 million amputees in de-
veloping countries lack access to affordable and appropriate prosthetic care and
devices [94]. Limb loss is disproportionately high in low and middle-income coun-
tries (LMICs), which are home to 80% of the world’s three million upper limb
amputees [93]. Several factors contribute to this high rate: the lingering effects of
past conflicts, such as uncleared landmines in Sri Lanka; more severe road acci-
dents in LMICs; and lax health and safety regulations in factories. Additionally,
various illnesses, including diabetes (which is the second-largest cause of limb loss
after traffic accidents in Bangladesh [93]), polio, meningitis, and stroke, can lead to
amputation. Depending on the severity of the amputation, individuals may require
extensive, long-term medical care and psychological support [111].

In order to help upper-limb amputees, different kinds of prosthetics were de-
veloped: passive, body-powered and myoelectric, hybrid, and exoskeleton pros-

thetics [47]. Figure 1.1 presents three types of prosthetics, which are cosmetic,

Cosmetic Body-Powered Myoelectric
Prosthetic

Prosthetic

Prosthetic

(b)

Figure 1.1: Different types of upper-limb prosthetics: (a) Cosmetic prosthetics [99]. (b)
Body-powered prosthetics [12]. (c) Myoelectric prosthetics [96].
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body-powered and myoelectric upper-limb prosthetics. An upper limb prosthetic
is an artificial device that is designed to replace a missing or nonfunctioning arm
or hand. There are several different types of upper limb prosthetics available, each

with its own unique features and capabilities.

Myoelectric prosthetics, on the other hand, use electrical signals generated by
the patient’s remaining muscles to control the movement of the prosthetic. These
prosthetics are equipped with sensors that detect electrical signals generated by the
remaining muscles and use them to control the movement of the prosthetic. Myo-
electric prosthetics are more expensive than body-powered prosthetics, but they are
also able to provide a higher level of functionality. They are also more cosmetic and
natural looking than body-powered prosthetics. However, they are less durable than
body-powered prosthetics and require more maintenance. They also have higher

energy consumption and may have issues with the prosthetic freezing or locking up.

Hybrid prosthetics are a combination of body-powered and myoelectric pros-
thetics. These prosthetics use a combination of cables, harnesses, and sensors to
control the movement of the prosthetic. They allow greater control and functionality
than body-powered prosthetics, while also being more durable and less expensive
than myoelectric prosthetics. They also combine the cosmetic look of myoelectric
prosthetics with the durability of body-powered prosthetics. However, they can
be more complex to use and may require more maintenance than other types of

prosthetics.

Exoskeleton prosthetics are wearable robotic devices that are attached to the
outside of the body. They provide support and movement to the arm or hand, allow-
ing the user to perform a wide range of activities. These prosthetics are relatively
new and expensive, and they are typically used by people who have a high level
of upper limb amputation. They offer a high level of functionality and control, but

they are also very heavy and bulky and require a lot of maintenance.
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Passive prosthetics are designed for cosmetic purposes only, and do not have
any mechanical or electrical components that enable movement. They are typically
used by people who have lost a limb and want to maintain a more natural appear-
ance. They are lightweight and easy to use, but they do not provide any functional

capabilities.

Body-powered prosthetics are controlled by the movement of the opposite limb
or body. They work by using cables and harnesses that are attached to the remain-
ing limb. These cables are then used to control the movement of the prosthetic.
Body-powered prosthetics are typically less expensive than other types of pros-
thetics, making them a cost-effective option for many people. They are also more
durable than other types of prosthetics and can withstand heavy use. However, they
can be more difficult to use and may not provide the same level of functionality as
other types of prosthetics. They also require more maintenance than other types

of prosthetics, and the cables and harnesses can become worn or damaged over time.

Body-powered prostheses are driven by adopting the movement (flexion/exten-
sion) of the next most proximal joint from the end of the amputation (e.g., the
metacarpophalangeal joint or the wrist). In recent years, notable achievements have
shown that 3D-printed prosthetic devices can help upper-limb amputees [88]. Char-
ity organisations, such as LimbForge [88] and “The Open Prosthetics Project”[127],
developed the 3D printed upper limb prosthetics with a cost of less than 50$. These
ideas decrease the demand threshold of a proper functional prosthetic by open-
source the CAD files and providing remote support. On the other hand, battery-
powered prosthetic hands embed electronic mechanisms to actuate the prosthet-
ics, which are controlled by the Electromyography (EMG) signal. But the cost of
battery-powered prosthetics is significantly high. Both body-powered and battery-
powered prosthetics can recover parts of the hand motion. However, hands cannot

only move but also feel and this feeling is haptic.
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1.2 Research problem

Sense of touch allows human to interact with physical in a safe and effective
manner. It provides feedback on texture, temperature, and pressure, enabling pre-
cise manipulation of objects. This tactile perception is crucial for tasks like holding
a glass without breaking. Without it, our interactions would be limited and haz-
ardous. Hence, extensive advancements have been explored in providing amputees
with touch sensation via invasive and non-invasive haptic feedback systems. The
non-invasive methods, including mechano-, vibro-, and electro-tactile have been
reviewed and compared in [125, 144]. Electro-tactile haptic feedback systems
adopts the electrical pulse that applied on skin tissue of the amputees residual limb
to indicate the contact force. The electrical pulse may casue discomfort after a long
term of usage. Considering the aspects of user friendly and safety for amputees,
the mechano- and vibro-tactile haptic feedback systems, that adopts mechanical

deformations, becomes the mainstream for the prosthetics applications.

Mechano-tactile applies indentation and pressurisation with actuators to gener-
ate the tactile sensation, whereas the vibro-tactile generates vibration to produce
tactile stimuli [144]. For the mechano-tactile haptic feedback systems, the currently
developed systems require bulky mechanisms and additional power sources to ac-
tuate. These features increase the cost and weight of the haptic feedback system for

amputees resulted in an extra burden in daily usage.

The vibro-tactile haptic feedback system apply the vibration as the tactile stim-
uli to amputees indicating the contact force at the prosthetic ends. The vibration
actuator is relatively small in volume and has simple mechanism [144]. However,
the vibro-tactile haptic feedback systems still need extra power source for actuation
with controller, such as micro-processor. In addition, the modality of the stimuli
received from the prosthetic end is primarily contact force, while the system pro-
vides the vibration to represent the force level. For the original hand, the vibration

represents the roughness of the contact surface. Hence, the modality mismatch may
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confuse the sensation between force level and roughness of the surface. Regarding
both types of mainstream haptic feedback systems, the existing systems are either
bulky, heavy, expensive, user-unfriendly or modality mismatched for a force repre-
sentation. Upper-limb amputees needs an effective haptic feedback system, that is
small, lightweight, low-cost, user-friendly and adopted the mechano-tactile stimuli
and these features helps them to retrieve the tactile sensation meanwhile reduce the
cost on their burdens. A purely mechanical-driven feedback system that use elastic
membranes to sense the force and feedback the force in the pressure form may

satisfy the requirements of an effective haptic feedback system.

The initial idea was proposed by Rosset [17] in 1933. He presented how fluid
and pressure are transmitted from the prosthetics’ hand to amputees. In 1953,
Conzelman et al. were granted a patent on a purely mechanical haptic feedback
system that use incompressible fluid [20]. In recent years, Antfolk et al. produced
a pneumatic closed-loop haptic feedback system prototype which was validated
with amputees. The pneumatic transmission further has limitations due to its com-
pressibility. An intensive mechano-tactile stimulus with effective displacements
is required by only a few millilitre volumes of air being actuated, which is rather

difficult.

Overall, the current haptic feedback systems for upper-limb amputees are rela-
tively expensive with electronic or are heavy because of extra power source (battery
or pump). The pneumatic actuation can not produce an intensive tactile stimuli.
Hence, there is a research gap of developing a haptic feedback system, which is

low-cost, robust, effective without extra power source to actuate the system.

1.3 Aim & Objectives

This thesis focuses on creating a haptic feedback system with a purely
mechanical-driven method. From the background, the purely mechanical-driven

haptic feedback system actuated with incompressible fluid has been proposed for
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upper-limb amputees. However, this concept has not been researched and proven in
the literature. The key requirements of haptic feedback system is small, lightweight,
low-cost, user-friendly and adopted the mechano-tactile stimuli. The cost and
weight can to be reduced by removing the electronics and batteries. Meanwhile, the
elastic material guarantees the features of user-friendly and safety of long-term us-
age. Generally, a haptic feedback system for prosthetic hands has crucial elements:

the fingertip sensor and feedback actuator.

According to different scenarios, three research objectives have been explored

in this thesis, respectively.

1. Prototype Production of Mechanically Driven Haptic Feedback System:

* Design Phase: Begin with a comprehensive design phase where the me-
chanics of the system, especially the use of incompressible fluid, are
conceptualised. This phase will involve CAD design, material selection,

and fabrication process.

* Interaction and Sensing: The system will be equipped with sensors that
can detect and interact with external objects. The design will ensure that

the system can recognise the contact force with pressures.

» Feedback Generation: Upon sensing, the system will generate haptic
feedback stimuli according the pressure change in fingertip sensor. The
feedback mechanism will be designed to mimic natural human touch as

closely as possible, providing the user with a realistic tactile experience.

2. Analytical Modelling of Fingertip Sensor and Feedback Actuator:

* Relationship determination: A detailed study will be conducted to de-
termine how the fingertip sensor’s outputs relate to the actions of the
feedback actuator. This will ensure that the feedback provided to the

user is accurate and representative of the sensed object.
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* Compression Analysis: Research will delve into how the fingertip sensor
compresses upon touch. Understanding this will be crucial for ensuring

the feedback actuator’s response is effective and accurate.

* Pressurisation Process: The feedback actuator’s pressurisation process
will be studied in-depth. This will involve understanding how the in-

compressible fluid is pressurised to generate the desired haptic feedback.
3. Optimization of the Haptic Feedback System:

* Tactile Sensation Enhancement: Efforts will be made to increase the
range of tactile sensations the system can detect, including the physical
touch with directions. This will involve refining the sensors and feed-

back mechanisms.

* Incorporation of Additional Cavities: By adding more cavities to the
haptic feedback system, the system’s ability to sense the direction of

force will be enhanced. This will allow for more nuanced feedback.

» Feedback Accuracy: With the optimised system and soft structure, feed-
back will not only be more varied but also more accurate, ensuring that

the user receives the most distinguished tactile experience possible.

1.4 Research contribution

The main contribution of this research is to develop the passive mechano-tactile
haptic feedback system for upper-limb amputees. The research presented in this

thesis has the following sub-contributions:

1. A prototype of a purely mechanically-driven haptic feedback system was
developed. The findings from this development were consolidated and shared

in Publication P1, as referenced in Section 1.6.

The system has the following features: The system can interact with objects
using the fingertip sensor and detect force. Force is transmitted to the feed-

back actuator through the incompressible fluid, resulting in pressurisation of
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the feedback actuator. The feedback actuator produces a mechano-tactile

stimulus based on the transmitted pressure, which users can perceive.

2. Analytical models were established that describe the compression of the fin-
gertip sensor and the pressurisation of the feedback actuator. These models
are based on finite deformation theory and static elastic theory. The details of

these models were published in P2, as mentioned in Section 1.6.

The features of the analytical models for the fingertip sensor and the feedback
actuator are: A novel analytical model was developed for an ellipsoid geom-
etry membrane. This model provides insights into changes in shape, volume,
and pressure during deformation (inflation/compression). The model predicts

the force output of the feedback actuator based on the pressure.

3. The designs of the fingertip sensor and feedback actuator were enhanced with
a multi-chamber structure. This advancement enables the haptic feedback
system to detect and respond to both the direction and intensity of applied

force.

For the optimised haptic feedback system, the fingertip sensor incorporates
five chambers, allowing it to detect force from various angles. The feedback
actuator has been optimized with a fiber-reinforced structure to produce in-
tense tactile stimuli. The five-chamber haptic feedback system can discern
the direction of applied force, and the feedback actuator can generate corre-

sponding patterns, enabling users to identify force directions.

1.5 Thesis Structure

The outline of the thesis is shown in Figure 1.2. This thesis contains six chap-
ters to present the novel mechanical-based haptic feedback system from concept to

modelling and optimisation. The structure of this thesis is as following shown:
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Chapter 1 presents the background and motivation of this thesis. Objectives
and contributions are presented for the thesis and are concluded with the outline of

the thesis.

Chapter 2 provides a comprehensive literature review on haptics with haptic
feedback systems. Present the sensing principle and bio-mechanism of humans.
Classified the haptic feedback systems and haptic devices based on the actuation
method, stimulus types, and purposes. This review introduced the advance devel-

opment of haptic feedback systems.

Chapter 3 introduces the overall concept of the novel mechanical-based haptic
feedback system. Determine the working principles of the haptic feedback system.
Analysis the advantages of the system and the challenges of developing the haptic

feedback system.

Chapter 4 will describe the design, methodology, characterisation and vali-
dation of the prototype of the fluidic haptic feedback system. Prove the system’s
effectiveness in that it can sense tactile information and transfer it to generate sen-

sible tactile stimuli to the user.

Chapter 5 reports the optimised haptic feedback system that can sense and
produce feedback stimuli about the force with directions. This chapter presents the

design, fabrication, methodology, and validation of the haptic feedback system.

Chapter 6 illustrates the analytical modelling of the ellipsoid fingertip sensor
and feedback actuator. This chapter contains the deduction of formulas and, equa-
tions, and calculation methods and algorithms. The results from the calculation of

analytical models are validated with experiments.
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Chapter 7 presents a case study of applying the finite deformation theory into
a case of soft robotics to develop an analytical model, describing a circular elastic
membrane inflation with a load placed on the top. The analytical model is validated
with a experiment and investigated the potential capability of application in control

and stack modelling.

Chapter 8 summarises this thesis with conclusions based on previous chapters.
Finally, based on limitations and undiscovered areas of the novel haptic feedback

system, future works are suggested and determined.

1.6 Publication (P) & Dissemination (D)

Journal publication:

P1. Shi, G., Palombi, A., Lim, Z., Astolfi, A., Burani, A., Campagnini,
S., & Wurdemann, H. A. (2020). Fluidic haptic interface for mechano-
tactile feedback. IEEE Transactions on Haptics, 13(1), 204-210. DOI:
10.1109/TOH.2020.2970056

P2. Shi, G., Shariati, A., Eames, 1., & Wurdemann, H. (2022). Modelling the
compression of a soft ellipsoid fingertip. Soft Matter, 18(47), 9076-9085.
DOI: 10.1039/D2SM00763K

Conference publication:

P3. Shi, G., Shariati, A., Shi, J., Herzig, N., Abad, S. A., Wurdemann, H. A.
(2023). Modelling the inflation of an elastic membrane with a load. In
2023 IEEE International Conference on Soft Robotics (RoboSoft). DOI:
10.1109/RoboSoft55895.2023.10121959

P4. Shi, J., Gaozhang, W., Jin, H., Shi, G., Wurdemann, H. A. (2023). Charac-
terisation and control platform for pneumatically driven soft robots: Design
and applications. In 2023 IEEE International Conference on Soft Robotics
(RoboSoft). DOI: 10.1109/RoboSoft55895.2023.10122041
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Dissemination:

D1. ’Fluidic haptic interface for mechano-tactile feedback’, The International Fo-
rum of Young Scientists, Hangzhou DianZi University, Hangzhou, China,

4/Dec/2021

D2. ’Fluidic haptic interface for mechano-tactile feedback’,IEEE Haptics Sympo-
sium 2020, Washington DC, 25/Jun/2020. (virtual)

D3. ’Fluidic haptic interface for mechano-tactile feedback’,Research Workshop:
The psychology of upper-limb prosthetic use, Manchester Metropolitan Uni-
versity, 19/Mar/2019.

D4. ’Fluidic haptic interface for mechano-tactile feedback’,Interdisciplinary Net-

work of Researchers in Touch, University of Nottingham, 25/Jul/2019.
Awards and Exhibitions:

» All Academic Festival to display the haptic feedback system to public and
voted with the ' MADE@UCL’ award, Oct/2019

* Ist place of poster at the UK&IRL IEEE RAS Conference 2019. Issued by
UKIRL IEEE RAS - Jan/2020



Chapter 2

Haptic feedback interfaces for upper

limb prostheses: a review

This chapter presents an extensive background introduction and literature re-
view that relates to the contribution of this work. First, the principle of tactile
sensation in the human body is introduced. The modelling of fingertip deformation
is present to further understand the tactile sensation. A comprehensive analysis of
the state of the art of development in haptic feedback systems is introduced with a
summary at the end of the chapter to analyse the research direction for the following

chapters.
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2.1 Haptic perception

2.1.1 Haptic with mechano-receptors

The human being, from a sensory-motor point of view, is a fantastic machine
with five inborn senses: visual, auditory, olfactory, gustatory, and somatosensory.
These sensations constitute the cognition of the world. Touch, as the subset of
somatosensory, produces the perception of touch as well as temperature, body po-
sition, and pain. In the haptic perception within the touching sensory, different
properties of an object can be identified when skin tissue comes into contact and
interacts with it, such as lateral motion, pressure, enclosure, static contact, unsup-
ported holding and contour following [64]. In general, haptic perception can be

mainly divided into two types, which are cutaneous and kinaesthetic.

As the table. 2.1 shown, these perceptions allow the human to precept static
and dynamic somatosensory in the brain. With the deformation of skin tissue by
contacting and interacting substances, the micro receptors in the skin tissue receive
the stimuli from skin tissue deformation and convert them to signals and transfer
the signal to the brain through the spinal cord with the nerve system. Regarding the
different types of haptic perception, four different kinds of sense receptors germi-

nate inside of skin tissue presented in Figure. 2.1 and allow to that information.

There are four main types of mechano-receptor: Merkel discs, Ruffini endings,
Meissner corpuscles and Pacinian corpuscles. Merkel discs and Ruffini endings

sense the kinaesthetic information, also called mechano-tactile. Then Meissner cor-

Haptic perception
Cutaneous Kinaesthetic

temperature location
texture configuration
slip motion
vibration force
force compliance

Table 2.1: Classification of two haptic perceptions: Cutaneous & kinaesthetic



2.1. Haptic perception 16

P

—

L ZITactile corpuscle

3 i _/ (Meissner’s corpuscle)
- i

-

-3

\

/ ]
% P
Ruffini corpusclé )
(
Root hair plexus/

Lamellated corpuscle
(Pacinian corpuscle)

Figure 2.1: Location of different mechano-receptor and nerves in the skin [9]

puscles and Pacinian corpuscles are located in deeper tissue, and the corresponding
sensation is cutaneous and belongs to vibrotactile. The details of four types of

mechano-receptor in the following table are shown.

As shown in table. 2.2, four types of mechanoreceptor respond to a certain type
of stimulus distinctly following their characteristics. In addition, free nerve endings
and root hair plexus can still be detected once the skin touches the object. However,
the sensing type is neither mechanotactile nor vibrotactile. Free nerve endings will
sense other information of the object, such as thermal, pain, and moisture. And the
root hair plexus can sense the movement of the hair. In general, different units that

can sense the physical interaction of the skin are called tactile units.

. Ruffini Meissner Pacinian
Merkel discs .
endings corpuscles corpuscles
Property SA Typel SA Type II FA Type 1 FA Type II
Adaption Slow Slow Rapid Very Rapid
Area(cm?) 70 9 140 21
Distribution Sup erﬁ cial Deeper tissue Sup erfl cial Deeper tissue
skin skin
Frequency 04to100Hz 15t0400Hz 10to 100 Hz 40 to 800 Hz
Sensation Pressure, Stretch Tap, Flutter Vibration
Texture

Table 2.2: Characteristics of four mechano-receptors
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After a period of time the mechanoreceptors receive the deformation signal
from the skin tissue, the mechanoreceptors adopt the deformation and extinguish
the feedback signal to the nerve system. This process is called haptic adaption, and
time can be divided into two kinds: Slowly-Adapting (SA) and Rapidly-Adapting
(RA). Also, the sensing area of mechanoreceptors classifies into two types, type
I for the small receptive field and type II is the larger and less defined sense re-
gion. Furthermore, due to type II units located in deeper tissue, spatial resolution
decreases. And it results in type II mechano-receptor response with a higher fre-
quency range. The combination of adaptation rate types and sensing area results in
RA I (Meissner corpuscles), FA 1II (Pacinian corpuscles), SA I (Merkel discs) and

SA II (Ruffini endings) for each mechanoreceptor.

According to the study of Wrestling and Johansson [64], the FA I and SA I
were highly active when the hand gripped or released the object. For FA II, it was
activated during the initial touch and final release, the boundary gesture that belongs
to the high-frequency vibration that spreads through the tissue. For SA II units, it
responded to shear force, and skin stretch represents the weight of objects while the
object was held in the air. FA I and SA I sense the texture and compliance of the
material. Therefore, the four types of adaptation rates for tactile units compose the

tactile system by linking them with their corresponding deformation and vibration.

RECEPTIVE FIELDS
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Figure 2.2: Four types of tactile afferent units in the glabrous skin. The upper trace shows
the perpendicular ramp indentation to the skin. The lower trace shows the im-
pulses discharge from the tactile units after the ramp indentation [15]
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2.1.2 Distribution and sensitivity of tactile unit

According to the study by Johansson and Vallbo [54], the distribution of tactile
units in the human hand was determined by percutaneously implanting the needle
electrode in the median nerve to record impulse activity while palpating the hand
with a small glass rod. After the test, 334 tactile units were located and defined.

The result is as Figure 2.3 shown.

In general, type II receptors are evenly distributed on the hand due to their large
receptive fields. However, some SA II are highly concentrated at the fingertip end
of the index and middle fingers, which can sense the forces applied to the nail. The
FA I and SA I type of tactile unit has a higher number than the other two, with a
smaller receptive field and higher spatial resolution. In general, the high concentra-
tion of mechanoreceptors in the fingers and fingertips allows them to become one

of the most sensitive parts of the human body [54].

Besides the hand, the tactile units are also distributed in the rest of the parts of
the human body. One-point localisation and two-point discrimination were used to
determine the sensitivity of the human body. For the one-point localisation test, a
light touch is exerted on the skin tissue, and the participants are asked whether they
feel the touch or not. During the two-point discrimination test, subjects were asked

to feel two distinct stimulation points or only one.
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Figure 2.3: Distribution of 334 tactile units on the glabrous skin of the human hand and
classified by type [54]
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Figure 2.4: Touching thresholds of two-point discrimination of each major body part over
human body. [65]

The subject is then stimulated again with a two-point stimulation at one point to
ask about the feeling. The order of the test may change to avoid the psychometric
effect, which means that the subject can guess the answer and influence the result.
Then, the two-point discrimination can determine the minimum distance between
two stimulation points. The result is as in Figure 2.4 shown. The sensitivity of the
fingertip is around 1-2 mm. Then the rest of the upper limb is around 5-10 times
higher than the finger. The result follows the previous study as well, which showed

that tactile units are highly concentrated at hand, especially at the fingertip.

2.1.3 Summary

In the current research, haptic perception has been studied for its biological
sensing mechanism, types of haptic perception and haptic sensitivity in the human
body, which is cutaneous and kinaesthetic perception. The difference in the rate of
adoption and the sensing frequency band divides the sensation into four types: FA

I, FA I, SA 1, and SA II. These types of sensations are sensed by the corresponding
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mechano-receptor. These mechanoreceptors are distributed among our body and
highly concentrate at the fingertip and facial area. Especially the concentration at
the fingertips allows them to be one of the most sensitive body parts. The high
sensitivity allows the fingertip to precept the details of objects, including force,

texture, temperature, and vibration.

Upper-limb amputation has a profound impact on Activities of Daily Living
(ADLs), particularly in terms of motion and tactile sensation. The following points
highlight the inconvenience experienced by individuals with upper-limb amputa-

tions:

1. Limitation in Motion: Upper-limb amputees often face challenges in per-
forming basic tasks that require fine motor skills, such as buttoning a shirt,
tying shoelaces, or handling small objects. The absence of the limb or part
of it restricts the range of motion and dexterity, making many everyday tasks

cumbersome or impossible without assistance or adaptive equipment [98, 97].

2. Loss of Tactile Sensation: The loss of a limb also means the loss of tactile
feedback from that limb. This absence of tactile sensation can lead to difficul-
ties in gauging the texture, temperature, and other properties of objects. For
instance, an individual might not be able to determine the temperature of a
cup of coffee or the texture of a fabric just by touching it with the prosthetic

limb [98, 97].

For individuals who have experienced the loss of their upper limbs, a significant
part of their ability to interact with and perceive the physical world is diminished.
While wearing different kinds of prosthetics can help amputees recover hand mo-
tions to some extent, losing one of the body’s most sensitive regions means they lose
the tactile spatial resolution necessary for complex tasks and precise manipulation.
The mechanoreceptors in the forearm, which remain post-amputation, unfortu-
nately, are not sufficient to provide high spatial resolution tactile sensations akin to

the detailed sensory input from fingertips. This is where the haptic feedback system
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comes into play. It offers a promising solution to partially bridge this sensory gap.
By delivering tactile information directly to the user, the haptic feedback system
can emulate some lost sensations, aiding in improving the user’s overall quality of

interaction and perception of their environment.

The integration of haptic feedback in prosthetics is pivotal. It bridges the sen-
sory gap in prosthetic limbs by offering tactile information about interactions. This
feedback aids in modulating grip force, preventing excessive pressure that could
damage objects. It also enables users to discern object properties like texture, en-
hancing recognition. Furthermore, haptic feedback makes prosthetics feel more
intuitive, reducing reliance on visual cues and decreasing cognitive load. This not
only improves the overall user experience but also fosters greater acceptance of the

prosthetic device.

2.2 Tactile sensing technologies - State of the art

To distinguish between “haptic” and “tactile,” the following definitions are in-

troduced according to [65, 117]:

1. Haptic: Haptic belongs to the sense of touch and the perception of tactile
sensations. It includes the use of technology or devices that provide physical
feedback or simulate the sense of touch. Haptic technology can fabricate the

illusion of touch by deploying vibrations, forces, or motions.

2. Tactile: Tactile relates to the physical sensation of touch. It signifies the ca-
pability to perceive and interpret information via the sense of touch. Tactile
sensations encompass aspects like pressure, texture, temperature, and vibra-
tion. Tactile feedback is the physical response or sensation that transpires

when an object or surface interacts with the skin.
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Overall, while "haptic” refers to the technology or devices that emulate the
sense of touch, “tactile” denotes the actual physical sensation of touch. Haptic
technology can deliver tactile feedback, but tactile sensations can also be felt with-

out the intervention of haptic technology.

As the previous section introduced, humans sense and detect the property of an
object with the deformation of the skin through different types of mechano-tactile
receptors. In the corresponding, advanced technologies have been developed to
measure physical contacts, pressure, and vibration on the basis of different trans-
duction techniques. This technology plays an important role in the field of haptic
feedback systems, as it is the main receptor for receiving information from physical
contacts. Sensors are usually attached and embedded in the fingertips or palms of

prosthetic / robotic hands.

As the first condition in haptic feedback systems, notable advances have been
achieved in the exploration of transduction techniques. Applications of sensing
technology in varying applications, such as prosthetics of the upper limb [68, 95,
23, 4], teleoperation systems [41, 38], robotic hands [119, 165, 151]. Movement
of the robotic hand, the prosthetic hand, or other mechanisms plays an major role
in grasping objects. Most studies of tactile sensing of prostheses focus on the force
of grip or pressure to prevent unstable gripping. However, tactile sensations are not
only force or pressure, but also vibration, texture, shape, and stiffness. Therefore,
different types of sensing technology have been developed to detect and quantify
tactile sensing to achieve a human-like tactile sensing system. This section presents
the available tactile sensing techniques in the types of resistive, capacitive, piezo-
electric and optical tactile in Figure 2.5. The characteristics of different types of

tactile sensors are detailed and summarised in the following subsections.
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(©) (d)

Figure 2.5: Tactile sensing technology: (a) ”GelSight” optical sensor consisting of a trans-
parent elastomer coated with a reflective layer to sense the shape of a cookie
surface [73], (b) a flexible PCB of the capacitive tactile sensing array with
12 taxels [123], (c) schematic of the 3D-shaped piezoresistive tactile sen-
sor [61], (d) a optical tactile sensor with 3x3 array based on magnetic field
compatibility [161], (e) a compliance soft sensor with magnetic field sensing
method [166].

2.2.1 Resistive sensors

Resistive sensors are a type of tactile sensing technology that measures force or
pressure by detecting the change in resistance of the sensor under stress. There are

two main types of resistive sensors: strain gauges and piezoresistors.

Strain gauges: Strain gauges are a type of transducer that measures the strain or
deformation of a material under stress. It contains a thin metallic foil attached to
the surface of the measured material. When the material is subjected to a load with
deformation, the foil stretches or compresses, resulting in a change of resistance.
The change is measured by the variation in voltage. The strain gauges are relatively
simple to embed and highly accurate in providing reliable and consistent data with

low cost [87].
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Strain gauges are widely applied in static strain measurements due to their high
temperature and humidity sensitivity [87], which can cause errors in measurements
in varied environments. Wheatstone bridge configurations are widely applied to
compensate for the decrease in accuracy caused by environmental changes [148].
Dimension affects accuracy as well because the measured strain is the average stain
over the length of the gauge. Hence, the smaller strain gauge has higher accu-
racy but less force range than it can measure. The smaller strain gauge is flexible
enough to be embedded into dexterous surfaces in prosthetic or robotic hands [28].
Especially micromachined strain gauges made of metal or semiconductor can be
implanted for tactile sensing but the fragility of the sensor itself limits its reliabil-
ity [87][137]. Micromachined strain gauges demonstrate many advantages, such
as high spatial resolution and high force measurement accuracy. Pang developed
a nanofiber-based strain gauge that can detect pressure, shear, and torsion with

flexibility and high sensitivity [101].

Strain gauges have a simple structure at low cost and can provide reliable and
consistent data reading. But the fragility and sensitivity to temperature and humid-

ity limit the range of applications.

Piezoresistors: Piezoresistive tactile sensors also relate to resistive sensors. Its
resistance changes with the deformation of sensors caused by exerted pressure or
force. By measuring the resistance or voltage change of the sensor, the magnitude
of the applied force can be obtained. Piezoresistive sensors are widely applied to
tactile sensing, as shown in Figure 2.5(c). This type of sensor is sensitive and less
susceptible to interference from environments [148]. Piezoresistive sensors have a
fast response time with a wide range of materials, Despite the advantages, hystere-
sis, temperature sensitivity, fragility, and relatively high cost limit the piezoresistive
sensors [142]. Some piezoresistive sensors are embedded in thin films to increase

flexibility by sacrificing spatial resolution [61][60].
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Jorgovanovic et al. characterised piezoresistive sensors in static and dynamic
conditions to detect the positions of prosthetic finger joints [92]. This type of sensor
has a high potential for dexterous manipulation applications by increasing the num-
ber of sensors embedded in fingers to improve the sensing resolution of patterns or
force directions [90][80]. In addition, this type of sensor can determine the stiffness

of soft tissues and fingertip sensing [61][55].

Piezoresistive sensors provide high force/pressure sensing accuracy and fast re-
sponse with real-time ability. The flexibility allows sensors to be embedded into
dexterous manipulation applications and determine the stiffness of soft tissues.
The disadvantages of piezoresistive sensors are hysteresis, temperature sensitivity,

fragility and high cost.

2.2.2 Capacitive sensors

Capacitive sensors adopt capacitive sensing technology designed to measure
touch, pressure, and force by detecting changes in capacitance. A capacitive tactile
sensor typically consists of two parallel electrodes with a dielectric material in be-
tween, such as air or insulating material. When an object comes into contact with
the electrodes, the deformation changes the capacitance between the electrodes,
and the change in capacitance is proportional to the pressure or force applied to the

object [122].

The capacitive sensors have a wide range of applications, such as grasping and
grasping force sensing for robotics, as shown in Figure 2.5(b). The capacitive sen-
sors are highly reliable and can be used for a long time without degradation. They
are robust and insensitive to interference from dust and other contaminants, allow-
ing them to be used in harsh environments. Furthermore, capacitive tactile sensors
are highly flexible and can be used with a wide range of materials for dielectric

media, including liquids, gases, and solids [85][86].
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However, capacitive tactile sensors are relatively complex to design and man-
ufacture, and can be more expensive than other types of sensors [118]. The size
of the electrodes cannot be designed to be small because the smaller size limits
the spatial resolution. Furthermore, noise sensitivity results in relatively complex

electronics required for noise filtration [112].

The capacitive sensors are widely applied for grasping and sensing components
in robotic/prosthetic hands, such as multi-axis force measurement, manipulation
recognition, texture recognition, and touch screen application [85, 118, 123, 122,
152, 153]. Capacitive tactile sensors are an important type of tactile sensing technol-
ogy. With advances in technology and the development of new materials, capacitive
tactile sensors are likely to continue to play a crucial role in the measurement and

monitoring of touch, pressure, and force in a wide range of applications.

2.2.3 Piezoelectric sensors

Piezoelectric sensors adopt the piezoelectric effect caused by deformation to
detect physical changes, such as pressure, force, and vibration. The piezoelectric
effect generates electrical charges in response to exerted mechanical stress and de-
formation. By converting electrical charges into voltages, the force can be obtained

by observing the voltage changes [150].

Piezoelectric tactile sensors typically consist of a piezoelectric material. such
as quartz or piezoceramics, sandwiched between two electrodes. When an ob-
ject applies pressure or force to the sensor, the piezoelectric material generates
an electrical charge, which is proportional to the magnitude of the pressure and
force. Piezoelectric sensors do not need a power supply to activate the sensor,
which is an outstanding advantage. Furthermore, it has high sensitivity, reliabil-
ity, and fast dynamic response, allowing it to be applied in varied applications.
Piezoelectric sensors have a wide response range from O to 1kHz for vibration
measurements [128]. Furthermore, piezoelectric tactile sensors are relatively sim-

ple to design and manufacture and can be less expensive than other types of sensors.
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However, if the sensor is applied a constant static force, the voltage output is not
static and decreases as the time of applying force increases. Therefore, piezoelectric
sensors are not suitable for measuring static force and show low spatial resolution

and unstable performance with varied temperature [112][128]

The development of piezoelectric material leads piezoelectric sensors to have
lower costs, mechanical flexibility, and biocompatibility, such as polyvinylidene
fluoride and zinc oxide (ZnO) [78][72][24]. Nowadays, the piezoelectric sensor
can measure pressure and temperature and is applied to prosthetic limbs [67]. Fur-
thermore, piezoelectric sensors have been used in robotic/prosthetic hands for slip

detection, texture and stiffness detection [22][16][145].

2.2.4 Optical sensors

Optical tactile sensors utilise light to detect deformation caused by changes in
pressure, force, and other physical variables. By measuring changes in light in-
tensity or light reflexion, deformations and patterns of objects can be identified as
shown in Figure 2.5(a), which is the deformation caused by interaction between an

object and the sensor surface [73].

An optical tactile sensor typically consists of three key components: a light
source, a photodetector, and a transparent or semitransparent sensing surface. The
light source generates light for reflexion, usually light-emitting diodes (LEDs). The
light passes through the transduction medium and reaches the photodetector [113].
The photodetector could be quadrant photodiodes or cameras. Quadrant photodi-
odes can detect light intensity, and the camera can capture the deformation surface

with tracking points or the texture of contact objects.

Optical tactile sensors have a wide range of applications, including pressure and
force sensing. Optical tactile sensors have several advantages over other types of
sensors. They are reliable for long-term use without degradation. Optical sensors

are highly flexible with a wide range of elastomers. In addition, optical sensors
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can be applied to electromagnetic interference because of their immunity to elec-
tromagnetic fields [113][43]. This outstanding feature allows the optical sensor
to be applied to minimally invasive surgeries. In addition, optical sensors have a
relatively simple and compact structure, but can sense a high spatial resolution of

the contact object [73].

Despite the promising advantages, the limitations of optical sensors are out-
standing. Most optical fibres are fragile and not flexible enough to suit varied
applications. The complexity and relatively large dimension are other problems
for camera-based optical sensors, especially for dexterous manipulations of the
robotic/prosthetic hand [79]. Some of the research overcomes the rigidity and
bulky problems. Plastic optical fibres were adopted to reduce cost and increase
sensor flexibility by decreasing the sensing frequency range [21]. In terms of
dimensions, only one LED matrices applied as both a light source and detec-
tor [147]. Optical sensors based on LED were mounted on the fingers of prosthetic
hands [115][33][106]. The optical sensors can successfully detect the slipping mo-

tion of the object and identify the roughness.

Overall, optical sensors are an outstanding type of tactile sensing that is widely
used in various applications with many advantages. With advances in technology
and the development of new materials at lower cost, optical tactile sensors are com-

patible with robotic/prosthetic hands for tactile sensing.

2.2.5 Summary

Table 2.3 summarises various types of tactile sensors: strain gauges, piezore-
sistors, capacitive sensors, piezoelectric sensors, and optical sensors. Each sensor
type has been successfully incorporated into prosthetic or robotic hands, enabling

the capture of key tactile information such as force or pressure.
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Resistive sensors measure changes in resistance under pressure, making them
effective for point loads but less sensitive to distributed loads. Capacitive sensors
detect alterations in capacitance due to deformation, suitable for both point and
distributed loads, offering high sensitivity. Piezoelectric sensors generate voltage
when mechanically deformed, ideal for point loads due to their rapid response. Op-
tical sensors, using light variations upon deformation, excel in sensing distributed
loads across larger areas. In a haptic feedback system, resistive and piezoelectric
sensors are preferred for precise point load interactions, while capacitive and optical

sensors are more versatile, capturing both point and distributed tactile information.

These tactile sensors convert fingertip deformation into corresponding electrical
signals. Strain gauges, capacitive sensors, piezoelectric sensors, and optical sensors

can even capture vibrations, providing insight into the texture of the contact surface.

Beyond tactile information, reliability is a vital consideration for tactile sensors.
Strain gauges and optical sensors, in particular, tend to be more fragile compared
to other sensor types. When considering the design and implementation cost, ca-
pacitive sensors can be relatively expensive due to their sophisticated electronic
measurement systems and requisite noise filters. Piezoelectric sensors, too, are
costlier owing to the high price of piezoelectric materials. However, piezoelectric

sensors have the advantage of not requiring an external power supply for actuation.

However, for the fluidic haptic feedback system in focus, the demands of fin-
gertip sensing are slightly different. The system necessitates a purely mechanically
driven approach that adopt pressure as the signalling mechanism. This preference is
rooted in considerations of cost efficiency and robustness. Consequently, the result-
ing haptic feedback system offers an intuitive and straightforward usage experience

for prosthetic users, bolstering its practicality and accessibility.
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2.3 Haptic feedback systems and devices - State of
the art

Kinaesthetic and cutaneous sense is the two main types discussed in previous
sections, and applications that are naturally related to these senses constitute a vital
part of the present section. The haptic system primarily needs to sense the contact
force, which is a fundamental mechanical feature. The ability to sense contact force
is crucial as it provides essential feedback about the interaction between the user
and the environment or object. With a comprehensive understanding of human
touch and sensitive apparatus, different kinds of haptic feedback systems and de-

vices were developed.

For the haptic feedback system itself, the main function is to stimulate the
mechano-receptors within the skin tissue as a target with different types of stim-
uli, such as indentation, vibration, even thermal. Thus, touch sensitivities are paired
with their matching mechanical terms such as kinaesthetic with force and indenta-
tion feedback, and cutaneous with vibration and roughness sensation. With these
paired haptic feedback systems, different roles and implications are implanted in

various applications.

2.3.1 Developed haptic devices in life

With increasing interest in the sense of touch, many fields applied haptic feed-
back systems to enhance the experience of interaction. In spite of numerous tech-
nologies that are applied in haptic feedback systems, the total application field of
the haptic devices can be summarised into four aspects, which are virtual reality
(VR) or augmented reality (AR), indication with mechanical feeling, reproducing

feeling, and rehabilitation.

* For Virtual Reality (VR) and Augmented Reality (AR), tends to create a vir-
tual universe that is infinitely close to the real world, which allows the user
to immerse themselves. Haptic sensation, as one of the crucial complemen-

tary senses to link the virtual world and users, needs to be focused in order to
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feedback on maximum sensation and immersion. In the virtual reality world,
many aspects as well, such as texture, force, vibration, and temperature [10].
Thus, haptic devices developed for this field tend to do haptic simulation.
and the system is widely applied in many areas, from video games to surgery

robots.

The second aspect that the haptic device applied is to reproduce mechanical
stimulation that aims to indicate the user. For example, the Taptic Engine was
designed and developed by Apple Inc. [26]. is the haptic device that aims
to achieve a better interaction between the user and the device. It has been
applied to iPhones and iWatches. Mainly, it generates physical stimulation to
indicate to the user when to receive a massage. In addition, the Taptic Engine
can also simulate the feeling of clicking a button, which uses vibration for
a physical response. In this field, the haptic device aims to indicate the user

with indication with visual perception.

The third aspect is to create a new haptic sensation to improve the user’s
experience. For example, driver seats in cars can help drivers to have bet-
ter indications from navigation rather than the visionary itself. This type of
haptic device is variable for many purposes, but the final aim is to provide a

refreshing experience for the user by generating a sense of touch.

The fourth application area is rehabilitation. Haptic, as one inborn sensation,
plays a crucial role in a human’s daily life. However, some patients lost their
haptic sensation for many different reasons, such as disease or amputation.
To help the patient recover, many haptic devices and haptic feedback systems
have been developed based on the principles of the haptic sensation system
in the human body. The advantages of adding a haptic feedback system in-
clude increased repeatability, scalability, safety, and control over environmen-
tal conditions [38]. Recovering from them can be long, painful, or impossible
for the patient. The haptic devices can help the patient shorten recovery time

or retrieve the sense of touch. This kind of haptic device is mainly called Ex-
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tended Physiological Proprioception (EPP), which means enabling the patient
to feel the extended tip of the tool, which can be a prosthetic limb or another

recovery tool like orthosis.

The four main applications filed for the haptic device do not exhibit a clear border
with respect to the working principle. On the contrary, the haptic device in one cate-
gory is possibly used for different aims in other fields. In general, haptic devices and
feedback systems can be divided into two main categories based on the stimulation
type, which is mechanotactile or vibrotactile. No matter what type of stimulation,
the ability of a haptic feedback system can help the user easily manipulate objects
with prosthetics or other devices compared to only visual displays [38]. Therefore,
based on this point, the following section introduces haptic devices based on the

working principle.

2.3.2 Haptic feedback device with actuators

According to the kinaesthetic sensation, mechano-tactile was introduced and
developed, which means the one type of haptic stimulation that is caused by pres-
sure, force and indentation. A particular haptic device and haptic feedback systems
using mechano-tactile stimulation have been developed especially for prosthesis
applications. It can transfer the pressure on the prosthesis to the user’s body side
in mechanotactile form. However, the mechanisms and actuation methods between
different developed haptic devices are varied, as Figure 2.6 shows (a) purely pneu-
matic driven, (b) electromechanism, and (c) rigid mechanism with gears and levers.
For the electromechanical type as Figure 2.6 shown, it can generate linear indenta-
tion [124] [29] [5] [59] or rotation stretch [14] [89]. But these haptic devices with
different types of actuation will generate mechanotactile, which are force, pressure,

or indentation to the skin tissue.
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RL Research
Prototype

Figure 2.6: Mechano-tactile haptic feedback systems and actuators: (a) Pneumatic haptic
feedback system developed by Christian [4] (b) Extension and flexion stretch
haptic feedback system [107] (c) Indentation haptic feedback system developed
by Katharine [124]

2.3.3 Rigid actuators with motors, gears, and levers

In order to generate mechano-tactile stimuli to users, actuators with motors,
gears and levers are widely applied and can generate different types of mechanotac-
tile information, such as normal indentation, lateral skin stretch, and vibration. For
the normal indentation, convey the kinaesthetic stimuli through the one or multiple
moving tactors and provide spatially mechanotactile stimuli with indentation of
tactors into the skin. The skin tissue as the inhomogeneous material can be likened
to a non-linear spring that stiffens as the compression or indentation increases.
Indentation is the third type of mechano-tactile used in haptic feedback devices/
feedback systems. Theoretically, it has one tactor to generate the linear indentation
to the skin tissue. For example, the haptic feedback actuator designed and devel-

oped by Katherine [124] shows the pinion-and-rack mechanism, which transfers the
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gear rotation into a linear movement to achieve indentation. This haptic feedback
actuator has been integrated with a robotic prosthetic hand, and the indentation in
the amputees represents the grasping force of the robotic hand with a sensible force
range from 0.4N to 13.5N at the feedback side. After the test with amputees, the
haptic feedback system successfully reduced the grasping force, which means that

it achieved grasping control and could manipulate the fragile item with confidence.

Fingertip, as one of the most sensitive body parts, has become the target skin
tissue of stimuli. Tsetserukou in 2014 and Leonardis in 2015 have developed a
fingertip simulator with 2 DC motors, levers and strap to drive the tactor generating
the indentation [149] [70] [69]. And user can successfully sense virtual objects with
the haptic devices. Not only the indentation but also the curvature, vibrations, and
softness can be displayed with a haptic device. Wijntjes developed an apparatus
to display the curvature of an object with five fingertip-sized pads and driven by
five servomotors [154]. Participants can sense the orientation and curvature of the

displayed shape.

Rotation stretch, as another mechanotactile stimulus, has been applied to a hap-
tic feedback system and developed with a corresponding actuator. For example, the
haptic feedback system developed by Simona uses rotation stretch to stimulate the
user’s skin [14]. The haptic feedback actuator is cuff style to put on the upper arm.
The belt is connected to two DC server motors. When the server motor moves, the
belt will rotate or tighten the arm skin depending on the rotation direction of the
two motors and generate mechano-stimuli to the user, which can generate tangen-
tial or normal force to the user. This rotation stretching haptic feedback system
can successfully indicate to users the grasping force of a robotic hand in order to
achieve better control. This haptic device can successfully indicate the information
of the robotic hand, which is the grasping force (tightness of belt) and angle (belt

rotation) to the user and achieve better control.
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For the vibration, Pezent has developed a wristband with a DC motor to drive
the wrist cable to generate different vibration amplitude and tension. Minamizawa
has developed a strap-in-belt lateral stimulator to generate lateral motion with shear
force on the fingertip sensor [82]. The friction and the compliance can be simulated

and generates the corresponding stimuli to fingertips.

Overall, a haptic feedback system with gears, motors, levers, and straps can indi-
cate certain information with mechano-stimuli. Especially for amputees, the haptic
feedback system can help amputees achieve better grasping control and retrieve the
haptic sensation to some extent. However, haptic sensation as a highly complex
sensing system, only by motor with rigid links, is nearly impossible to replicate
multi-type of haptic stimuli to the user. Besides, the large volume of motors and

rigid links with heavy weight make them unfriendly and uncomfortable.

2.3.4 Soft Elastomeric Haptic device

Soft robotics is a promising subfield of robotics, where sensors and actuators
are designed and manufactured with unconventional elastic material with structures
for mechanisms that undergo large deformation to achieve target motion, such as
inflation and compression. In many cases, soft robotics technology has been suc-
cessfully applied to the field of haptic feedback. To programme and control the
mechanism compliance, an extrinsically wide range of materials varied with a wide
range of Young modules, from steel and shape-memory alloy to the silicone and
hydrogel. The matching of the mechanical property with design, constructions,
and thickness for the different target motions was achieved similarly with the rigid
mechanism haptic feedback system, the soft sensors with actuators can achieve
tactile stimuli similar to skin tissue, which is an indentation, vibration, and lateral
motion. Hence, different sensing and actuation methods in response were devel-

oped.
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Fluidic elastomer actuator: Fluidic elastomer actuators (FEA) composites with
integrated channels, chambers or cavities with various structures for actuation by
pressurised fluidic (pneumatic or hydraulic). For pressurisation, FEAs consist of
elastomers with different elastic modulus and different strain limiting structures
(e.g., inextensible thread) to construct an actuator to induce anisotropic deforma-
tion. Fabrication methods from replica moulding with silicone or polysiloxane
to 3D printing produce complex structures for an actuator that can be reversibly
extended, bent, twisted or stiffened by pressurisation or depressurisation. For the
choice of fluid, while the incompressible liquid can generate large forces and quick
response with the small volume change, the liquid increase the system’s weight and
decrease the bandwidth, which means a large volume change in the actuator due to

the viscosity of liquid that flows through a narrow fluidic channel [168].

In the haptic feedback devices, it requires high actuation frequency, high spatial
resolution, and fast response with a small amount of volume change that, generally,
is from 1ml to Sml regarding different actuator. Since FEAs rely on the matter
transport of fluid for actuation, fast response with high frequency is challenged
compared with an electrical actuation system. A hydraulic system with incom-
pressible fluid is capable of a fast response, high frequency with small amplitude
(small volume change). To summarise, the FEAs for the haptic feedback systems
that rely on the pressure change from micro-pumps, which has a limited pressure
and flow rate, to a cylinder of compressed fluids, which can provide high pressure
and flow rate, the incompressible fluid is capable for the most of the haptic feedback

cases.

Besides of the actuation, the elastomer is a soft and elastic material that is skin
and user-friendly compared with rigid links. In general, haptic deceives requires
one or more tactors that are in contact with skin tissue. As the large volume of
motor, gears and levers in the rigid haptic device for actuation, one or two tactors

are general. However, as the FEA is actuated with microchannel with a range of
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(b)

Figure 2.7: Haptic feedback system with fluidic elastomer actuator:(a) 3x4 pneumatic
tactile array with micro-channel [42] (b) hydraulic actuator for force feed-
back [168] (c) haptic glove with FEAs to achieve multiple motions [116].

size from 0.1 mm to 3mm, multiple actuators can be integrated with high spatial
resolution as the Figure 2.7(a) shown. Compared between the inviscid air and
incompressible fluid, the FEA derived by inviscid air can achieve a higher spa-
tial resolution with a micro-channel for fluid flow. Besides the spatial resolution,
multi-actuators can achieve multiple motions with indentation, vibration, and lat-
eral motion in one device with a small device volume as the haptic glove present in
Figure 2.7(b). However, due to the elasticity of FEA, it becomes a natural damper

that decreases the bandwidth of vibration stimuli.

Dielectric Elastomer Actuator: Dielectric Elastomer Actuators (DEAs) consist of
a thin elastic membrane with electrodes in the shape of a parallel plate capacitor. As
the voltage is applied on the electrodes, the electrostatic force is generated between
the two electrodes and squeezes the dielectric elastomer resulting in the activation
of compression and stretching of the film [103]. The actuation voltage requires a
range of a few kilovolts to a few hundred volts to drive the electrode to compress
the elastomer, and the high voltage is still an issue for user safety [120] [109] [167].

However, the electrical actuation allows DEAs to yield an ultrafast response than
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other types of FEA on a millimetre scale, which has a good ability in haptic feed-
back systems for vibration and describes the roughness of a surface. The actuation
force of DEAs with the thin film is low (< 50mN). However, the force is ampli-
fied by combining hydraulic and dielectric methods in [91]. Regarding the volume
of the DEA, it only requires wires or leads to transmit voltage, but the actuation

structure is larger than the other type of actuators.
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2.3.5 Summary

In Table. 2.4, the outstanding haptic devices are listed with different actuation
methods, tactile stimuli, dimensions with weight and target tissue. In general, hap-
tic devices actuated with rigid links are good at generating different types of tactile
stimuli, such as pressure, contact, vibration, friction, and curvature. However, be-
cause of the limitation of the large volume of motors required with rigid links, it
is impossible to integrate multiple tactile stimuli into one device with the comfort
of wearing experience. Furthermore, volume constraints limited spatial resolution,

which means that the shape with detail is impossible to display.

For the soft actuator: FEA and DEA, both methods show a good ability to
their tactile stimuli, pressure with resolution, and vibration, respectively. Both of
them can achieve a high spatial resolution for the haptic stimuli. Besides, the [71]
combined the hydraulic and dielectric actuation into one actuator to display tactile
information. But in general, the soft actuator, as a rising actuation method in recent
decades, is still not well developed in the haptic aspect. In addition, current soft
actuators, FEA or DEA, require a land-mounted pump or electric source to power

the actuator. Portability is still limited with respect to user experience.

For prosthetics applications, haptic feedback plays a significant role in restoring
the sensation of touch. Spatial resolution is crucial as it determines the precision
with which the prosthetic can detect and localize tactile stimuli, enabling users to
discern fine textures or pinpoint specific touch points. Bandwidth is equally impor-
tant, dictating the range of frequencies the system can handle, ensuring that rapid
touch interactions are captured in real-time. The range defines the minimum and
maximum forces the system can detect, ensuring both delicate touches and firm
grips are recognized. Sensitivity, on the other hand, ensures that even subtle varia-
tions in touch, vital for nuanced interactions, are effectively perceived and relayed
to the user. Together, these considerations ensure a comprehensive and realistic

haptic experience for prosthetic users.
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2.4 Modelling of the deformation of a fingertip

Fingertip, as the most sensitive body part to touch and sense the real world,
deformation of the fingertips stimulates mechano-receptors and generates haptic
sensation in the brain. As in Section 2.2, tactile sensors adopt fingertip defor-
mations and convert them into the corresponding electrical signal. Therefore, to
understand the biologic mechanism of the sensing principle and replicate a similar
deformation of the tactile sensor compared to the authentic human fingertip, the de-
formation of the fingertips was studied with different methods, such as FEM (Finite
Element Method), static elastic model, and continuous elastic deformation theory.
In these methods, the human fingertip is assumed to be a solid elastic hemisphere,
a thin elastic membrane dome with incompressible fluid inside, or the skin layer
with substratum soft tissue and bones. Despite the different methods with various
assumptions that have been applied to modelling the fingertips, the curve of com-
pression force versus indentation is in good agreement with the reality of fingertip

compression. But every method has its advantages and limitations.

2.4.1 FEM (Finite Element Method)

Finite Element Method (FEM), as a common computerised method for struc-
tural analysis, have been applied with fingertip modelling in different cases. Firstly,
the cross-section of the fingertip was modelled with the 2D model by Wu [158].
As in a real human, the fingertip in the model contains nails on the top, skin as the
outer layer, subcutaneous tissue, and bone inside the fingertip model. Each part has
a different linear elastic modulus in this case. Then the fingertip compresses the
rigid plate to obtain the force indentation curve, which is in good agreement with
the real test results reported by Serina [129]. The discrimination of the fingertips of
one point and two points is modelled in [157]. Rather than rigid plate compression,
one or two pointers or wedges stimulate the skin tissue to investigate the structural
response in the real human test with one-point and two-point discrimination. The
fingertip can sense not only the indentation with a wedge and compression by a

rigid flat plate, but also the vibration and texture of an object with which the finger-
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tip interacts. Vibration stimuli with different amplitude, frequency, and direction
in a 2D FEM were studied in [159] [156]. In this research, the outer layer of the
subcutaneous tissue and the skin layer have a sensitive response to vibration stimuli
at which FA I and FA 1I is located. In further investigation of vibration caused
by slip motion, the results reported by Fei [131]. In this study, fingerprints were
considered as the skin layer divided into the dermis and epidemis. The frequency
range generated in the epidermis by slip motion is reported, which is the human

sense of vibration and the texture of the object.

Fingertip, as the real parts of the human body, in reality, the 3D FEM was in-
troduced to generally and comprehensively understand the structural reaction with
different stimuli. In [155], the fingertip was compressed by a flat and rigid sur-
face. In this investigation, the contact area between the fingertip and the rigid plate
and the varied stiffness of the subcutaneous with different compression depths are
considered. It shows that the subcutaneous is stiffened by compression and that
the contact area increases non-linearly with increasing compression. In addition
to vertical indentation at the tangential point of the fingertip, compression of the
fingertip with different indentation angles was reported [25]. The indentation depth
with different yaw and roll angles is smaller and has a stiffer response compared to
vertical compression. As the angle increases, the fingertip has a stiffer compression

response as the nail support the skin tissue.

Overall, the FEM analysis investigated the structural response of the fingertip
with a different stimuli, such as indentation, vibration and slip motion. In spite of
the biomechanics of each part of the fingertip (Skin, Subcutaneous tissue, nail, and
bone) being considered and analysed, the computational cost in both 2D and 3D
FEM, is still significant, especially the fingerprints exponentially increase the mesh

number and calculation time.
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2.4.2 Static elastic model

In reality, from the general view of the fingertip when it interacts with objects, it
has been simplified as a solid elastic hemisphere with linear elasticity. This assump-
tion was proposed by Inoue in [51]. To understand the grasping or compression of
the fingertips, in reality, skin tissue and subcutaneous tissue are considered as re-
combination tissue with combined elasticity. Hence, the fingertip is considered as
an elastic hemisphere solid and composed of a finite number of vertical springs with
different heights as shown in Figure 2.8. In this case, two assumptions associated

with modelling are proposed:

* The incompressibility of the elastomer material is not dealt with.

* Young’s modulus is constant during the deformation.

Therefore, this model can predict the compression of the soft fingertip by integral
the force of each spring k, L with the sectional area dS. Furthermore, compression
from different angles is considered and the soft fingertip configuration during com-

pression is present in Figure 2.8.

Following the initial study, Inoue reported a series of studies on soft fingertip
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Figure 2.8: Configuration of the soft fingertip during compression with an angle [48].
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modelling with static elastic modelling and application [49] [48] [50] [52]. In the
following studies, the contact area with a shape between the rigid plate and the
hemisphere with a different compression angle is considered, which is circular in
the vertical indentation and shows an elliptical shape when compression is at a dif-
ferent angle. As the compression angle increase, the aspect ratio(t = ag/bg) of
the elliptical contact area increases. As a result, the force indentation curve from
the elastic static modelling is in good agreement compared to the human fingertip
data [129]. With respect to this model, it requires a lower computational cost to
obtain the results as the simplification of the fingertip structure. It has a similar
non-linear increasing trend of the force-indentation curve. This model is suitable
for robotic and prosthetic hand grasping. On the contrary, simplifying the fingertip
structure results in a weak analysis for internal structure changes during compres-
sion and the mechanoreceptors that the compression stimulated are hard to identify.
The incompressibility of the elastic spring is not considered, and the compressed
shape of the soft fingertip, where the surface is in contact with a rigid plate or freely
moved, cannot be modelled. In addition, this model is specifically proposed for

compression modelling rather than for vibration and slip motion modelling.

2.4.3 Continuous elastic deformation theory

They established the theory of large deformation of elastic membrane pockets,
which applies the hyper-elastic model to describe the relationship between defor-
mation and stored energy. Based on material theory, Adkins solved the problem
of inflation of thin elastic membranes [2] and proposed the approach based on the
conversion of boundary conditions into initial condition problems for axisymmetric
membranes. Subsequently, several problems have been studied on the basis of the
large deformation theory in various aspects with different geometries. The problem
of inflation of a circular or square elastic membrane was reformulated and sim-
plified the governing equations [163] [31]. By the modified governing system of
equations, the problem can be solved by a standard numerical method with appro-
priate boundary conditions. Then this method has been extended by Bouremel and

Eames for the free inflation and compression problem [11]. The continuous elastic
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deformation theory has been widely applied in different practical cases. Its feasibil-
ity has been shown, such as microcapsule and cell wall modelling [57], [143], [81],
[45], [45] safety airbag modelling [77], modelling the behaviour of the membrane
in contact with curved surfaces [164], etc. Inflation and compression of a toroidal
membrane, in which the geometry has positive and negative curvatures, have been

studied [146], [74], [74].

In addition, the inflation and compression of an elliptical membrane as the fin-
gertip pulp model has been modelled by Serina [130]. But the mismatch of the
angle in the parametric equation and polar coordinator causes less accuracy in the
model. However, the possibility of applying the continuous elastic deformation
theory has been explored. In this method, the fingertip is modelled as a water bed
model, in which the ellipsoid thin elastic membrane is filled with impossible liquid
under the membrane. With this method, the contact force, the contact area, and the
change in shape during compression can be modelled. However, the mismatch of
the angle in the parametric equation and polar coordinator causes the model to be

less accurate.

2.4.4 Summary

Existing literature on fingertip modelling either leans heavily on computation-
intensive methods like Finite Element Analysis (FEA) or makes an oversimplified
assumption of the fingertip behaving as an elastic chunk, thereby failing to predict
the shape of deformation accurately. As such, an analytical approach to calculate
the compression of an ellipsoid fingertip membrane has remained elusive. Potential
research could fill this gap by proposing a novel analytical model for an ellipsoid ge-
ometry membrane. The analytical model could provide crucial insights into changes

in shape, volume, and subsequently, pressure during deformation.
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Importantly, it can discern the non-linearity arising from both the ellipsoid shape
and the hyperelasticity of materials. The insights gleaned from our proposed model
have been instrumental in modelling and empirically validating the response of
the feedback actuator. The proposed model also has potential to be applied into

bio-mechanical fields.

2.5 Conclusions

This chapter provides a comprehensive review and summary for the haptic feed-
back system, from the tactile perception biomechanism to tactile sensing technolo-
gies to the haptic feedback actuators. Section 2.1 introduces the haptic perception
in the human body. The sensible tactile perception is divided into kinaesthetic and
cutaneous perception, and each type of the perception is sensed by corresponding
mechano-receptors. The high concentration of mechanoreceptors results in the
fingertip being one of the most sensitive body parts in the human body. The ampu-
tation of the fingertip or upper extremities results in a significant loss of perception.
In order to help amputees to retrieve the haptic perception, haptic feedback systems

was developed, which contains crucial components: fingertip sensor and feedback

actuator.

Table 2.5: Comparison of different methods for fingertip modelling.
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The fingertip tactile sensor is to sense and measure the contact force/pressure
with the surface information of the contacted object. According to the tactile sen-
sation sensed by the tactile sensors, the feedback actuator generates corresponding
tactile stimuli to the amputee. The reviews of the current tactile sensing technology
and haptic feedback system are introduced in Section 2.2 and 2.3 respectively. In
the tactile sensing technology, each type of the tactile transduction technology has
outstanding features and limitation. Overall, the current tactile sensing technologies
is relatively high cost, need extra power source and micro-processor to receive and

process the tactile signal, which limited the widely application.

The current haptic devices that were developed were presented comprehensively
with different applications in Section 2.3. The haptic feedback devices designed
with the boundary between each application field is not well defined, and the appli-
cation or devices are interconnected to other applications. With different actuation
methods, a number of haptic devices were developed. Different types of tactile
information can be delivered and displayed to the target skin tissue and users can
successfully discriminate between different types of information. Compared with
different types of actuation, motors with rigid links can transfer the majority types
of tactile information to the user but require a large volume to fit in, heavy weight to
carry on, and limited body motions. Haptic feedback systems, as the rising research
topic, have been researched with mainly two types of actuator: FEA and DEA,
which have good capability with pressure with contact and vibration, respectively.
However, both types need a large pump or power source to activate the system, and

it is still unfriendly to the user.

In Section 2.4, the fingertip modelling has been introduced with manifold meth-
ods. Modelling of the fingertip can help to design the tactile sensor and replicate
a similar deformation with stiffness and force compared to the original human fin-

gertip. In the literature, the deformation of the fingertip is modelled with different
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methods, such as: FEM, static elastic model, continuous elastic deformation theory.
The FEM is versatile but requires significant computational resources. The static
elastic model can predict the force-indentation curve rapidly and can be applied to
required real-time cases. But the static model cannot model the deformed shape of
the fingertip sensor and over-simplified the bio structure of the fingertip. The con-
tinuous elastic deformation theory can predict the shape of the deformed fingertip
and the force-indentation curve of the deformation. However, current continuous
elastic deformation theory does not have the correct solution for the fingertip, which

is an ellipsoid shape to calculate.

At the time of writing this thesis, there is still limited analytical and experimental
research regarding on the haptic feedback system, which is soft, modality-matching
and does not require an additional power source and electronics. Furthermore, there
is very limited exploration of the sensing with a feedback actuator integrated into
one system. Consequently, to highlight the importance of the passive haptic feed-
back system, the following chapters introduce the fingertip-inspired mechanical-
based haptic feedback system with key contributions. Chapter 4 proves the concept
of the haptic feedback system. Chapter 5 optimised the haptic feedback system to
feedback the direction of the force. Chapter 6 presents analytical modelling of fin-
gertip deformation. Chapter 7 demonstrates the capability of the analytical model,

which contributes the soft robotic and haptic fields.



Chapter 3

A concept of the purely mechanical

haptic feedback system

This chapter introduces the concept of the purely mechanical haptic feedback
system. As summarised in Chapter 2, the research gap of a fluidic haptic feedback
system exists. This chapter introduces the basic design concept for the fluidic hap-
tic feedback system. In section 3.1, the concept of this haptic feedback system is
introduced with fundamental methodology. Based on the concept and methodology,
section 3.2 and 3.3 provides the guideline of the fingertip sensor and feedback actu-
ator for the following Chapter 4 (Prototype development of fluidic haptic feedback
for mechano-tactile sensations) and Chapter 5 (Multi-cavities fingertip sensor with

feedback actuator).
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3.1 Introduction

A haptic feedback system is often used for prosthetic hand or other applications,
aiming to sense the force with other tactile information and convey the signal back
to a feedback actuator generating corresponding tactile stimuli to users. Users can
sense the force, texture and other tactile information according to the tactile stimuli
and identify the contact surface. The capability of the system depends on how to
sense the contact surface and the tactile information that the system can display
and generate intensive tactile stimuli to users. By integrating the haptic feedback
system into a prosthetic hand, amputees are able to retrieve the haptic sensation
via the haptic feedback system, which can enhance the confidence of using the

prosthetic hands and explore the world in a better way.

This chapter investigates the concept of the purely mechanical driven haptic
feedback system and addresses the feasibility of developing a proper system allow-
ing the amputees to retrieve a part of the haptic sensations. The expected impact
of the haptic feedback system are addressed in the Section 3.2. The detail of pri-
mary components of the haptic feedback system are in the Section 3.3 and Section
3.4, leading to the complete design of the entire system. As conclude in Chapter 2,
there is sufficient of investigating a haptic feedback system, which is soft, modality-
matching and does not require an additional power source and electronics. In this

chapter, the concept of the haptic feedback system is introduced.

3.2 The concept of a purely haptic feedback system

While many existing haptic feedback systems rely on electronic components and
intricate software algorithms, this chapter explores the concept of a purely mechan-
ical haptic feedback system. Such a system offers potential advantages in terms
of simplicity, cost-effectiveness, and robustness. The proposed mechanical sys-
tem functions by transforming mechanical input, like physical contact of prosthetic
ends, into tactile sensations without requiring electronics or complex software. It

consists of two primary components: a fingertip sensor and a feedback actuator. In
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Figure 3.1: The concept of the fluidic haptic feedback system with working principles. The
system contains two key components: fingertip sensor and feedback actuator,
which are connected with a pipe. The system has two stages: (a) non-actuated
(b) actuated.
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conventional systems, electronic fingertip sensors detect contact surfaces and gen-
erate electrical signals representing tactile information. However, in the purely me-
chanical system, the fingertip sensor must sense contact information mechanically
and generate transmissible signals. The feedback actuator then produces tactile

stimuli directly based on the received signal, without the need for a control unit.

As the Figure 3.1 shown, a purely mechanical haptic feedback system comprises
two primary components: a fingertip sensor and a feedback actuator. In contrast to
traditional systems, which employ electronic fingertip sensors to generate electri-
cal signals representing tactile information, a purely mechanical system relies on
mechanical means of sensing contact information and transmitting signals. This
necessitates a feedback actuator that generates tactile stimuli directly based on the
transmitted signal, without the need for a control unit. It is crucial for the transmit-

ted signal to remain minimal losses to prevent distortion.

Multiple design options exist for the fingertip sensor, feedback actuator, and
signal transmission median, such as rigid links (springs, levers, gears) or a soft

actuation system using elastic membranes. Given factors like weight, convenience,
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user-friendliness, and ease of integration, a hydraulic-actuated elastic membrane
system is selected. The fundamental principle underlying this concept is that me-
chanical interactions can generate various types of tactile sensations, including
pressure, vibration, and texture. By adjusting the mechanical properties and con-
figurations of system components, a diverse of haptic feedback experiences can be

achieved.

Similar to an electronic tactile sensor, the mechanical haptic feedback system
detects pressure increases when the fingertip sensor comes into contact with an
object and deforms. The pressure increase is then directly conveyed to the feedback
actuator, generating corresponding tactile stimuli for the user. Mechanical interac-
tions can produce various types of tactile sensations, such as pressure, vibration,
and texture. By adjusting the mechanical properties and configurations of system

components, a diverse range of haptic feedback experiences can be achieved.

The chosen system design features lightweight elastic membranes and pipes
filled with water, making it easy to integrate into prosthetic hands. The use of elastic
membranes filled with water ensures user safety, as there is minimal potential for
physical harm. Furthermore, the incompressibility of water as a signal transmission
medium between the fingertip sensor and feedback actuator enables instantaneous
transfer without delay, as well as reduced loss of signal in terms of amplitude and

frequency.

3.3 Requirements of haptic feedback system

According to the requirements of the haptic feedback systems for prosthetics
applications shown in Section 2.3, features, including spatial resolution, bandwidth,
range, sensitivity, need to be considered to develop an effective system. In pros-
thetic applications, haptic feedback is essential for mimicking the natural feeling of
touch. The spatial resolution is vital, as it sets the accuracy with which the pros-

thetic identifies and pinpoints tactile interactions. Bandwidth, too, is of paramount
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importance, defining the spectrum of frequencies the system can process, making
sure instantaneous touch responses are recorded with minimal delay. The range
outlines the system’s capability to detect forces, from the lightest touches to the
most robust grips. Meanwhile, sensitivity guarantees that even the slightest touch
differences, crucial for detailed interactions, are accurately detected and conveyed
to the user. In summary, these factors contribute to a thorough and authentic haptic

feedback for those using prosthetics.

Regarding to the proposed haptic feedback system, the main aim is to retrieve
the tactile sensation from prosthetic ends and feedback to amputees. The main
focus for the proposed haptic feedback system is to sense the contact force and
feedback the force for amputees in the form of mechano-tactile. When an amputee
interacts with an object using the prosthetic, the system senses the force exerted
upon contact. But it doesn’t stop there. Once this force is detected, the system then
translates it into mechano-tactile feedback. This feedback, delivered in real-time,
provides the amputee with tangible sensations that mimic the natural feeling of
touch. By focusing on the sensation of contact force and its immediate translation
into mechano-tactile feedback, the system aims to offer amputees a more intuitive
and realistic interaction with their environment, enhancing their overall prosthetic

experience.

In the realm of prosthetic design, the specification requirements for elements
like contact force and stiffness are paramount for ensuring a realistic and functional
user experience. Contact force, which pertains to the force exerted upon interac-
tion with an object, needs to be accurately sensed and relayed to provide the user
with genuine tactile feedback. The prosthetic should be sensitive enough to detect
varying degrees of force, from the lightest touch to a firm grip. Stiffness, on the
other hand, relates to the rigidity and flexibility of the prosthetic material. A bal-
ance needs to be struck between stiffness for durability and flexibility for natural

movement and sensation. Moreover, the stiffness can influence how the force is
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perceived; a stiffer material might relay different tactile feedback compared to a
more flexible one. These specifications are not just about functionality but also
about ensuring the prosthetic feels as natural as possible. The integration of precise
specification requirements, especially in terms of contact force and stiffness, can
significantly enhance the prosthetic performance and the user’s overall satisfac-

tion [105].

In the context of the proposed haptic feedback system, the primary physical
feature is on detecting and relaying the contact force experienced at the prosthetic
end. This is vital because the sensation of contact force is fundamental to many
tactile interactions, from holding an object to feeling a surface. However, while the
system is adept at sensing and feeding back this contact force, it faces challenges
when it comes to other physical properties, such as vibration. The reason for this
limitation lies in the design of the system itself. The elastic membrane, integral to
the system’s structure, acts as a damper. This damping effect, while beneficial in
certain scenarios, impedes the efficient transfer of vibration sensations. As vibra-
tions travel through the system, the elastic membrane absorbs a significant portion
of this energy, reducing the intensity and clarity of the vibration feedback. Conse-
quently, while the system excels in relaying contact force sensations, its ability to
convey other tactile properties, like vibration, is compromised due to the inherent

characteristics of its design components.

3.4 Fingertip sensor

A crucial component of a mechanical haptic feedback system is the fingertip
sensor, responsible for sensing contact information and generating a signal that can
be transmitted to the feedback actuator. In contrast to electronic-based systems that
use electronic sensors to detect contact surfaces and generate electrical signals, a
purely mechanical driven system relies on the mechanical properties and interac-
tions of its components to achieve tactile sensing. The challenge lies in designing

a fingertip sensor that can effectively capture contact information and generate
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transmissible signals without the use of electronics. The selected design should
meet criteria such as weight, convenience, user-friendliness, and ease of integration
with other components of the haptic feedback system. A promising approach is
the use of elastic membranes actuated by a hydraulic method. When the elastic
membrane-based fingertip sensor comes into contact with an object and deforms,
the resulting pressure increase can be used to convey contact information. This
design is lightweight, easy to integrate, and user-friendly, minimizing potential

physical harm to users.

However, designing a purely mechanical driven fingertip sensor also presents
challenges. Achieving a high level of sensitivity and accuracy in detecting contact
surfaces and generating transmissible signals can be difficult. The elastic mem-
brane is made of soft material and acts as a filer for during the sensing. Vibrations,
exceeding the frequency band or small amplitude, might not be detected. Addition-
ally, replicating the range and diversity of tactile sensations possible with electronic

systems may be challenging in a purely mechanical design.

3.5 Feedback actuator

A primary component of a mechanical haptic feedback system is the feedback
actuator, responsible for generating tactile stimuli directly based on the signal re-
ceived from the fingertip sensor. Unlike electronic-based systems that require a
control unit to actuate the feedback mechanism, a purely mechanical driven system
affects by the mechanical properties and interactions of its components to create

tactile sensations.

The use of elastic membranes actuated by a hydraulic method is selected in this
case. When the hydraulic fluid in the actuator is pressurized, the elastic membrane

deforms and generates tactile stimuli directly. This design is lightweight, easy to
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integrate, and user-friendly, minimizing potential physical harm to users. The use
of a purely mechanical driven feedback actuator in a haptic feedback system offers

several advantages.

However, designing a purely mechanical driven feedback actuator also presents
challenges. Achieving a high level of responsiveness and accuracy in generating
tactile stimuli can be difficult. Additionally, replicating the range and diversity of
tactile sensations possible with electronic systems may be challenging in a purely

mechanical design.

3.6 Summary

The development of a feedback actuator for a purely mechanical driven haptic
feedback system presents an exciting opportunity for advancing tactile sensation
technologies. By leveraging mechanical interactions and innovative actuator de-
signs with hydraulic-actuated elastic membranes, this approach offers a simpler,
more cost-effective, and robust alternative to electronic-based systems. Despite the
challenges associated with responsiveness and accuracy, the potential applications
of purely mechanical driven haptic feedback systems in prosthetics, robotics, and
other fields could lead to significant improvements in user experiences and overall
quality of life for those who rely on these systems. This chapter introduced the
concept of the fluidic haptic feedback system and summarised the advantages and
disadvantages. The concept of this chapter provides a guideline for the following

up Chapter 4 and Chapter 5.



Chapter 4

Prototype development of fluidic
haptic feedback system

The main aim of this chapter is to build a fluid haptic feedback system that can
sense the touching information at the prosthetic or robotic hand and generate cor-
responding tactile stimulation to the users. As previously mentioned, the hydraulic
method with incompressible fluid water as the pressure medium is applied to this
system. Section 4.1 introduces the main idea of a novel mechanical haptic feed-
back system, which consists of two key components: the fingertip sensor and the
feedback actuator. The finger design, based on human hand models, is explained in
Section 4.2. Section 4.3 covers the feedback actuator design for generating tactile
sensations to users. The prototype’s characterization is in Section 4.4, while human
interaction testing is in Section 4.5. The content of this chapter has published in P1

in Section 1.6.
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4.1 Introduction

The hand is our most flexible and sensitive body part, and losing it can signif-
icantly impact daily life, causing limitations in motion and mental health issues.
To assist amputees, there are three main types of prosthetic hands: cosmetic,
body-powered, and battery-powered. Body-powered prosthetics are affordable and
effective, gaining popularity in low- and middle-income countries. However, they
lack proper haptic feedback. An innovative, low-cost, and mechanically driven

haptic feedback system was developed for these prosthetics.

Based on the concept in Chapter 3, Figure 4.1 shows a prototype that senses
physical interactions and provides tactile perception through mechano-tactile stim-
ulation. It has two main components: a fingertip sensor and a feedback actuator.
The fingertip sensor has a soft elastic membrane with rigid support, forming an
inner cavity. The feedback actuator has an elastic flat bottom and a rigid cylindrical
cavity, also creating an inner cavity. These components are connected by a PVC

pipe, forming a closed-cavity system filled with water to transfer pressure.

When force is applied to the fingertip sensor, the membrane deforms, increas-

ing pressure, which is transmitted to the feedback actuator. This causes the flat
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Figure 4.1: CAD drawing of the haptic feedback for body-powered prosthetic upper limbs.
The sensor and sensing display is made of two 3D-printed components, Ve-
roClear and TangoBlack Plus. The sensor and mechano-tactile actuator are
connected via a pipe; the entire system is filled with water. Forces exerted on
the fingertip result in a mechano-tactile sensation on the feedback side.
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membrane to bulge and inflate. When the feedback actuator is attached to the user,
the ballooning effect produces a force, stimulating the skin and generating a haptic

sensation.

The main concept of a novel mechanically based haptic feedback system is in-
troduced in Section 4.1. There are two crucial components of this haptic feedback
system: the fingertip sensor and the feedback actuator. Based on the finger’s mo-
tion and fingertip model of the human hand, the finger was designed in Section 4.2.
The feedback actuator is designed to generate mechano-tactile stimulation to users
that indicate the force at the fingertip sensor. The design of the feedback actuator is
present in Section 4.3. The characterisation of the prototype of the haptic feedback
system is introduced in Section 4.4 and the human interaction test is introduced in

Section 4.5.

4.2 Creating the fingertip sensor

The design philosophy behind the fingertip sensor draws heavily from the in-
tricate mechanics and sensory capabilities of the human fingertip. When humans
grasp or touch objects, our fingertips naturally deform, molding around the object’s
contours. This deformation isn’t just a physical response; it’s a sensory one. Our
soft, pliable fingertips are embedded with mechanoreceptors that gather a wealth
of tactile information from these interactions. To emulate this natural mechanism
in the sensor, a biomimetic approach was adopted. The prototype’s dimensions and
curvature were modeled after the index fingertip of a 24-year-old male. To ensure

precision in design, this fingertip was meticulously 3D scanned using a Structure
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Figure 4.2: Schematic model of fingertip membrane
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Sensor from Occipital, Inc. This scanned model was then integrated into the CAD
software Solidworks by Dassault Systemes SE for further design and refinement.
The resulting fingertip membrane in the sensor not only mirrors the shape and cur-
vature of a genuine index finger but also maintains a realistic thickness of 1 mm.
Such attention to detail ensures that the haptic feedback system offers an experience

that’s as close as possible to the natural tactile sensations of a human fingertip.

Based on the research by Li et al., the maximum angle of 6y for the fingertip
membrane is 55°, which is sufficient to handle a wide range of grasping situations
involving deformation [6][75]. The schematic view of the fingertip is illustrated in

Figure 4.2.

By setting 6 to match the curvature of an authentic human finger within the
contact angle range of 55°, the designed fingertip membrane can closely replicate
the biomechanical properties of a human fingertip. According to CAD calculations,
the cavity formed by the soft fingertip membrane has a volume of 3.4, ml, represent-
ing the maximum fluid output from the fingertip. Consequently, the angle range of
the fingertip sensor extends from 0° to 55°, allowing it to effectively sense a broad

spectrum of fingertip deformations commonly encountered in grasping situations.

4.3 Design of mechano-tactile feedback actuator

The design of the feedback actuator revolves around the concept of mechano-
tactile stimulation, specifically indentation. This tactile channel is central to produc-
ing tactile sensations from the fluidic haptic feedback actuator. When the fingertip
sensor experiences an increase in pressure, this leads to the swelling of a membrane
in the feedback actuator, thereby generating mechano-tactile stimuli. As illustrated
in Figure 4.3, the actuator comprises a rigid housing with a cylindrical cavity em-
bedded in its top cap, constructed from VeroClear. This cavity is sealed with a I mm
thick elastic membrane made of TangoBlack Plus. To achieve varying swelling am-

plitudes, the diameter of this circular membrane ranges from @3 mm to @7 mm, as
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Figure 4.3: (a) Feedback actuator prototypes with various membrane diameters (Pound
coin for reference). Actuation example of a feedback actuator (b) without and
(c) with stimulus on the fingertip.

depicted in Figure 4.3(a). The internal pressure increase, resulting from fingertip
deformation, causes the membrane to balloon. When positioned against human
skin, this swelling creates an indentation, leading to mechano-tactile stimulation.
From a haptic perspective, such stimulation can activate various mechano-receptors
in the skin, including Merkel discs (sensing pressure), Meissner corpuscles (detect-
ing taps), Ruffini endings (perceiving stretch), and even hair follicles (sensing hair

movement).

Meissner’s corpuscles, classified as FA I type mechano-receptors, are sensitive
to rapid taps from the haptic feedback system. Leveraging Pascal’s law, a pres-
sure increase at a single point in a confined cavity leads to a uniform pressure rise
throughout the cavity. Consequently, pressure changes at the fingertip are rapidly
transmitted to the feedback actuator’s membrane, causing it to swell. This mech-
anism allows the actuator to simulate rapid taps sensed by the fingertip. Merkel
discs and Ruffini endings, categorized as SA I and SA II type mechano-receptors
respectively, are attuned to slower mechano-tactile stimuli like indentation and pres-
sure. The primary objective is to emulate the sensations detected by these receptors

through the swelling of the feedback actuator’s membrane.

Considering the receptive field’s size, the membrane should span a sufficient
area to stimulate individual mechano-receptors. Given that the primary targets

are FA I, SA I, and SA 1II type receptors, the minimum required stimulation field
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is 11 mm?

. Assuming a circular field, the smallest feasible diameter for the de-
formable membrane is 3.74mm. A smaller diameter would lead to greater mem-
brane swelling and deeper skin indentation, implying more intense stimulation.
Therefore, three different membrane diameters were designed for experimental

testing with objects.

4.4 Experiment 1: Physical characterisation

4.4.1 Protocol

After the haptic feedback system is 3D printed, assembled, and fully filled with
water, quantifying the haptic feedback system is crucial. This experiment was
carried out to determine the physical relationship between two membranes: the
fingertip sensor and the feedback actuator, under compressing and pressure situa-
tions, and to compare the performance of three feedback actuators with different

diameters of the elastic membrane (see Figure 4.3(a)).

The fingertip force and internal liquid pressure of the completed closed-loop
haptic feedback system are tested, analysing the indentation depth to the fingertip
sensor, liquid pressure during the indention, and reacted force on both the finger-
tip sensor and feedback actuator. Therefore, the fingertip sensor was indented with
3mm at a speed of 5.81 mm/s, perpendicular to the tangential surface of the finger-
tip sensor. Meanwhile, recording the force on the fingertip sensor and feedback ac-
tuator, and liquid pressure in the closed cavity. The chosen speed for the experiment
is specifically aimed at examining the haptic feedback system’s behavior and hys-
teresis under extreme conditions. As the speed escalates, there’s a corresponding in-
crease in hysteresis. This phenomenon is crucial to understand because an elevated
hysteresis can have detrimental effects on the system’s overall performance. Specif-
ically, as hysteresis grows, the force output emanating from the feedback actuator
diminishes. This reduction in force output can compromise the system’s ability to

provide accurate and reliable haptic feedback to the user. Therefore, by testing un-
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der these extreme speed conditions, we can better gauge the system’s resilience and
identify potential areas for improvement to ensure consistent and optimal perfor-
mance across varying operational conditions. Each trial was carried out five times

for each actuator, and an average was calculated and reported in five trials.

4.4.2 Experimental setup

An experimental workbench was constructed as shown in Figure 4.4, con-
sisting of a liner rail (Zaber X-LSM100A) with 0.05um sensitivity, a 3-axis
force sensor (II'T-FT17) with 0.318 x 1073 N sensitivity, a fluid pressure transducer
(OMEGA PXM319-001G) with 0.05kPa sensitivity, and a load cell (Honeywell-
FSAXX001RC4C5) with 0.22 x 103N sensitivity.

The fingertip sensor is fitted into a socket and the elastic membrane faces the

Fingertip Sensor
Linear FT17-Force

Rail ’ 2\l | sensor\

_ iggWe——e ¥ Pressure
Feedback W’ &Z===» Transducer
Actuator '

(4

(a) (c)

Figure 4.4: Experimental setup (a): A Force/Torque sensor fixed to a linear rail opposes
the fingertip sensor, indenting the sensor. Force readings are taken, and an
additional load cell measures the force from the feedback actuator. A pressure
transducer monitors pressure change. Enlarged view of IIT-FT17 force sensor
and fluidic fingertip: (b) Before actuation. (c) After the fluidic fingertip is
pressed.
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force sensor in the opposite direction to ensure that the fingertip sensor is homo-
geneously pressed (shows in Figure 4.4(b) and (c)). The linear rail drove the force
sensor toward the fingertip sensor to stimulate the haptic feedback system, and the
indentation and reaction force was recorded at the fingertip sensor. Additionally,
the pressure change from the pressure transducer was recorded, and the load cell

recorded the force from the feedback actuator.

The haptic feedback actuator fits in a socket as well, which contains one load
cell in contact with the soft membrane to measure the blocked force when it is
pressurised. The load cell and pressure sensor are connected to Arduino, with the
aim of reading and collecting data. The final terminal is a laptop connected with
Arduino, Linear rail via USB port, and 6-axis force sensor via Ethernet port. The
data was collected at a 20Hz reading rate. The overall program is written on the
basis of Python and C++ software language and runs on the Robot Operating Sys-
tem (ROS). ROS is an open-source meta-operating system based on Linux. And it

provides a platform for data communication and controlling hardware.

Overall, by measuring the pressure in the system, the indentation to the fingertip
sensor and the force of the feedback actuator are coupled. The relationship between
the fingertip and the soft membrane of the feedback actuator can be determined with

a better understanding of the interaction between two nonlinear elastic membranes.

4.4.3 Results

For the completed test of the haptic feedback system, which is a closed-loop
system. The results of the fingertip sensor versus indentation are shown in Fig-
ure 4.5. The indentation is the variable controlled by the laptop and represents the
deformation of the fingertip membrane: Omm indentation corresponds to initial
position of the fingertip sensor, while 3.5 mm corresponds to the maximum defor-
mation. The force at the fingertip is measured by the force sensor when it comes in

contact with the membrane.
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Figure 4.5: Non-linear loading and unloading reaction force curves against indentation.

As the fingertip sensor is compressed, the internal liquid pressure increases in
response and the results of the internal liquid pressure versus indentation are pre-
sented in Figure 4.6 (a). In the following graphs, the @3 mm actuator is represented
by the blue line, &5 mm is coloured yellow dashed, and &7 mm is shown in red.
For the fingertip sensor, each test with the different diameter of feedback actuators
produces a similar non-linear curve with hysteresis values of 19.9%, 18.6% and
20.5% corresponding to the order @3 mm, @5 mm and &7 mm. When the fingertip
sensor reaches the maximum indentation of 3 mm, the maximum reaction force on

the fingertip in response is 16.97N, 16.95Nand 18.49 N respectively.

These results also produced non-linear curves with hysteresis values of 18.6%,
17.0% and 17.2% corresponding to @3 mm, @5mm and &7 mm. At the maximum
indentation, the internal liquid pressure was 38.01kPa, 37.92kPa and 38.11kPa,
each corresponding to @3 mm, g5 mm and @7 mm. For both the reaction force at
the fingertip and the internal liquid pressure, the maximum hysteresis point occurred
where the indentation was at 2.2 0.1 mm. In general, increasing the reaction force

results in a synchronous increase in the internal pressure of the liquid.
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Figure 4.6: Non-linear internal liquid pressure against indentation for the full closed-loop
feedback system comparing @3 mm, &5 mm and &7 mm membranes.

After the fingertip sensor is compressed with increasing internal liquid pressure,
the liquid flows to the feedback actuator and then the membrane inflates/swells.
The force exerted on the feedback actuator membrane can be calculated with Equa-

tion 4.1.
F,= (API—APn)*Am “4.1)

where AP, is the increase in pressure, APy, is the drop in viscous pressure of the water
flow, and A,, is the effective contact area of the elastic membrane of the feedback

actuator. Viscous pressure drops AP, are shown in Equation 4.2.
APy = fp- = ~——- 4.2)

where fp is the Darcy friction factor, p is the density of fluid, (v) is the mean
flow velocity and L the pipe length. The Darcy friction factor is determined by the

Zigrang & Sylvester’s equation in Equation 4.3 [35].

1 ¢p 502 ,¢p 12
= (L2 2 2 22
NG 837 & 237 1R,

) (4.3)
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Figure 4.7: Linear relationships between the output force at the feedback actuator and the
internal liquid pressure for each feedback actuator membrane.

where U is the viscosity of the water, A is the cross area of the pipe, Q is the flow
rate, D is the diameter of the pipe, and € is the relative roughness of the PVC pipe
as 0.0015. Combining Equations 4.2-4.4, the pressure drop caused by the flow of

water from the fingertip sensor to the feedback actuator is approximately 1.2kPa.

During the experiments, the feedback actuators are fixed in a socket with a
load cell underneath to measure the force output as a result of increased pressure.
After compensating for the pressure drop from the fingertip sensor to the feedback

actuators, Figure 4.7 shows the linear relationship.

Overall, the feedback actuator with @7 mm membrane produces the highest
value for the maximum transmitted force, which is 2.1 N compared to 1.82N from
the @5mm membrane, and 0.48N from the @3 mm membrane. For the @3 mm
membrane, the slope of the linear trend is 0.99N/kPa and is much smaller com-
pared to the larger membranes, which means it is less capable of transmitting pres-
sure and force to the end-user. As a result, relatively higher pressure is required to
overcome the surface elastic tension to inflate the membrane from a flat configura-
tion into a convex configuration. Therefore, the @3 mm membrane was abandoned

in Experiment 2.
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4.5 Experiment 2: Human interaction test

4.5.1 Protocol

The primary objective of this experiment was to ascertain the minimum stimulus
level at which users could perceive sensations from the feedback actuator, thereby
gauging the effectiveness of the haptic feedback system. The study was conducted
under the stringent guidelines and received approval from the UCL Research Ethics
Committee, bearing the application number 12453/001. A diverse group of partici-
pants took part in this study. They were tasked with evaluating feedback actuators
equipped with membranes of diameters &5 mm and @7 mm. Each participant un-
derwent a series of 50 stimuli tests. In these tests, the feedback actuator exerted
a force on the user, with the force value steadily increasing from 0.1N to 1.0N in
increments of 0.1 N. Each force level was maintained for a duration of 1s. After ex-
periencing each force level, participants were asked to indicate whether they could
discern the haptic sensation. The minimum force at which each participant could
reliably perceive the sensation was noted as their threshold. This data provided

valuable insights into the system’s efficacy and user responsiveness.

4.5.2 Experiment setup

For the healthy object test, 10 participants took part in the experiment with the
haptic test. The participants sat on a chair and placed their forearms in a comfort-
able resting position on a table. The vision and auditory senses of the participants
were occluded to avoid sensation disturbance caused by noise and visual distrac-
tion. During the test, the fingertip sensor was also fixed on the workbench to have
a controllable stimulus to the haptic fingertip. The feedback actuator was strapped
on the dorsal side of the participant’s forearm and the position is in the middle of

the dorsal side with 10cm displacement from the wrist as Figure 4.8 shown.

The placement of the feedback actuator was determined with a consideration
of most of amputees. It’s important to recognise that amputations can vary widely

among individuals, ranging from partial finger or hand amputations to complete
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Feedbacki
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Figure 4.8: Experiment set-up for the healthy participant. The feedback actuator was fixed
on the dorsal side of the forearm with a 10cm displacement from the waist.

loss of the hand. Given this diversity, it was imperative to choose a location that
would be universally accessible and beneficial for the majority of amputees. After
careful consideration, the forearm was identified as the most suitable location. This
choice ensures that the haptic feedback system remains versatile and adaptable,
catering to a wide range of amputation scenarios and maximising its utility for the
majority of users. Due to the linear relationship between the force of the feedback
actuator and the internal pressure obtained in Experiment 1, the force output of the
feedback actuator is calculated by the internal liquid pressure and is controlled by

the depth of indentation of the fingertip sensor.

4.5.3 Results

The test statistic results of the 10 participants with the feedback actuators
@5mm and g7mm feedback actuators are shown in Table 4.1. During the stim-
ulus threshold test, the relationship between the force stimulation of the feedback

actuator and the reaction force at the fingertip sensor followed the same relationship
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observed in the hardware test. In general, the median result of the touch thresh-
old for the @5 mm feedback actuator is 0.2N with an interquartile range (IQR) of
0.175N. For the @7 mm feedback actuator, the median touch threshold is 0.2 N with

an IQR of 0.1 N that describes the statistical dispersion.

4.6 Discussion

In Experiment 1, the reaction force on the fingertip sensor produced a similar
nonlinear relationship compared to a natural fingertip reported in [40]. The fingertip
sensor produced a reaction force of 10.44N when indented by 2.3 mm at a contact
angle 60°, while the force response of a natural fingertip at the same indentation
depth is 7N and therefore it can be concluded that our fingertip sensor is slightly

stiffer than a natural human fingertip.

In Experiment 2, when two feedback actuators with different membrane di-
ameters were tested, the g5mm feedback actuator exerted the widest stimulus
threshold, 0.2 — 2.1 N with a median stimulus threshold of 0.2N. The correspond-
ing force range exerted on the fingertip sensor was 1.2 — 18.49N. Despite the fact
that the haptic feedback system is provided with modality-matching tactile stimula-
tion, the deviation between the reaction force on the fingertip sensor and the force

at the feedback actuator still exists. Besides, the touch sensitivity on the forearm is

Table 4.1: Stimulus threshold test results of @5 mm and @7 mm.

Gender/Age Fy/F(@5mm) Fy/F(@7mm)

Fr22 0.5N/29N 0.1N/0.6N
Fr22 0.2N/1.2N 0.2N/1.22N
M/21 0.1N/0.58N 0.2N/1.22N
M/23 0.1N/0.58N 0.2N/1.22N
M/24 0.5N/2.9N 0.7N/4.5N
M/33 0.3N/1.8N 0.2N/1.22N
F/23 0.2N/1.2N 0.2N/1.22N
M/28 0.2N/1.2N 0.2N/1.22N
F20 0.3N/1.8N 0.3N/1.8N
M/26 0.2N/1.2N 0.3N/1.8N

* M: Male, F: Female, Fy : Force of feedback actua-
tor, Fy: Force stimuli on the fingertip.
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much less than the natural human fingertip. Hence, these aspects might not com-

pletely restore the haptic sensation of the fingertip.

Due to the feedback actuator placed on the dorsal side of the forearm, four
types of mechano-receptors can sense the mechano-tactile stimulation, which are
Merkel discs(pressure), Meissner’s corpuscles(Tap), Ruffini ending (Stretch), and
hair follicles (hair movement). As mentioned in Chapter 2, the minimum recep-
tive fields of FA I, SA I and SA II type of mechano-receptor is 11 mm? (Merkel
discs(pressure)) and the maximum is 59 mm? (Ruffini ending(Stretch)). The re-
ceptive field describes the maximum area that one mechano-receptor can sense the
stimulation. The receptive field of one type of mechano-receptors may overlap,
but the larger stimulation area can still stimulate more mechano-receptors with a
clearer sense of touch. Back to feedback actuators, despite the mechano-tactile
can be sensed by four types of mechano-receptors, the major mechano-receptors to
be stimulated are the slow adoption type: Meissner’s corpuscles(indentation) and
Merkel discs(pressure). Hence, if the stimulation area increased from @5Smm to
@5mm, the contact area increased 75.36mm?. Regarding the receptive field of these
two mechano-receptors, the number of mechano-receptors that are stimulated by
@Tmm 1s one more time than the number of @5mm stimulated. However, the in-
dentation of @7mm membrane to the skin tissue is less intensive than the &5mm
one. Hence, the human can sense clearly with a larger stimulation area, a lower
indentation than the small stimulation area, a higher indentation. Overall, the haptic
feedback system can let humans receive mechano-tactile stimulation with stimula-

tion at the fingertip membrane.

4.7 Summary

In this chapter, the novel purely mechanical-based haptic feedback system is
present with design, manufacture, validation, and testing. In general, it can sense
the force with an indentation on the fingertip sensor and feedback to the feedback

actuator via increasing liquid pressure. The fingertip sensor and feedback actuator
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feature TangoBlack Plus with hyperelasticity. Two components are linked by a
tube to form a closed-loop cavity and filled with incompressible fluid water as the

hydraulic medium to transfer the pressure.

Verification and validation tests were performed to analysis of the entire system
with both fingertip sensor and feedback actuator was performed by measuring the
reaction force at both the fingertip sensor and feedback actuator, as well as the
internal liquid pressure for feedback actuators with membrane diameters &3 mm,
Z5mm and g7 mm membrane diameters was performed. In each case, the force on
the fingertip sensor and the internal liquid pressure produced similar loading and

unloading curves with differences in hysteresis.

Regarding the liquid pressure and the force of the feedback actuator, it shows
that the membrane produced a much lower force than the membrane with a larger
diameter. On the other hand, a human interaction test was implemented, where user
feedback shows that the larger membrane produces a more provocative stimulus

with a more consistent performance across the sample of participants.



Chapter 5

Multi-cavity haptic feedback system

for mechano-tactile feedback

In this chapter, a multi-cavity haptic feedback system is introduced in details
of design, fabrication, and validation. The multi-cavity haptic feedback system is
able to detect the force with amplitude and direction of the contact at the fingertip
sensor. The direction of the force is reflected in the form of pressure deviation in
the multi-cavity fingertip sensor. The feedback actuator generates output force ac-
cording to the pressure from the fingertip sensor and the deviation of the pressure
causes the difference of the output force. Hence, users are able to identify the force
direction according to the force difference. The haptic feedback system is validated
by two experiments. The first experiment characterise the haptic feedback system
and determine the relationship between the fingertip sensor and feedback actuator.
The second experiment is human interaction test and validate the haptic feedback
system is able to sense the force with amplitude and direction and generate corre-
sponding tactile stimuli in the feedback actuator. The results support the notion that

participants can generally discern angle changes.
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5.1 Introduction

In Chapter 4, the concept design of the haptic feedback system can sense and
give feedback the force but only a force in one degree of freedom. Fingertip is the
most sensitive body part that can sense a force but also can sense the force with
high spatial resolution and torque from different directions. To enable the haptic
feedback system to sense and feedback the force with amplitude and direction. An
optimisation for the prototype of the system is proposed to develop a haptic feed-
back system, which can sense and feedback the force with amplitude and direction.
Following the guideline proposed in Chapter 3, the concept of the multi-cavity
fluidic haptic feedback system in Figure 5.1 has the same features as the initial pro-
totype shown in Chapter 4, which are purely mechanical driven and able to sense
the physical interactions with objects and then consequently transfer the tactile sen-
sation back to the user. However, the multi-cavity allow the haptic feedback system

not only to sense a force level to users but also to deliver the force’s direction.

Haptic
Feedback

Chambers
eedback actuator

5 Chambers
fingertip sensor

Figure 5.1: Conceptual illustration of the five-cavities haptic feedback system. Five-
cavities in the fingertip sensor and feedback actuator are connected with pipes
individually. The four coloured cavities (red, yellow, green and blue) in the
outer layer of the fingertip sensor are connected with the linear actuators in the
feedback actuator with the same colour, respectively.
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The concept of multiple cavities is introduced as a significant advancement in
the design of the haptic feedback system. The rationale behind this design choice is
rooted in the aim to more closely mimic the nuanced sensations experienced by the
human fingertip. Four cavities in the first layer in the design is intended to detect
and respond to tactile stimuli from different directions, enhancing the system’s
overall spatial resolution and sensitivity. The human fingertip is incredibly sensi-
tive and can discern tactile stimuli from various angles. By having five cavities,
the design aims to capture the primary directional sensitivities of the fingertip: the
tip, both sides, and the front and back. This configuration ensures a more compre-
hensive coverage of potential touch points, closely mirroring the tactile response of
a human fingertip. The second layer acting has the amplifier. When the fingertip
sensor experiencing an extensive indentations, the second layer being compressed
and the center actuator is inflated to indent the skin tissue of user. At this stage, the
user will receive two extensive stimuli tactile stimuli to identify that the fingertip

sensor is in light touch or extensive compression.

The development of the multi-cavity design was a process of continuous refine-
ment. Initial prototypes, with fewer cavities and lacking a two-layer structure, faced
challenges in spatial resolution. The chambers in these designs often interfered with
each other, compromising the feedback. While increasing the number of cavities
seemed a logical step to enhance sensitivity, designs with more than five cavities
introduced unnecessary complexity without significant improvement in feedback.
Such designs also posed potential reliability issues and made manufacturing more
intricate. After extensive testing and gathering user feedback, the five-cavity design
was identified as the most effective. It balanced tactile feedback precision, system
reliability, and manufactur-ability, ensuring users received accurate feedback with-

out the system being overly complex.
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In the haptic feedback system, it contains two key components: a fingertip
sensor and feedback actuators, and both of them have five-cavities. A double lay-
ers elastic membrane form the ellipsoid shape at the fingertip with four individual
cavities in the outer layer and one cavity in the inner layer. The four cavities in the
outer layer show a four-quadrant pattern. The feedback actuator has five-cavities
with round shape membranes as well. One chamber is at the centre, and the rest
of the four peripheral chambers have a circular arrangement around the centre with
a 90° included angle between each other. In Figure 5.1, the four chambers in the
outer layer of the fingertip sensor, coloured with red, yellow, green and blue are
connected to the peripheral chambers of the feedback actuator with the same colour.
And the inner cavity is connected to the centre chamber of the feedback actuator.
Overall, the five-cavities of the fingertip sensor are connected to chambers in the
feedback actuator individually via a silicone tube to form five independent closed-

loop cavities and are filled with incompressible fluid.

When the fingertip sensor interacts with objects from different angles, the five
cavities will deform in response. In different angles of contact, the five-cavities
will have different deformations in response to hydrostatic pressure increase with
varied amplitude. Regarding the incompressible feature of water, the fluid flows
to the feedback actuator with deformation of the five-cavities and pressurises the
membranes of the feedback actuator individually to produce the tactile pattern that

is received at the fingertip sensor.

5.2 Multi-cavity fingertip sensor

5.2.1 Designing of the fingertip sensor

The purpose of the fingertip sensor is to sense the force with different angles
and spatial resolutions, meanwhile maintaining the ellipsoid shape of a fingertip.
When the fingertip interacts with objects from different angles with varied shapes,
the fingertip sensor deforms in response to a different configuration of the elastic

membrane. In order to adapt the configuration of the deformed fingertip sensor, the
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four independent cavities design is applied to determine the direction of the force
and the pattern of the object by stimulating different cavities with corresponding
pressure increases. However, in order to separate a fingertip ellipsoid into four cavi-
ties while maintaining an ellipsoid shape of the fingertip sensor, it needs elastic ribs
of the same height as the ellipsoid membrane to separate the inner cavity into four
regions. When the fingertip sensor is compressed, the deformation of the rib in one
cavity with folding and bending can affect adjacent cavities with pressure increase,
which reduces the sensitivity of the fingertip sensor. In addition, as the cavity of the
fingertip sensor is separated into four independent cavities with demi-semi volume,
the reduced volume limits the water flow to the feedback actuator and decreases
the intensity of the haptic feedback stimuli. In order to minimise the effect of ribs
and generate an intensive haptic stimulus at the feedback actuator, the double layer

structure is introduced as Figures 5.2(a) and (c) shown.

The journey towards perfecting the multi-cavity design was marked by persis-
tent adjustments and improvements. In the beginning, prototypes were crafted with
a simpler design, having fewer cavities and devoid of the two-layer structure. These
initial designs, although innovative, encountered issues in accurately discerning
tactile stimuli from different directions. A significant challenge was the unintended
interaction between chambers, which often led to muddled or inaccurate feedback,

diminishing the user’s experience.

Recognising these limitations, the logical progression was to consider increas-
ing the number of cavities, aiming to boost the system’s tactile sensitivity. However,
as designs expanded to incorporate more than five cavities, a new set of challenges
emerged. The added cavities, rather than enhancing the feedback, brought about
undue complexity to the system. This not only made the design more intricate but
also didn’t offer a proportionate enhancement in tactile feedback, making it clear

that a balance needed to be struck between complexity and functionality.
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Figure 5.2: The configuration of the double-lay fingertip sensor. (a) Top view (b) Cross-
section view (c) Bottom view (d) Exploded view.

In Figure 5.2(d), the double-layer fingertip sensor consists of three components:
the outer layer, curved ribs and inner layer, in which both the inner layer and outer
layer have ellipsoid shapes with the same aspect ratio (Tt = by/ap). The width of
the ellipsoid is 12mm and the length is I0mm. The height is 10mm. All three
components have 1 mm thickness. As the result of bonding the three components,
the entire fingertip sensor has five cavities in total, which four-quadrant patterned
cavities in the outer layer and one ellipsoid membrane in the inner layer. The design
of a double-layer fingertip sensor minimises the effect of rib’s deformation during
the compression by designing the thickness of ribs as 1 mm with a curved shape and

adding an inner cavity to increase the fluxible volume during the deformation.
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First, the 1 mm thickness ribs separate the cavity of the outer layer and prevent
the interactional effect between adjacent cavities, and the curved shape decreases
the support effect compared with upright ribs, which produces an even deforma-
tion of both ribs and two layers of the ellipsoid membrane during the deformation.
Second, as the total volume is significantly larger than the cavities in the outer layer
when the deformation is more significant than 3 mm and the cavities in the first layer
are completely compressed with fluid flows out to the feedback actuator, the large
deformation of the inner cavity starts with a considerable volume of fluid flowing
to feedback actuator to generate an intensive haptic feedback stimulus no matter
which cavity being stimulated and deformed. Furthermore, a sealing layer is added
at the bottom of the double-layered membrane to seal the five cavities with five
round housing at the corresponding positions to connect with pipes allowing water

flow. The five cavities fingertip sensor is designed to be:
* Double layer design to sense the direction and level of the force with pattern
» Easy to manufacture and inexpensive
* Made of soft material, but is robust with large deformation

* Light and fully filled with water.

5.2.2 Manufacture of the multi-cavity fingertip sensor

In order to manufacture a robust fingertip sensor with double-layer structures
filled with water in the cavities, the silicone polymer is selected, which is soft,
elastic, robust and waterproof from leakage. In selecting an appropriate silicone
compound, different types from Smooth-On Inc., which are the Dragon Skin series
(claimed as high-performance silicone rubber on the official website) and Ecoflex
series (claimed as super-soft silicone rubber on the official website), were evaluated
considering their stiffness, ductility and castability. In particular, the DragonSkin
series and Ecoflex series were preliminarily modelled with the hyperelastic model
present in Chapter 6 with the dimension and material property obtained from the

official website by Smooth-On Inc. and the online database [76][83]. Dragon Skin
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10A, 20A and Ecoflex 0050 were selected and tested by moulding the samples
with double 1 mm layer structure, which is the designed thickness of the ellipsoid
membranes and ribs. Based on initial analysis, the Dragon Skin series is picked as
the most suitable material for this application, with high elasticity, shape retention

and minimised interaction of pressure increase in cavities.

The fabrication process for the double-layer fingertip sensor has three steps in
Figure 5.3. The casting method is applied to manufacture the fingertip sensor. Neg-
ative moulds with the desired shape allow the uncured silicone compound (viscid
liquid) to fill in. After the silicone is cured, it transfers from liquid to solid with
the desired shape. During the casting, when the uncured silicone compound is in
contact with cured silicone solid, a robust adhesion is created with the same elas-
ticity and stiffness. By utilising this feature, multi-steps of casting can be achieved
to manufacture the fingertip sensor with a uniform double-layer structure. Casting
moulds were designed with Solidworks (Dassault Systemes SE) and 3D printed by

printer Form 3+ (Formlabs Inc.) by photopolymer resin (Tough 2000 V1).
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Figure 5.3: In the fabrication process of the fingertip sensor, moulds highlighted with blue
colour means the surface is in contact with silicone compound: (a) The first
step is to produce the outer layer and ribs. (b) The second step is to mould the
inner layer. (c) The final step of sealing the fingertip sensor at the bottom.
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Dragon Skin 20 was chosen for the fingertip sensor due to its optimal engi-
neering properties. Its high tensile strength ensures durability, while its Shore A
hardness of 20 balances tactile sensitivity with structural integrity. The material’s
significant elongation before breaking allows for substantial deformation, essential
for tactile feedback. Its low viscosity ensures precision in casting intricate sensor
structures, and its consistent cure time guarantees uniformity in multi-step cast-
ing. Furthermore, its thermal stability ensures consistent performance across varied
temperatures, and its biocompatibility ensures safety in prosthetic applications that

involve human contact.

The casting method was employed for its ability to produce intricate designs
with precision. Negative moulds were used to shape the uncured silicone com-
pound, which, upon curing, solidified into the desired shape. The multi-step casting
process was crucial to achieve a uniform double-layer structure. This method was
preferred over 3D printing because of the robust adhesion achieved when uncured
silicone compound contacts cured silicone, ensuring the layers bond seamlessly.
Material requirements were driven by engineering considerations. The silicone
needed to have the right balance of stiffness, ductility, and castability. The chosen
fabrication method also ensured that the pressure increase in the cavities was min-

imised, which is crucial for the sensor’s performance.

The manufacturing process of the fingertip sensor is demonstrated in Figure 5.3
shown. The surfaces of moulds coloured in blue represent the contact surface of
uncured silicone liquid and the shape of the cured silicone solid. For the silicone,
compounds A and B need to be completely mixed with a 1 : 1 mixture ratio. The
mixed silicone compound is prepared and degassed in a vacuum chamber with a

vacuum pump at a vacuum pressure of —0.9bar and ready for pouring.
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Outer layer: The outer layer with ribs is moulded in two parts mould. The mould
base has an ellipsoid shape with the desired dimension. The positive mould has
the same ellipsoid shape with grooves of the shape of ribs. The uncured silicone
compound is poured into the mould base, and the positive mould is pressed down to
match the knob on the side of the mould base to guarantee dimensional precision.
After the silicone is cured, trim the excess cured silicone and obtain the outer layer

with curved ribs.

Inner layer: The outer layer with ribs remains in the mould base for casting the in-
ner layer. Cavity support chips with curved edges were inserted in the slots formed
by ribs and the outer layer to maintain the volumes of four cavities in the outer
layer during the casting. By inserting the support chips, the upper surface of the
ribs and the inner surfaces of the support chips form an ellipsoid surface as the
shape of the inner layer. The exposed surfaces of ribs are in contact with uncured
silicone and generate adhesion after curing. The uncured silicone is poured in, and
the cap mould with the socket of support chips is pressed down to form the inner
layer. After the silicone was cured, the support chips and excessive silicone were

removed and the double-layer ellipsoid membrane removed from the mould base.

Bottom sealing: This step requires two-part moulds to seal the fingertip sensor with
silicone. Before the casting, silicone is painted with silicone release spray (Pur 400
Ambersil Inc.) on the outer surface of the fingertip membrane to prevent excessive
silicone cured on the designed structure and affecting the performance. Then the
uncured silicone is poured into the bottom sealing mould, and the double-layer fin-
gertip sensor is placed down to the socket in the bottom mould. Then the hollow
positioning cap locks the fingertip membrane to ensure the sealing of the bottom
layer with the designed shape and dimension. After the fingertip is sealed, sili-
cone pipes are connected to the bottom layer housing by silicone glue (Sil-poxy,

Smooth-on) for fluid flow.
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5.3 Feedback actuator

5.3.1 Designing of the feedback actuator

The aim of the feedback actuator is to adopt the pressure increase in each cavity
and generate sensible tactile stimuli for users. The concept of using membrane
inflation to produce mechano-tactile stimuli was effectively demonstrated in Chap-
ter 4. However, with the recent update of the fingertip sensor incorporating five
cavities, there’s a notable reduction in the deformed volume during compression
in each cavity when juxtaposed with the single cavity system. This change means
that the flat-membrane actuator, in its original design, is no longer capable of gen-
erating tactile stimuli that are discernible to the user. Consequently, to address this
limitation and to harness the increased pressure more efficiently, the structure of

the feedback actuator underwent significant modifications. These alterations were

Enhance
actuator g

Directional

actuator

(a)

(d) (e)

Figure 5.4: Configuration of the feedback actuator:(a) General view of the feedback actu-
ator. (b) Top view of the feedback actuator. (c) Side-section view of a linear
actuator. (d) Side-section view of an actuated actuator by a pressure p. (e)
Cross-section view of a linear actuator
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geared towards ensuring that despite the reduced deformation in individual cavities,
the system as a whole would still effectively convey tactile sensations, maintaining

the integrity and purpose of the haptic feedback system.

The optimised feedback actuator is shown in Figure 5.4(a). The linear actuator
replaces the membrane actuator. The linear actuator has a cylindrical geometry and
can elongate with pressure. In Figure 5.4(c), thread reinforcement has been applied
to the soft feedback actuator. The application of threads helicoidally embedded in
the walls of the silicone-based chamber has been widely studied and explored in soft
robotics and proved the ability to minimise lateral inflation and increase actuation
efficiency. As shown in Figure 5.4(d), by giving a pressure p to the chamber of the
actuator, the thread constrains the radial silicone and increases the radial stiffness
of the cylindrical chambers. Therefore, the chambers tend to elongate axially rather

than inflate universally under pressurisation.

In order to couple the fingertip sensor that contains five cavities, five elastic
membranes are required in the feedback actuator to generate the tactile patterns
received on the fingertip sensor. In Figure 5.4(b), four cavities in the outer layer
determine the direction of the force on the fingertip sensor, and one cavity in the
inner layer is the intensifier. In response, four directional actuators are located
around. The actuator in the centre is the intensifier. In Chapter 2.1, the two-point
discrimination test results are detailed. This test assesses the ability of the skin
to distinguish between two closely spaced points of contact. For the forearm, the
findings indicate that the minimum distance at which two distinct points of touch
can be discerned is 40mm. This means that, on the forearm, two stimuli need to
be at least 40mm apart for them to be perceived as separate touches. This value
provides crucial insights into the spatial resolution of tactile sensations on the fore-
arm and can guide the design and placement of tactile feedback systems to ensure
effective sensory perception. Hence, the gap from the centroid of each side direc-

tional actuator D, is 40mm. Because the actuator in the centre is the intensifier,
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the gap D, between the direction actuator and the centre actuator needs to be less
than 40mm. The D,, as the centroid distance of intensify actuator and directional
actuator, is 20mm. As a result, the user will only feel one point of stimuli, while the
directional and intensify actuator actuated simultaneously. Figure 5.4(e) presents
the cross-section view from the top with the configuration of a linear actuator. The
grey colour represents the elastic silicone, and the blue circle is the thread. For
the directional actuators, the outer diameter D, is 10mm and the inner diameter
D, is 8.5mm. The reinforcement tread embedded in the directional actuator has a
diameter of 9.25mm. For the intensify actuator, the outer diameter D, is 25 mm
and the inner diameter D, is 23.5mm. The reinforcement tread embedded in the

intensify actuator has a diameter of 24.25 mm.

Imagine an amputee, who lost his hand in an accident. He’s been fitted with a
prosthetic hand that incorporates the described fingertip sensor with five cavities.
When this amputee touches an object, the four cavities in the outer layer of the sen-
sor detect the direction of the force, while the central cavity gauges its intensity.
This information is relayed to the feedback actuator located on amputee’s forearm.
Given the two-point discrimination findings, the actuators are strategically placed
according to the test result of two-point discrimination to ensure amputee can dis-
tinguish between separate touches. When he grabs a ball, the central intensifier
actuator, positioned around 20mm from the directional actuators, provides feed-
back about the pressure he’s applying, while the surrounding actuators convey the
direction of the force. The reinforcement threads in the actuators ensure durability
and precision. This setup allows John to not only grasp objects effectively but also
perceive nuanced tactile information, enhancing his interaction with the environ-
ment. The design, thus, offers a tailored haptic experience for amputees, making

daily tasks more intuitive and natural-feeling.
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Figure 5.5: Diagram of fabrication of the feedback actuator:(a)—(b)—(c). (a) Moulds as-
sembly: In-extensible thread is manually wound around the chamber moulds
before assembling all parts of moulds. (b) Silicone casting: silicone compound
(Ecoflex 0010, Smooth-on) is poured into the moulds. After the silicone cham-
ber is cured, the chamber moulds are pulled out, and the threads remain in the
chamber and embedded in the actuator. Smaller chamber moulds are inserted
into the chamber and cast an enhanced layer of each chamber. (c) The actuators
are sealed with stiffer silicone (Dragonskin 30A, Smooth-on), and the silicone
pipes are connected with the reserved holes by silicone glue (Sil-poxy, Smooth-
on). Then the demoulding of the components and finalising the actuator.

5.3.2 Manufacture of the multi-cavity feedback actuator

To fabricate the feedback actuator, silicone polymer was chosen due to its
unique properties. Specifically, Ecoflex 0010 was employed to create the flexible
walls of each linear actuator, while the sealing layer was crafted using Dragonskin
30A, a silicone variant with greater stiffness. This deliberate choice in material
stiffness ensures that the elongation primarily occurs in the walls of the linear actu-
ator when pressurised. The inherent softness of Ecoflex 0010 allows the actuator to
stretch further within a given pressure range, thereby producing more pronounced
tactile feedback. Conversely, Dragonskin 30A restricts unnecessary deformations,

enhancing the efficiency of the tactile feedback generation by optimally utilising the
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increased pressure and volume within the cavity. The fabrication process, illustrated
in Figure 5.5, involves three stages. The casting technique was employed, wherein
the uncured silicone compound, a thick liquid, is poured into moulds. Upon curing,
it transforms into a flexible solid, taking the mould’s shape. Threads made of cot-
ton, due to their coarse texture, bond strongly with the silicone, ensuring they move
in tandem under pressure. The moulds for this process were meticulously designed
using Solidworks software by Dassault Systemes SE and were 3D printed using the
Form 3+ printer from Formlabs Inc., employing the Tough 2000 V1 photopolymer

resin.

Mould Assembly Process: To initiate the moulding process, cotton threads are
meticulously wound around the designated chamber moulds for each linear actua-
tor. The assembly comprises four distinct mould pieces, which, when combined,
form five central cylindrical chambers. A specially designed positioning plate,
equipped with grooves and holes, is employed to lock the moulds in place. This
ensures that the silicone, once cured, adheres to the precise dimensions set out in

the design.

Casting of Silicone: The uncured silicone compound, specifically Ecoflex 0010, is
poured into the pre-assembled moulds, setting the stage for the formation of the
actuator. Upon the completion of the curing process, the chamber moulds are care-
fully extracted, leaving the cotton thread seamlessly embedded within the silicone
structure. Subsequently, chamber moulds of a smaller diameter are introduced and
filled with the silicone compound. Post-curing, these moulds are also removed,
resulting in an enhanced, reinforced layer within each actuator. This added layer

augments the actuator’s overall durability and robustness.

Sealing, Reinforcement, and Demoulding: For the sealing process, a silicone vari-
ant with greater rigidity, Dragonskin 30A, is chosen. This silicone is applied to seal

the actuators on both their top and bottom surfaces. The positioning plate is sub-
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stituted with another mould, facilitating the curing of a more rigid layer atop the
actuator. For the facilitation of fluid flow, silicone pipes are affixed to the base of
the actuator using a specific silicone adhesive, Sil-poxy from Smooth-on. The con-
cluding step involves the careful removal of all mould components, revealing the

fully-formed feedback actuator.

5.4 Experiment 1: Characterisation test

5.4.1 Protocol

This experiment was designed to determine the physical relationship between
the chambers in the fingertip sensor and the corresponding actuators in the feedback
actuator. Drawing from established methodologies, our approach was influenced
by [136], emphasising user-centric evaluations. Participants interacted with tactile
stimuli from our five-cavities system, identifying feedback from various directional
actuators, a method inspired by [36]. This highlighted the significance of directional
feedback in prosthetics. Another session evaluated multi-directional feedback, in-
formed by [114]. This comprehensive procedure ensured a thorough evaluation of

our system’s capabilities.

The force F, exerted on the fingertip sensor, the force Fy generated by the feed-
back actuator, and the internal liquid pressure P, of each closed-loop cavity in the
haptic system were recorded. The exerted force with the angle of force loading on
the fingertip sensor, internal liquid pressure of each cavity and the blocked force
from the linear actuators. The fingertip sensor was indented 4mm at a speed of
5.81 mm/sat varied direction that is composed of rotate angle (6,) and pitch angle
(6,). Related data in the experiment, including angles(6,, 6,), pressure, indentation,
reaction force on the fingertip sensor and the blocked force at the feedback actua-
tor, is recorded by hardware sensors. At each case with different angles, trial was

carried out five times and an average was taken across the trials.
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The experiment was carried out with a combination of angles that the rotate
angle (6,) varied in a range from 0° to 45° degrees with 22.5° interval, pitch angle
(6,) varied in a range from 90° to 60° with a 10° interval. When the 6, is 90°, the
fingertip sensor is perpendicular to the force sensor. And the level of indentation to
each chamber of the fingertip sensor is t he same at any 6,. Therefore, when the 6,

is 90°, only 6, at 0° was tested.

The testing protocol for the fingertip sensor was meticulously designed to sim-
ulate real-world tactile interactions. The indentation depth of 4mm was chosen to
replicate typical touch interactions, ensuring that the sensor can effectively detect
and respond to common tactile stimuli. The speed of 5.81mm/s was selected to
mirror the average speed of human finger movements during touch, grasp, or explo-
ration tasks, ensuring the sensor’s responsiveness aligns with natural human touch
dynamics. The varied direction, encompassing both rotate and pitch angles (6, 6,),
was incorporated to test the sensor’s capability to discern multi-directional forces, a
crucial aspect for a comprehensive tactile feedback system. This holistic approach

ensures the sensor’s performance is validated across a spectrum of touch scenarios.

The 6, range starts at 60°. If the 6, is less than 60°, the F/T sensor cannot
produce sufficient indentation to the fingertip sensor to 3mm. The theta, range was
determined as the fingertip sensor is axis-symmetric about the major and minor axis
of the ellipsoid shape itself. Therefore, the results within a range from 0° to 90°

degrees can be extrapolated to any 6, of indentation.

5.4.2 Experimental setup

The experimental workbench was constructed as shown in Figure 5.6(a), in-
cluding a linear rail (Zaber X LSM100A) with 0.05 um sensitivity, a six-axis force
/ torque sensor (IIT FT17) with 0.318 mN sensitivity, five membrane force sensors
(MFO1A-N-221, Alpha TW) with 1.89 mN sensitivity, and five pressure gauge sen-
sors (ABPDANVOI5PGAAS, Honeywell) with 0.033kPa sensitivity. The linear

rail records the indentation to the fingertip sensor. The 6-axis force/torque sensor
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Figure 5.6: The workbench of the characterising test for the five-chambers haptic feedback
system: (a) The overview of the workbench setup contains a linear rail, a 6-
axis force sensor, five pressure sensors and five force sensors. A force/torque
sensor fixed to a linear rail sits opposite the fingertip sensor to compress it.
Force readings are taken, and the five force sensors record the force output from
the five linear actuators individually. Five pressure sensors monitor pressure
change in five cavities during the test. (b) Enlarged view of the fingertip sensor
with compression angle at 8, = 0°, 8, = 60° in the initial and the compressed
state. The indentation Hy to the fingertip sensor is 4mm. (c) The schematic
diagram of the first layer of the fingertip sensor with the corresponding name.

records the force exerted on the fingertip sensor. Pressure gauge sensors monitor
the pressure change in the five closed-loop cavities and the five membrane force
sensors track the output force of the five linear actuators in the feedback actuators.
A 3D printed rigid mechanism is used to adjust the rotate angle 6y and the pitch
angle 6, of the fingertip sensor. Figure 5.6 shows that the fingertip sensor indicates
the name of the first layer chambers in the fingertip sensor, which are Upper Left
(UL) in light blue, Upper Right (UR) in dark blue, Down Left (DL) in light red, and
Down Right (DR) in dark red, respectively.

5.4.3 Test results
The results of the test related to indentation H, the force exerted on the fingertip
sensor F,, and the liquid pressure in five closed-loop cavities P. are shown in Fig-

ure 5.7 and Figure 5.8. The relationships of pressure P. and output force Fy for five
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Figure 5.7: Test data of compression with different pitch angles. The first column of
the figure shows the relationship between the force F, of the fingertip sensor
and indentation Hy. The non-linear corresponding pressures P. in five-cavities
against the indentation Hy in the second column. The third and fourth columns
present the enlarged view of the fingertip sensor with compression angles.
These are compared amongst changes in rotate angle 6, and pitch angle 6: (a)
6,=0°6,=90°(b) 6,=0°6,=80°6,=0°0,=70°(d) 6, =0°0,=60°.

actuators are shown in Figure 5.10. In each graph, the data related to each cavity
in five-cavities are set in corresponding colours, respectively, the upper left (UL) in
light blue, the upper right (UR) in dark blue, the down left (DL) in light red, the
down right (DR) in dark red, and the centre chamber (C) in yellow. Generally, the
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Figure 5.8: The relationship between the force F, and indentation Hy, the pressures P,
against the indentation Hy, the enlarged view of the fingertip sensor are
compared amongst changes in rotate angle 6, and pitch angle 0,: (a) 6, =
22.5°,0, =80° (b) 6, =22.5°,0, =70°, (c) 6, =22.5°,0, = 60°.

force on the fingertip sensor F, and the pressures P, show a non-linear increasing
trend against the indentation Hy. Especially, pressures exponentially increase after
indentation Hy higher than 1.6mm.However, as the rotate angle 6, and the pitch
angle 6, change, the deviation from the pressure in different chambers varies in

magnitude, as well as the force F, on the fingertip sensor.

Pitch Angle (6, = 90° ~ 60°), Rotate Angle (6, = 0°): In Figure 5.7, only the
pitch angle 6, varied from 90° to 60° with a decreasing interval 10°. Figure 5.7(a)-
3 and (a)-4 shows the fingertip compressed at 6, = 90°, and four chambers in the
first layer of the fingertip sensor are evenly compressed during indentation. In

Figure5.7(a)-1 and (a)-2, the fingertip force F, reaches 4.86N and the pressure of
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Figure 5.9: The relationship between the force F, and indentation Hy, the pressures P,
against the indentation Hy, the enlarged view of the fingertip sensor are com-
pared amongst changes in rotate angle 6, and pitch angle 0,: (a) 6, =45°,0, =
80°, (b) 6, =45°,0, =70°, (c) 6, =45°,0, = 60°.

the centre F.c) reaches 8.96kPa and the pressures (F.(yr). Pe(ur)s Fe(pr)> Fe(pr))
in the chambers of the first layer of the fingertip sensor reach around 7.26kPa the
4mm indentation. In Figure 5.7(b)-3 and (b)-4, the fingertip sensor is compressed
at 0, = 80°, and the compression direction begins to incline towards the left side of
the fingertip in this case, which the force sensor compresses more on the left side of
the fingertip sensor and evenly for the two left chambers. The force on the fingertip
sensor is 5.21 N at the maximum indentation. The pressures increase non-linearly
as the indentation increases. But the pressures F.yz) and F(pr) on the left side
are at a higher pressure level than the chambers on the right side, reaching around
9.48KkPa a pressure level similar to P,). The maximum deviation of pressures
on the left (F,yz) and P.(pr)) and right sides (F.yg) and P (pg)) is 3.93kPa at the

indentation Hy = 4 mm.
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In Figure 5.7(c) and (d), the pitch angle 6, decreases to 70° and 60°, respec-
tively, and the compression direction inclines further to the left side of the fingertip
sensor. When the pitch angle 6, at 70°, the maximum force on the fingertip sensor
is 5.92N. Regarding pressures, F. ) and F.py) reach 11.92kPa, P, and P (py)
are 4.21kPa at Hy of 4mm. The P, ) reach 9.61kPa. The deviation of pressure in
the chambers on the first layer is 7.71kPa. In Figure 5.7(d), pitch angle 6, decreases
to 60°, the maximum force exerted on the fingertip sensor increases to 7.27N. The
pressures (Fyr) and P(pr)) in the chambers on the left side are 12.65kPa. The

F.r) and F.pgy are 2.66kPa. The pressure deviation increases to 10.14kPa.

Regarding the test results in Figure 5.7, when the pitch angle decreases from
90° to 60°, the exerted force gradually increases and from 4.86N at 90° to 7.27N.
The pressures in the chambers of the fingertip sensor changed in varied ways. As
the pitch angle decreases, the pressures F.y7) and P, (py) on the left side gradually
increase from 7.26kPa to 12.65kPa but the pressures F.yg) and F.pg) decrease
from 7.26kPa to 2.66kPa. Furthermore, the deviation of the pressures, comparing

the pressures on the left and right sides, gradually increases from OkPa to 10.14 kPa.

Pitch Angle6,, Rotate Angle0,: The results of the fingertip sensor to be com-
pressed with changes in the rotation angle 6, and the pitch angle 6, are shown
in Figure 5.8 and Figure 5.9. In each pitch angle (6,) situation, the rotate angle
varies in 0°, 22.5°, and 45°. Generally, the force exerted on the fingertip sensor,
as well as the pressure in five-cavities, increases non-linearly with the indentation
increases. In addition, the pressure deviation becomes significant at the maximum
indentation. In particular, rotation of the fingertip causes the fingertip sensor to be
compressed more in one single chamber, resulting in a significant pressure increase

in one chamber.
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Pitch Angle (6, = 90° ~ 60°), Rotate Angle (6, = 0° ~ 45°): In Figure 5.8(a), the
fingertip sensor is compressed at 8, = 80° and 6, = 22.5°. The maximum force is
investigated 4.97N at the maximum indentation. Rotation of the fingertip sensor
causes the lower chamber of the fingertip sensor to be compressed. Regarding pres-
sures, the maximum pressure is F.pr) with 10.5kPa at the maximum indentation
and the pressure P () in the centre chamber investigates 8.38kPa at the maximum
indentation. The pressures in the other chamber of the fingertip sensor increase
to 5.35kPa at a relatively lower pressure range. The pressure deviation becomes
obvious at 1.45mm and increases to 3.04kPa. The fingertip sensor is compressed
at 8, =90° and 6, = 22.5° as shown in Figure 5.8(b). As the compression direction
is inclined more in the down left chamber, the pressure P p;) increases rapidly
to 18.64kPa at the end of the indentation and the centre pressure Py increases
to 10.14kPa. The pressures in the other chambers reach around 5.07kPa. The
pressure deviation is obviously at 0.75 mm indentation and non-linearly increases
to 13.57kPa in the comparison of the chambers in the first layer. In addition, the
force exerted on the fingertip increases to 5.59 N at 4 mm indentation. Figure 5.8(c)
shows a demonstration of the fingertip sensor compressed at 6, of 60° and 6, of
22.5°. As the force sensor approaches the limit of the fingertip sensor, the maxi-
mum force exerted on the fingertip sensor increases significantly to 8.34N at the
maximum indentation and P,py) precipitously increases to 22.85kPa and the other
pressures are at the relatively lower pressure level around 5.01kPa. The deviation

starts at the 0.23 mm and raise to 17.84 kPa.

Figure 5.9(a), (b), and (c) shows the results of the fingertip compressed at the
rotation angle 6, of 45° and the direction of compression and the contact area more
inclines to the lower left chamber. Figure 5.9(a) presents the fingertip sensor com-
pressed in 8, = 45° and 6, = 80°. The maximum force on the fingertip sensor is
5.29N and the pressure F.(py) increases to 14.58kPa at the 4mm indentation and
the F.(c) is 10.18kPa. On the other side, the F.pg) is 7.21kPa and the pressures

on the upper side (P, ) and P.yg)) are 6.02kPa. The pressure deviation starts at
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0.75 mm and increases to 8.56kPa at the maximum indentation. As the pitch angle
0, decreased to 70° in the 6, = 45° condition, the maximum force exerted is 5.93N
in Figure5.9(b). Pressures deviated significantly and pressure FP.(py) increases to
18.97kPa and pressure Fc) is 9.78kPa. The maximum pressures of Ppg), Pe(u1),
and P, (yg) in the other chambers are 6.22kPa, 3.55kPa and 3.56kPa respectively.
And the pressure deviation is 15.42kPa at the maximum indentation. Figure 5.9(c)
shows the fingertip sensor is compressed at 8, = 45° and 6, = 60° and the inden-
tation reaches the limit and produces insufficient indentation. The force increases
precipitously to 14.54N at the maximum indentation. But the pressure F.(py) in the
compressed chamber increases non-linearly to 13.85kPa before the 3mm indenta-

tion and slightly declines to 12.91kPa.

According to the results in Figure 5.8 and Figure 5.9, increasing the rotate angle
0, causes an increase in the F, and also increases the deviations of the pressures.
Unlike the decrease in pitch angle 6,, increases in rotate angle 6, cause the indenta-
tion direction to be inclined toward a single chamber, resulting in a rapid increase in
pressure compared to pressures in other chambers. In different cases with different
0., an increase in 6, inclines the direction to the DL chamber. At the 6, = 45° and
the 6, = 60° indentation direction, the compression reaches the limit and cannot

produce sufficient deformation with increasing pressure.
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Figure 5.10: Linear relationships between the output force at the feedback actuator and the
internal liquid pressure for each linear actuator.
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When the fingertip sensor is indented, the internal liquid pressures in five-
cavities increase, causing the water medium to transfer the pressure increases to
the corresponding linear actuators in the feedback actuator, resulting pressurised
linear actuator. The blocked force from different linear actuators, as a result of
pressure increase, was measured by force sensors and the linear relationships with
the pressure are shown in Figure 5.10. Figure 5.10 is plotted with summarised data
of different compression cases with varied 6, and 6,. The force from directional
actuators is UL in light blue, UR in dark blue, DR in dark red, and DL in light red,
respectively. The relationships of directional actuators coincide with each other
and show a similar linear trend. Each directional actuator was pressurised with
maximum pressure 23.5kPa from the fingertip sensor. The pressure in UL cham-
ber produces the highest value for the maximum transmitted force, which is 2.98 N
compared to 2.91 N from the DR chamber, 2.88 N from the UR chamber, and 2.74 N
from the DL chamber. The slopes of the linear relationship for directional actuators
are 0.1219N/kPa for UL chamber, 0.1305N/kPa for UR chamber, 0.1244N/kPa
for DR chamber, and 0.1158 N /kPa for DL chamber, respectively.

The intensify actuator connects to the centre (C) chamber in the fingertip sensor
and is coloured in yellow. The outer diameter of the intensify actuator is 25 mm,
and the outer diameter of directional actuators is 10mm. The bigger diameter of the
intensify actuator results in a larger force output at the same pressure level. Hence,
the slope of the linear relationship for intensify actuator is 0.2053 kPa and reaches

3.43N at the maximum pressure 16.95kPa from the fingertip sensor.

5.5 Experiment 2: Interaction test

5.5.1 Protocol

The goal of this section is to investigate people’s reactions to the tactile stim-
ulus generated by the five-cavities haptic feedback system. Three sessions were

designed to validate the system. Firstly, a single directional chamber of the finger-
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tip sensor is randomly compressed, and the participants need to identify a single

tactile stimulation from different activated directional actuators. Furthermore, two

adjacent directional chambers are compressed simultaneously, and participants are

asked to determine which actuators are activated. Finally, the fingertip sensor is

compressed with varied rotate angle 0, in and pitch angle 6., and the feedback actu-

ator generates corresponding patterns. The participants are required to identify the

location of the tactile stimuli with 6, and 6,. The rotate angle 6, varies in a range

of 0° to 45° degrees with a 22.5° interval, and the pitch angle 6, varies in a range

from 60° to 90° with a 10° interval. Due to the fingertip sensor being axisymmetric,

Feedback
actuator
(inside)

Non-actuated

(b)

(c)

6, =0°,
6, = 70° ——T—-$

Silicone (d)
tubes g =22.5°,

0,= 60° 2
(e)

.
armband

(a)

Figure 5.11: (a) Configuration of the feedback actuator worn by one participant. Examples

of actuated feedback actuator in different angle indentation at the fingertips
sensor: (b) Non-actuated, (¢) 8, = 0°,0, = 90°, (d) 8, = 0°,0, = 70°, (e)
0, =22.5°,0, = 60°.
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the rotate angle 6y, exceeding 0° to 45°, is extrapolated to the range of 0° to 45°.
These experiments are designed to validate the effectiveness of the haptic feedback
system. This study has been approved by UCL Research Ethics Committee (under
application number 12453/001).

In these experiments, all participants attended the trials with 50 stimuli. For the
first and second sessions, the force of activated directional actuators was applied at
a fixed value of 0.5N, and maintained the force level for 1s. Following each stimu-
lus, the participants confirmed if they could identify the location of the stimuli and
determine the name of linear actuators producing the tactile stimuli. The answer to
the actuators’ names is recorded. In the third session, the participants are required
to identify the location and the name of the activated actuators as well. Besides, the
participants need to determine the pitch angle and rotate angle according to force
level and patterns generated by the feedback actuator. In each session, the partic-
ipants must take the training session to gain experience using the haptic feedback

system.

5.5.2 Experimental setup

In these experiments, 6 participants sat on a comfortable chair and placed their
forearms in a relaxing position on a table. Vision and auditory senses were obscured
to reduce the potential effects of external disturbances, allowing the participants can
concentrate on identifying the tactile sensing. The feedback actuator is fitted into a
rigid case to be able to place the participant’s forearm and regulate the indentation
direction of the linear actuator. In Figure 5.11(a), the feedback actuator was placed
on the inner side of the participant’s forearm, 15 cm from their wrist. The linear ac-
tuators, indicating the upper chambers of the fingertip sensor, are towards the wrist
of participants. Varying stimuli were generated by the force sensor applying inden-
tations with different 6, and 6, on the fingertip sensor, which the fingertip sensor
was fixed on the workbench as Experiment 1 did. Regarding the linear relationship
between the force from the feedback actuator and the pressure shown in Figure 5.10,

the force at the feedback actuator exerted on the participants is accurately controlled
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Figure 5.12: Confusion matrix for the one-point location test with summarised results from
6 participants. Four points were required to identify from the feedback actua-
tor, which are UL, UR, DR, and DL, respectively.

and recorded by the liquid pressure for the first and second sessions. The linear rail
controlled the indentation to the fingertip sensor in the third session. The resting
condition of the feedback actuator is shown in Figure 5.10(b). The correspond-
ing patterns generated by the feedback actuator in different angles are as shown in
Figure 5.10(c), (d), and (e), which are 6, = 0°,6, = 90°, 6, = 0°,0, = 70°, and
0, =22.5°,6, = 60°, respectively.

5.5.3 Test results

As shown in Figure 5.12, Figure 5.13, and Figure 5.14, the confusion matrix
indicates the results of the location test with one point. The vertical axis represents
the actual stimuli to the participants, and the horizontal axis represents the partici-
pants’ responses. The summary on the right of the figure represents the accuracies
of the participant’s answers to each type of stimuli. The cells highlighted in blue
represent the correct answers compared to the actual stimuli. The other cells are

coloured in red, representing the error confusion of the participant’s answer.
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Figure 5.13: Confusion matrix for the two-point location test with summarised results from
6 participants. Four cases were required to identify from the feedback actua-
tor: UL & UR, UL & DL, UR & DR, and DR & DL, respectively.

In the first session, 6 participants took the test with 300 stimuli in total. The
capacity to identify the locations of the stimulated fingertip corresponding to the
feedback actuators from four locations was 94.88% in Figure 5.12. The accuracies
for each location of UL, UR, DR, and DL are at a similar level, which is 95.3%,
94.7%, 94.2%, and 95.3%, respectively. The majority of the tactile stimulus can
be identified correctly in the four locations. The errors from the participants are

randomly and evenly located on the figure and do not appear to be a relative trend.

In the second session, 310 stimuli in total were exerted on 6 participants. The
accuracies to determine two activated actuators of the stimulated fingertip feedback
to the feedback actuator with four cases was 93.96% in Figure 5.13. The case of
UL & UR has a lower accuracy of 90.0% and the other three cases of UL & DL,
UR & DR, and DR & DL have a similar accuracy level of 96.8%, 95.1%, and
94.0% respectively. For the UL & UR stimuli, 8 out of 11 errors are identified as
UL & DL cases. The rest of the errors remain evenly on the figure, with 1 or 2
errors occurring. Most of the two-point stimuli can be identified by participants

with correct locations. In the final session, participants are required to distinguish
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Figure 5.14: Confusion matrix for the angle identification test with summarised results
from 6 participants. Participants are required to identify and compression
angle of in the fingertip sensor. The rotate angle 6, varies in a range of 0° to
45° degrees with a 22.5° interval, and the pitch angle 6, varies in a range from
60° to 90° with a 10° interval.

the rotate angle 6, and pitch angle 0, of the fingertip sensor compression according
to the inflate patterns generated by the feedback actuator. 6 participants took the test
with 370 stimuli in total. Overall, the accuracies of participants in distinguishing the
angles are 50.9%. The case of (22.5°,80°) and (45°,60°) has higher accuracies of
67.7% and 61.8%. The lowest accuracy case is (22.5°,60°) with 39.3% accuracy.
The arrangement of the horizontal and vertical axis is in the descending order of
0,. And in each 6., the 6, varied in 0°, 22.5° and 45°. The confusion errors in
this session locate on both sides of the correct answers within the deviation of three

cases.

5.6 Discussion

In Section 5.4, the multi-cavity haptic feedback system is validated and charac-
terised its capability to provide feedback force in different directions. We compress

the multi-cavity fingertip sensor at various pitch angles 6, and rotation angles 6,.
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When the fingertip is at 8, = 90°, the sensor is compressed vertically in the normal
direction, causing the force on the sensor and the pressures in the chambers to
increase non-linearly. As the fingertip is further compressed, the increased pressure
stiffens the sensor, leading to a higher force and pressure increase in subsequent

indentation steps.

The data from these tests, particularly the relationships between indentation,
force exerted on the fingertip sensor, and the liquid pressure in the cavities, demon-
strate the system’s ability to sense and produce feedback stimuli about force with
directionality. These results are crucial for prosthesis applications. The ability to
provide accurate and directional haptic feedback is essential for amputees to regain
a sense of touch and improve their interaction with the environment. The multi-
cavity design ensures that feedback is not only about the magnitude of the force but
also its direction, enhancing the user’s spatial awareness. By comparing the sys-
tem’s performance with user-needs in prosthesis applications, it becomes evident
that the developed haptic feedback system offers significant potential in enhancing

the tactile experience for prosthesis users.

As the pitch angle 6, decreases from 90° to 60°, the direction of indentation
on the fingertip sensor becomes inclined, and the chambers oriented towards the
contact plate experience greater compression compared to the other chambers.
When the rotation angle 6, = 0° and the pitch angle 0, decreases, the two adjacent
chambers oriented towards the contact plate undergo even compression, while the
remaining chambers experience less compression compared to the normal direction.
Consequently, the pressures in the inclined chambers increase more substantially,
while the pressures in the remaining chambers of the fingertip sensor exhibit rel-
atively smaller increases. This pressure deviation serves as an indicator of the

compression angle.

As the rotation angle 6, increases, the compression becomes inclined towards a
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single chamber, causing it to experience greater compression compared to the other
chambers. Consequently, the pressure in the inclined chamber sharply increases,
leading to a pressure deviation. This pressure increase in a single chamber signifies
a change in the rotation angle. When 6, = 60° and 6, = 45°, the fingertip sensor
reaches its limitation because the indentation results in insufficient deformation,
and the pressure does not increase proportionally. Although the pressure deviation
still reflects the rotation of the fingertip sensor, the amplitude of the pressure level

fails to accurately represent the indentation depth.

Since the height of the directional chamber is 2, mm, the pressure in the central
chamber begins to increase noticeably at 1.5, mm and rises exponentially as the fin-
gertip is compressed further, eventually making contact with the second layer of the
fingertip sensor. Given that the indentation depth of the fingertip sensor is 4, mm,
the directional chamber becomes fully compressed, while the central chamber can
still be compressed further. Consequently, a pressure deviation exists between
the central chamber and the directional chamber, with the central chamber often
exhibiting a lower pressure compared to the maximum pressure in the directional

chamber.

In summary, the fingertip sensor effectively detects the direction of force by
observing pressure deviations. A decrease in the pitch angle 0, leads to an increase
in the maximum pressure in the directional chamber, accompanied by a pressure
deviation, with the two adjacent chambers increasing simultaneously. An increase
in the rotation angle 6, causes a larger pressure deviation in a single chamber com-
pared to the rest of the chambers. Therefore, by monitoring the pressure deviations

in the fingertip sensor, the direction of the force can be determined.

In this haptic feedback system, feedback actuators generate corresponding pat-
terns based on the compression of the fingertip sensor. Pressure deviations in the

first layer of the fingertip sensor are reflected in the directional chambers of the
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feedback actuator. Pressure serves as the signal, while the incompressible water
acts as the signal medium, transferring pressure from the fingertip sensor to the
feedback actuator. This pressure deviation in the fingertip sensor leads to a force
difference in the feedback actuator. For instance, when the fingertip sensor is com-
pressed at 6, = 22.5° and 0, = 60°, a pressure difference of 14.95,kPa occurs in
the directional chambers at a 3, mm indentation. As shown in Figure 5.10, this
14.95,kPa difference results in a 1.79,N force difference, and the free inflation
difference is illustrated in Figure 5.11(e). Consequently, users can identify the cor-

responding patterns to determine the angle of the fingertip sensor.

In the first session of the human interaction test, participants were required
to identify the location of the activated linear actuator, which indicated the direc-
tional chamber being compressed. After a training session, all six participants were
able to successfully determine the location corresponding to the compressed part
of the fingertip. The confusion errors for each stimulus were found to be evenly
distributed across the confusion matrix. Therefore, these errors can be considered
as occasional or random occurrences, rather than systematic inaccuracies. This
suggests that the haptic feedback system is generally effective in conveying infor-
mation about the direction of applied force, and users can accurately interpret the

corresponding patterns after receiving proper training.

In the second session of the human interaction test, participants were required to
identify the two activated adjacent chambers following the training phase. This ses-
sion showed similarities with the first session, as the participants demonstrated the
ability to discern the side of the compression applied to the fingertip sensor, achiev-
ing an acceptable success rate. Confusion errors were observed to be randomly
distributed within the confusion matrix, manifesting as occasional errors, with the
exception of the instance when the stimulating chambers were Upper Left (UL) &
Upper Right (UR) but were misidentified as Upper Left (UL) & Lower Left (DL).

In these cases, participants were able to recognize the common chamber (UL) but
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experienced confusion in distinguishing between the Upper Left (UL) and Upper
Right (UR) chambers. Consequently, the success rate for two-point discrimination

proved to be satisfactory.

In the final session of the human interaction test, participants were tasked with
identifying the compression direction as well as the compression angles 6, and 9,.
Throughout the test, the fingertip was subjected to a 3, mm indentation. As different
compression angles were applied, the fingertip sensor registered varying pressure
deviations, which are illustrated in Figure 5.7 and Figure 5.8. These pressure devi-

ations gave rise to distinct feedback actuator patterns.

When the pitch angle 8, decreased from 90° to 60°, while the rotation angle 6,
remained at 90°, the pressure increased in two adjacent directional actuators. This,
in turn, led to a force increase originating from the corresponding linear actuators
as shown in Figure 5.11(d). The force deviation in the feedback actuator escalated
to 1.18,N at 8, = 60° when compared with the side inclined towards the contact
plate and the side opposite the contact plate. Meanwhile, the pressure within the
intensification chamber diminished as 6, decreased from 90° to 60°, causing the

force output to drop from 1.974,N to 1.21,N.

In generall, as 6, decreased, the force patterns generated by the feedback actu-
ator transitioned from uniformly activated actuators to single-sided actuator activa-
tion, while the intensification actuator produced less force. Given that participants
were able to identify two-point stimuli in the second session, they could also deter-
mine which two points the fingertip sensor was compressed against. However, in
the angle determination test during the third session, the success rate for sensing 6,

when 6, = 0° was 55.63%, which is considered acceptable.
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Analogous to the variations in 6,, an increase in the rotation angle 6, results in
the compression direction inclining towards a single directional chamber, conse-
quently leading to a rise in the corresponding cavity pressure. As a result, a single
linear actuator within the feedback actuator is activated, signifying the compressed
direction of the fingertip sensor. The pressure deviation of the fingertip sensor
within a single chamber escalates to 18.97,kPa, causing the force deviation to in-

crease to 2.35,N.

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

increases, assisting participants in recognizing the one-point stimulation.

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

generate sufficient force differences for participants to discern.

5.7 Summary

Building upon the work presented in Chapter 4, this chapter introduced an op-
timised fluidic haptic feedback system featuring a five-chamber fingertip sensor
and feedback actuator. This design enables the haptic feedback system to convey
both the direction and amplitude of the force applied. A detailed description of the

system’s design and fabrication has been provided.
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The fingertip sensor comprises five-cavities, with four chambers situated in
the first layer to indicate the force’s direction. A second layer contains a sin-
gle chamber, which serves as an intensifier to enhance the haptic sensation. The
feedback actuator features five linear actuators, each connected individually to the
five-cavities in the fingertip sensor. To regulate the inflation direction and minimize

lateral inflation, the linear actuator employs a fiber reinforcement method.

The haptic feedback system was characterised and validated through two exper-
iments. The first experiment evaluated the system and establishes the relationship
between the fingertip sensor and feedback actuator. This system can detect force
with both direction and amplitude in the form of pressure deviations across the five-
cavities. Simultaneously, the pressures within the five cavities were transmitted to
the feedback actuator, generating corresponding forces in relation to the applied
pressure. The force differences among the five linear actuators reflect the force and

direction sensed by the fingertip sensor.

The second experiment involved testing the haptic feedback system with six
healthy participants to validate its ability to sense and convey force direction, while
also ensuring users can perceive tactile stimuli. Three sessions were designed to
assess the system. The first session demonstrated the system’s capability to sense
one-point stimulation, while the second session indicated its ability to convey two-
point stimuli. In the third session, participants were asked to identify the force
direction based on the force patterns produced by the feedback actuator. The results

support the notion that participants can generally discern angle changes.



Chapter 6

Analytical modelling of the haptic
feedback system

This chapter analyses the modelling of the compression of the fingertip ellip-
soid and pressurisation of the feedback actuator. The fingertip ellipsoid modulates
the compression force with pressure increase and transfers to the feedback actuator
when the finger touches an object. The haptic feedback system has been modelled
based on finite deformation theory. For the ellipsoid fingertip, the compression
between two rigid, flat and smooth surfaces has been studied and can predict the
force-indentation curve with the deformed shape of the membrane with the contact
surface. For the feedback actuator, the elastic theory was adopted to model the
pressurisation of a flat membrane, in which the deformation with the contact area
increase has been studied. The model has been validated with experimental results,
which comprise the fingertip ellipsoid membrane being compressed by a rigid sur-
face with pressure increase and the feedback actuator being pressurised. The results
of force-indentation, pressure-indentation and the deformation of the membrane lay
within the test data and fit the non-linear trend well. The haptic feedback system is
proven the function after validation. The content of this chapter has published in

P2 in Section 1.6.
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6.1 Introduction

As stated previously, prosthetics are varied in size and material in different
cases. In order to create the fluidic haptic feedback system for varied cases, it is
crucial to understand and model the deformation of the fingertip membrane and
the feedback actuator. Then we can create an effective haptic feedback system for
different cases. The deformation of the fingertip has been studied in several kinds of
research as Section 2.4 stated, which is mainly modelled with FEM, static elastics
model and continuous elastic deformation theory. In the existing literature, finger-
tip modelling either requires tremendous computation costs with high-performance
computers like FEM or assumes the fingertip as an elastic hemisphere solid that
only can predict the force-indentation curve rather than the deformation of the
membrane. As a result, the analytical method to model fingertip compression,
which can predict the force-indentation change as well as the deformed shape of an

elastic membrane, is still undeveloped.

Hence, in this chapter, the analytical model of the fingertip compression is in-
troduced. In Section 6.2, the calculation method of the equations is introduced. The
modelling of the feedback actuator is introduced in Section 6.3. Both analytical
models of the fingertip membrane and feedback actuator are validated with the ex-
periment shown in Section 6.4. Discussion and summary of this chapter is present
in Section 6.5 and Section 6.6, respectively. In this chapter, the main contributions

are.

* Proposed the structural fingertip model with ellipsoid geometry membrane
and provided a universal solution for ellipsoid membrane compression with

large deformation theory.

* In addition to modelling the ellipsoid fingertip, the response of the feedback

actuator is modelled and validated.

* This modelling method can predict the performance of a haptic feedback sys-

tem with different materials and different dimensions.
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The necessity for an analytical model is because the inherent complexities associ-
ated with the behavior of soft materials, especially the elastic material under large
deformations. Soft materials, used in the haptic feedback system, exhibit non-linear
responses when subjected to external forces. An analytical model provides a math-
ematical framework to predict these responses, allowing for a deeper understanding
of the system’s behavior under various conditions. This is crucial for optimising
the design and functionality of the haptic feedback system, ensuring that it operates

reliably and effectively in real-world applications.

Furthermore, the analytical model serves as a bridge between the theoretical
foundations of the research and its practical applications. By accurately predict-
ing the behavior of the haptic feedback system, the model reinforces the validity of
the research’s underlying principles. It aligns with the overarching aim of the the-
sis, which is to develop a low-cost, mechanically-driven haptic feedback system for
upper limb amputees. By understanding and modeling the system’s behavior, the
research can ensure that the developed solution not only meets its design specifica-
tions but also addresses the real-world needs of its intended users. The assumptions
and selected modeling approach provide a structured methodology, ensuring that
the model’s predictions are both accurate and relevant to the system’s real-world

performance.

The non-linearity caused both by the ellipsoid shape and the hyperelasity of
materials are distinguished. The theoretical model is then validated by the results

from the hardware test.

6.2 Analytical model of an ellipsoid membrane

The fingertip consists of bones in the centre as support, wrapped with soft tissue
under the substratum, and the outer layer is elastic skin tissue. Because most of the
soft tissue in the substratum is water, it is incompressible and flexible. In order to
replicate a similar deformation with a force-indentation curve, the fingertip sensor

has one elastic ellipsoid membrane as the skin tissue in the fingertip, which has a
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————— Deformed membrane ————— Undeformed membrane

(b)

Figure 6.1: (a) Overview of the ellipsoid membrane in Cartesian coordinates. (b)
Schematic of the axisymmetric membrane model showing the undeformed and
compressed configurations. Half of the model and one plate are shown. ay and
bg are the major and minor axes of the ellipsoid, respectively. xr is the bound-
ary position between the contact region and free inflation region.

similar dimension to the fingertip, and water filled in that acts as substratum soft
tissue. Therefore, the fingertip is an ellipsoid shape and fits into a Cartesian coor-
dinate system. For this modelling, the restrictions and conditions of this analysis

are:

* The ellipsoid membrane is axisymmetric in both undeformed and deformed

conditions, and the shear stresses are zero from the profile view.



6.2. Analytical model of an ellipsoid membrane 118

* The thickness of the ellipsoid membrane 4, is small relative to the entire di-
mensions, and therefore the change of thickness during deformation is con-

sidered negligible.

* The volume of the ellipsoid membrane is constant during compression due to

the fluid being relatively incompressible.

* The pressure under the contact region is evenly distributed and equal to the

pressure inside.

The fingertip is assumed as an ellipsoid membrane that is compressed vertically and
quasi-statically from the top by a flat, rigid and smooth plate as shown in Figure 6.1.
The ellipsoid membrane is axisymmetric with rigid fixed support underneath to
constrain the edge of the membrane. Incompressible, inviscid fluid is filled inside
of it. The setup of the ellipsoid membrane and rigid plate is fitted into the cylindrical
coordinates (x,y, 0) to describe the shape of the membrane in the undeformed state.
The centroid of the ellipsoid membrane locates at the origin of the coordinates with
a major principal axis length aq lay on the x axis and the minor principal axis with
length by on the y axis. For the deformed states, the ellipsoid membrane is fitted
into the second cylindrical coordinates (p, 1, 8) to describe the deformed shape of
the ellipsoid membrane. The point xr denotes the value of x corresponding to the
boundary I" between the contact region, which means the physical contact region

between the ellipsoid membrane and rigid plate and free inflation regions.

6.2.1 Potential energy function

Mooney-Rivlin model is used to define the hyperelasity of skin tissue and the

potential strain-energy density function W is:

C
W:C1(11—3)+C2(12—3),azc—2, 6.1)
1
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with C; and C; as material constants, and the principal strain invariants I; and I,

related to the principal stretch ratios are:

L =A{+27 + A3,

L =AM+ A3+ A3AL.

(6.2)

In this case, the elastic material of the fingertip ellipsoid membrane is assumed as

incompressible. Hence the relationship of principal stretch ratios is as follows:

MA Az =1. (6.3)

Then the principal strain invariants become as follows:

1
L 172 (6.4)
h=—+=-+AA.

6.2.2 Free-inflation region

The free-inflation region means the region of the membrane that does not in
contact with any rigid constraints and is able to inflation and deform freely. Due to
the ellipsoid membrane being axisymmetric, the dimension of the ellipsoid can be
decreased from 3D to a plane view with x axis and y axis with an ellipse shape. The

standard equation of an ellipse in the first quadrant is:

)C2 y2

b()

2
dp
Assuming that the y position is varied by x position, the first order derivative of y

related to x is:

d —2box
d_ﬁ = (—0)1/2. (6.6)
agp a(z)—x2

Assuming e(x) = <110:/2%) 1/2_ with the dx and dy, the infinitesimal arc length of
0

the undeformed membrane defined as ds, which is located by horizontal position x
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in the coordinate, is:
ds = (dx® +dy*)"? = (1 +e(x)?)2dx 6.7)

In the 3D coordinates, ds represents the meridian direction along the ellipsoid
membrane as well as dS, which is the infinitesimal arc length in a deformed ellip-
soid, defined as:

dS = (dp®+dn*)'/?, (6.8)

where dp and dn is the horizontal and vertical position separately. The position
change in the circumferential direction in 3D configuration can be described as the
horizontal position change that changed from x in the undeformed state to p in the
deformed state. Throughout the chapter, subscripts 1 and 2 indicate the variates in
meridian and circumferential direction, respectively. The prime in the equations

denotes the derivatives with respect to horizontal position x.

The principal stretch ratio, along with the meridian direction A; with subscripts
1 and circumferential A, with subscripts 2, defined as the relation between the ref-

erence lengths of an infinitesimal arc element and the deformed lengths, are:

ds _ (p'(x)2+1n'(x)*)!/?

M= ,
Jo =P,
X

The stretch ratio describes the shape and position change from an undeformed el-
lipsoid to a deformed ellipsoid. During the deformation of the elastic material, the
infinitesimal arcs will reach a balanced state eventually and stop the deformation
with a certain load to reach the equilibrium state. The force diagram of an infinites-
imal arc in 3D is shown in Figure 6.2. Due to the membrane being continuous, under
the external force or load, the continuous body reacts with deformation and internal
force between two connected elastic arcs and reaches the balance state. Hence the

equilibrium equations for each infinitesimal arc in both meridian tangential and nor-
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Figure 6.2: Force diagram of an infinitesimal elastic arc in the ellipsoid membrane.

mal directions are, considered the external load and internal force by the connected

elastic arcs:

dT7 1
Ly —(T1 — ) = P,(x) (meridian tangential ),

P (6.10)
kiT) +kyTr = Py(x) (normal).

where P;(x) and P,(x) are the external force or loads acting on the infinitesimal
arcs in the normal and tangential direction, respectively. 71 and 7> are the stress
resultants of each segment. k; and k, are the principal curvatures. In the free-
inflation region, it has that P;(x) = 0 because there is no contact to produce the
tangential force or load. In the normal direction, the membrane is pressurised with
hydrostatic pressure P, which has P,(x) = P. The T and 7> describe the equilibrium
states of internal stress that keep the balance between the external load in a normal
direction acting as a single elastic component then the 77 and 75 transmitted to the
connected segments and keeps balanced with deformation in response. According

to the partial differential law, the equilibrium equation changed to:

8T1 87L1 8T1 8&2 . Pl .. .
9 o + T ox F(Tz —T1) (meridian tangential), 611

kiTi + kT, = P (normal).
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The stress resultants of each membrane segment are given by:

o (0w 1w\
T,_zhtML2 (/1 3 )L—izal), (i=1,2). (6.12)

By substituting equations Egs. (6.1) and (6.4), the T}, T, are given by:

T C
T, = 2h,C (l; m) <1+_2122)’

A 1
T = thcl()j m) <1+CIAI)

where h; is the membrane thickness. Regarding to the equilibrium equations in

(6.13)

Equations 6.11, it needs 7> — Ty, 5 aTl and aTl and defined as:

A M 1 1
T =20C |22 -2 o[ e — ——
2 [1[/11 lera(/l%z M@)]

oT, (1 3
M]_2h,C1(1+oc7t2)()L Mﬂ) (6.14)

8T1 . A] 3 2 l] 1

In addition, the principal curvature k| and k3, in meridian and circumferential direc-

tion respectively, is determined by:

B |p/n//_n/p//|
o (p/2+n/2)3/2’
p(p'2+n2)l/2

(6.15)

ky =

Regarding to the principal stretch ratio A; and A, by manipulating the Equa-

tions 6.9, it can obtain the p’ and 1’ as:

p = Apx,
N =+(A7(1+e(x)?) —p*)".

(6.16)
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Then the second order differential n” and p” with first order of p’ can be obtain as:

"_ llze(x)e(x)/+ (1 +€(X)2)7L17L{ _p/p"
(AZ(1 +e(x)2) — p'2)05 ;

o = Mt Ao (6.17)
p"=1'x+24,.
where the e(x)’ is defined as:
b}
e(x) = 0 (6.18)

N a(z)(b(z)(a(z) —xz/cz%))1~5

Meanwhile, introduced a new variable @ represents the first order of the differential

equation, which is :

dlx

— =P,
dx (6.19)
o =p".

The principal stretch ratio describes the shape change of the deformed ellipsoid,
which is the demand target of the equation sets. By substituting equations Equa-
tions (6.17), (6.14) and (6.15) into Equations. (6.11), obtain the ordinary differential

equation (ODE) set (41, A,, ®) related with variable x, which are:

o—-LfHr oT-T

A =

x  fi Ax fi

, —A

3=
2\1/2(92 2y 2312

w,:_Pll(l—Fe(x) ) (l;l(1+e(x) ) — ®7) . 6.20)

Re) 0T oA (1 +e(?) + hieloe(x))

Aox T Alz(l + e(x)z)
oT, oTi

fi :8_M;f2: 8_7L2’

The above governing system of equations applies to the inflation region in both its

inflated state (0<x<ag) and compressed state (0<x<xr). After the calculation of
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A1 and Ay, the deformed shape of the ellipsoid membrane can be calculated with
the original shape. The height of the inflation ellipsoid membrane with a horizontal

position is:

p = lzx,

dao 6.21)
A= [T e = p) .

The volumes within the membrane in the inflated state or free-inflation region is:

i
Viup = 270 / p2dn. (6.22)
0

6.2.3 Contact region

In a compressed state, the rigid plate compresses from the top and gets in con-
tact with the ellipsoid membrane, which flattens the ellipsoid membrane vertically.
Hence, the geometry of a flat membrane in the contact region (0<x<xr) is described
by:

/

n' =0, (x<xr), (6.23)

, which means the height change along the x variable is O in the contact region.

Therefore, the principal stretch in the contact region changes to

. p'Ww
M= e
_ P

X

(6.24)
A

Assuming no friction between the contact surface of the rigid plate and the mem-
brane, there is no force in the meridian tangential direction resulting in P(x); being
zero. In the normal direction, the compression force acting on the contact region
of the ellipsoid membrane is equal to the internal hydrostatic pressure P.. Hence,
the equilibrium equation set in the contact region is the same as the free-inflation
region as stated in Equation (6.10). Substituting Equations. (6.14), (6.15) and (7.2)

into ODE set (6.11), the system of equations (A;,A,,®) governing in the contact
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region is:

oA fp oh-7

!/
G A
)Q/:M
X (6.25)
o =
8T1 8T1

hi= 8_/11’f2 = 8_1,2’
In response to compression, the reaction force on the contact area is calculated by:
F, = AP., Ac = Tx}P,, (6.26)

where A, is the contact area and P. is the hydrostatic pressure in the compressed

membrane. The height of the compressed ellipsoid membrane is:

M= [0+ ele) - ) . 627)

T

Hence, the volumes within the compressed state are equal:

m o,
Veom :27r/ p-dn. (6.28)
0

6.2.4 Boundary conditions

The boundary conditions for the inflated state are:

x=0 11212:&':(0
(6.29)
xX=a w=0

At the pole of the ellipsoid membrane (x = 0), the stretch ratio in the meridian
direction and the circumferential ratio is assumed to be equal. At the edge of the
ellipsoid membrane, the @ is equal to zero, which means the change of the A

varied with x is zero. Hence, the A; at the edge segment is the same as the previous
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segment. The A; described the arc length stretch ratio. If it keeps the same as
the previous segment, it means the membrane is uniformly stretched and keeps the
same shape as the curvature of the original ellipsoid. Hence, where the @ = 0 at the
edge of the ellipsoid (x = ag), makes the shape of the inflated ellipsoid keeps the
same shape as the original elastic membrane, which has a vertical tangential at the
edge. By these boundary conditions, the inflated membrane can be calculated with

the shape and dimension under a specific inflation pressure Py, .

For the contact region, the boundary conditions for the compressed state are:

x=0 Al = 7(‘2 = ).0
X = AT A1 (contact region) — 2’1 (inflation,region)

X =T A2(contact region) — )LQ(inflation,region) (6.30)

X=xr » =2

X =dg )LQ(inflation) = Aﬁ(compressed)

As same as in the inflation region, the stretch ratio A; and A, are assumed as equal
at the pole (x = 0). xr is the contact boundary, which means the membrane at
(0 <x < xr) is in contact with a rigid plate that applied the contact region ODE to
calculate the shape and the membrane at (xr < x < xg) apply the free inflation ODE
to describe. Due the elastic membrane is continuous, which makes the stretch ratios
continuously variable along with x. Hence, at the contact boundary point x = xr, the
membrane is A (contact region) = M (inflation,region)> M2(contact region) = Mo (inflation,region)
and @ = A{ to ensure the continuity of the elastic membrane. Then along the free-
inflation region to the end at the edge of the membrane (x = ay), it has constrained
as ﬁq(in Flation) = AQ(wmpressed), which means the edge of the elastic membrane is
fixed by constrain the horizontal position keeps the same in compressed states and

inflated state.
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Set up dimensions a,
b, hyper-elasity Cq, C,,
thickness tp,

\

Assume
hydrostatic
pressure Py

Initialvalue A,

Vv

ODE equations

Re-assign
Initialvalue A,

Re-assume

: the inflation
: ressure P,
x % no : p 0

w= , N

yes

no

Check Dimension
p = ay, X = a,
n= by, x=0,

Figure 6.3: Flow chart of inflated state calculations.
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Figure 6.4: Flow chart of compressed state calculations.
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6.2.5 Numerical solution procedure

Inflation of the membrane is required to calculate the membrane compression.
Inflation of the membrane provides an initial stretch and stress of the membrane
and provides a lower bound for the compression calculation. Hence, the inflation is
calculated firstly when an ellipsoid membrane is inflated to the desired shape with
an inflated height Hy, = 1 — by. The inflated membrane can then be compressed,

with a maximum indentation depth of Hyqx = Hiy 7.

6.3 Ellipsoid Membrane Calculations

6.3.1 Calculation of Inflation

The process of inflating the ellipsoid membrane is initiated by applying a pres-
sure Fy. This inflation aims to achieve specific dimensions, starting with the initial
conditions A; = Ay = A; = @ at the pole of the ellipsoid membrane, where x = 0.

The entire computational procedure is depicted in Figure 6.3.

Initially, an inflation pressure Py is assumed to inflate the membrane. Concur-
rently, an initial stretch ratio 4; is assumed at the pole. Given that the Ordinary
Differential Equation (ODE) for the inflated state converges, the bisection method
is employed. This method determines the initial values of A; that meet the condition
o = 0 at x = agp, subsequently recording the value of ﬁa(in flation)- This specific
condition ensures that the membrane retains its ellipsoidal shape, characterized by

a perpendicular tangent at x = ay.

The next step involves verifying the dimensions of the inflated ellipsoid mem-
brane. The objective is to determine if either the major or minor axis aligns with the
desired dimensions. If there’s a mismatch between the achieved and desired dimen-
sions, the inflation pressure P is re-assumed, and the calculation process is reiter-
ated. This cycle continues until the inflated membrane matches the desired dimen-
sions and shape. Once these criteria are met, the volume of the inflated membrane,

denoted as Vj, ¢, is computed using the equations referenced in Equations 6.22.
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6.3.2 Calculation of Compression

Upon determining the inflated state of the membrane, the focus shifts to its
compression. For this, a hydrostatic pressure P, is assumed, which signifies the
pressure increment due to compression. A series of contact points, represented as
xr and located on the ellipsoid membrane, are then assumed for the compressed
ellipsoid.Under the influence of the compression hydrostatic pressure, the ODEs are
computed for each contact point xr in the series. Adhering to the initial condition
M = Ay = Ag, the bisection method is applied. This method identifies the value
of Ay that satisfies the secondary boundary conditions, as illustrated in Figure 6.4.

Specifically, the condition A5 (i f1ation) = Ao (contacr) 8L X = ag is met.

Subsequently, the volume of the compressed ellipsoid, represented as Vo, 1s
determined using the equations referenced in Equations 6.28. The aim is to ascer-
tain if this volume is equivalent to the inflated volume V;,s. The contact point xp
that results in the least volume discrepancy and adheres to all the boundary condi-

tions, as outlined in Equations 6.30, is selected as the final outcome.

Both steps are solved using the Runge Kutta method with the function ode45
in Matlab 2021 with a tolerance of 10~2% in the volume difference; the solution
is usually obtained in 20 iterations in the bisection method in order to have high
accuracy results. The related codes and scripts of calculating ODEs are shown in

Appendix 1.

6.3.3 Summary

Overall, the inflation and compression of the fingertip ellipsoid membrane are
modelled with continuous elastic deformation theory. In this model, by setting up
the initial dimension ag, by with membrane thickness /; and hyperelasticity of the
ellipsoid membrane C; and C;, then the model can predict the deformed shape of the
membrane, force level with different indentation depth and the contact area between

the rigid plate and ellipsoid membrane.
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Elastic
membrane

Figure 6.5: The two-dimensional configuration of a pressurised flat elastic membrane on
the feedback actuator. The solid line represents the undeformed membrane
and the dotted line is the deformed shape of the membrane. The red and blue
patterned solid is the volume change of the deformation volume during pres-
surisation.

I
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f
— = Deformed membrane — Undeformed membrane %77 Rigid surface

6.4 Feedback actuator model

After modelling the fingertip model, the feedback actuator, the other significant
component out of the two components, is modelled with static elastic theory. In the
feedback actuator, the round membrane, which is pressurised by P. from the ellip-
soid membrane as the passive component, has a diameter @dy; it is flat and elastic
with thickness /;. Figure 6.5 shows the configuration for membrane pressurisation
with a fixed socket that measures the blocked force from the pressurised membrane.
The elastic material Agilus30 of the membrane is assumed incompressible, result-
ing in a Poisson’s ratio (v) of 0.5 and causing the deformation on top (the blue area
in Figure 6.5) to expand evenly on the side (the red area in Figure 6.5) to keep the
total volume at the same level. Assuming the contact between the membrane and
rigid surface is frictionless, there are no shear forces on the membrane during the
pressurisation. The Young’s modulus E is defined as E = 6(1 + a)C} as related by

the Mooney-Rivlin model. The increased diameter of the contact area is:

dr=

(6.31)
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With the increased diameter @d r in the contact area, the force output under the

membrane is the function of df, P, and E defined as:

2
P.r df
4 1-%

where Ay is the contact area of the flat membrane on the feedback actuator.

The modelling approach for the feedback system is based on the finite de-
formation theory. The haptic feedback system has been modelled to capture the
compression of the fingertip ellipsoid and the pressurisation of the feedback actua-
tor. When the finger interacts with an object, the fingertip ellipsoid modulates the
compression force with a corresponding pressure increase, which is then relayed
to the feedback actuator. For the ellipsoid fingertip, the compression between two
rigid, flat, and smooth surfaces has been studied, enabling the prediction of the
force-indentation curve along with the deformed shape of the membrane in contact

with the surface.

Concurrently, for the feedback actuator, the elastic theory was employed to
model the pressurisation of a flat membrane. This approach allowed for the study of
deformation in tandem with the increase in the contact area. The analytical models
were validated against experimental results, ensuring their accuracy and reliability.
The results, which encompassed force-indentation, pressure-indentation, and mem-
brane deformation, aligned well with the test data, showcasing a non-linear trend.
This modelling approach not only validated the functionality of the haptic feedback
system but also provided insights into its adaptability for various materials and di-

mensions.
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6.5 Experiment: Validation of the analytical models

After modelling the fingertip ellipsoid membrane and feedback actuator in the
closed-looped cavity, experiments are required to validate both models. In ex-
pectation, the calculation results can predict the force-indentation curve and the
pressure increase at different levels of indentation depth to the ellipsoid membrane.
Meanwhile, the model of the feedback actuator is validated as well by measuring
the blocked force output from the pressurised membrane with pressure increase by

ellipsoid membrane compression.

The experimental setup is described, which consists of various components like
a liner rail with high sensitivity, a 3-axis force sensor, a pressure sensor, and a load
cell. The elastic finger ellipsoid, which is a pivotal part of the system, is made
from Agilus30. This setup is used to indent the ellipsoid and measure the result-
ing forces and pressure changes. The experimental setup is depicted in Figure 6.6,
showing the force/torque sensor fixed to a linear rail opposite the elastic ellipsoid.
The force readings are taken, and an additional load cell measures the force from
the feedback membrane. A pressure transducer monitors the pressure change. The
validation process involves comparing the results from this setup with the predic-
tions of the analytical model to ensure they align closely. This validation ensures
that the model’s predictions are grounded in real-world observations, enhancing its

credibility and applicability. The following experiment was designed.

6.5.1 Protocol

This experiment was designed to verify the calculation results from the numeri-
cal model. Meanwhile, the blocked force from the feedback actuator was measured
to validate the feedback actuator model. The ellipsoid was indented 3 mm in a per-
pendicular direction to the ellipsoid membrane. Related data, including reaction
force on the ellipsoid membrane, hydrostatic pressure with indentation level and
the blocked force from the feedback actuator, is recorded by sensors in the hard-
ware setup. Each trial was repeated five times, and the average across the trials was

reported.
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Figure 6.6: Experimental setup: (a) A force/torque sensor fixed to a linear rail sits opposite
the elastic ellipsoid to indent it. Force readings are taken, and an additional load
cell measures the force from the feedback membrane. A pressure transducer
monitors pressure change. (b),(c) Enlarged view of the finger ellipsoid in an
inflated and compressed state.

6.5.2 Experimental setup

The experimental workbench was constructed as shown in Figure 6.6, consist-
ing of a liner rail (Zaber X LSMI100A) with 0.05 um sensitivity, a 3-axis force
sensor (IIT FT17) with 0.318mN sensitivity, a pressure sensor (OMEGA PXM
319001G) with 0.05kPa sensitivity and a load cell (Honeywell FSA XX001RC4C5)
with 0.22mN sensitivity. The elastic finger ellipsoid is made from Agilus30 by a
polyjet 3D printer (Stratasys Objet500 Connex3). The strain-stress curve deter-
mines the hyperelastic property of Agilus30, and the constant of Mooney-Rivlin
model is C; = 160355Pa and C, = 46559Pa [1].

6.5.3 Results

Figures 6.7(a) and Figure 6.7(b) illustrate the reaction force F;. on the fingertip
ellipsoid membrane versus indentation Hy and the hydrostatic pressure P. versus

H, respectively in both the experimental data and the results of the modelling. Both
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Figure 6.8: Inflated membrane. At the initial inflation stage, the height increases rapidly,
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membranes with different initial stretch ratios Ag. (b) Principle stretch ratios
A1 and A, of an ellipsoid membrane. (c) Resultant stress in the circumferential
and meridian directions.
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F. and P, show identical non-linear increasing behaviour. The F is sensitive at the
lower indentation depth, which the reaction force from ON to 1.6N accounts for
50% of total indentation (Omm to 1.5mm). After 1.5 mm, the compression force F;
and hydrostatic pressure P, rise non-linearly with further compression. The stiffness
of the membrane shows non-linear increasing behaviour in response, as the same
indentation step causes a larger increase in F, and P,. Compared between the model
results and experimental data, an indentation smaller than 2.4 mm, the results from
the model lay within the mean standard error (MSE) of the experimental data; the
MSE is 0.92 for F,, 0.584 for P, and 0.052 for A.. Regarding the modelling results,
increasing the initial stretch A at the pole of the ellipsoid membrane results in the
membrane stiffening at all indentation levels, especially after 1.2 mm where the de-
viation from the linear relationship behaves in a non-linear manner (Figure 6.7(a)).
After the comparison, if the initial stretch A is assumed to be 2.3, the model results

fit best to the average of the experimental data at all indentation levels in this case.

Of particular note is the shaded region surrounding the curve. This shaded area
represents the fluctuation data observed during the test. In experimental setups,
especially those involving sensitive measurements, minor variations or fluctuations
in the data appears due to various factors like sensor sensitivity, environmental
conditions in the system being tested. The shaded regions of fluctuation range on
the graph shows the range of variability or uncertainty associated with each data

point on the curve.

Regarding to the deformed shape of the ellipsoid membrane, the contact area
between the rigid plate and the ellipsoid membrane can reflect the deformation
trend of the ellipsoid membrane. Regarding to experimental data, the contact area
A, was calculated using F, and P, i.e (A, = F./P.). Meanwhile, the contact area
in the model result is calculated by Equation (6.26). Figure 6.7(c) shows that A,
increases rapidly at the initial compression stage, with 60% of the total contact area

achieved at 4 — SN. Then the contact area slightly increased after the 4 — 5N as the
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membrane is stiffened by the compression.

Regarding the modelling results, Figure 6.8(a) shows the shape change of the
membrane in the inflation stage with different pressure. At the initial inflation
stage, the height rapidly increases compared with width, which in turn increases the
aspect ratio (T = bg/agp) as shown in Figure 6.8(a). After the initial shape change,
the entire membrane expands uniformly by applying a higher inflation pressure F
with a larger initial stretch ratio Ay in response. Figure 6.8(b) and Figure 6.8(c)
demonstrates the stress resultant 7; and the stretch ratio A; versus the horizontal
position x. Inflation leads to nonuniform distribution of stress and strain on the
membrane. The maximum stress resultant 77 and stretch ratio A; in the circumfer-
ential direction occurs at the pole of the ellipsoid membrane (x = 0) and decreases
along the membrane to the edge (x = ag). The stress resultant and the stretch ratio
in the meridian direction illustrates an opposite behaviour compared to the circum-
ferential direction, which increases from the pole to the edge of the membrane. The
transition from initial inflation, in which the height rapidly increases, to uniform
expansion, depends on the material property and aspect ratio. In order to inflate the
ellipsoid membrane from ap = 4.5mm, 7 = 0.6 to p = 9mm with 7 = 0.78. In this
instance, it happens at Ay) = 2.3 and P, = 2.1kPa with Agilus30. Inflation defines

the lower bound of pressure in compression.

In the compression states of the modelling, the ellipsoid membrane is flat-
tened on the top by the compression with a rigid plate, where is the contact region
0 < x <xr. Meanwhile, the free inflation region bulges with the increased pressure
P.. Considering the volume of the membrane, the volume decrease in the contact
region and the volume increase in the free inflation region keeps the inside volume
constant (Figure 6.9(a)). As the ellipsoid membrane is compressed further with
higher hydrostatic pressure, the stress resultants and the stretch ratios in the merid-
ian and circumferential direction increases in response at all level along the entire

membrane with x (Figure 6.9(b),(c)).



6.5. Experiment: Validation of the analytical models

T

Py = 2.1kPa,% =0

P, = 7.781 kPa, & = 0.30
P, = 12.759 kPa, % = 0.45

£
& 4/p, = 17935 kPa, % = 0.6
<

o J
O 2 6 8 10
() p [mm]
0.2 0.3 0.450.6 Xr
2.6+ ‘ 1
A (Meridi 225
1 (Meridian, - _)’=,=§5;/
_O-—-:’—‘{’f"/‘
24+ 1
~ 2, (Circumferential, —)
2.2+ 1
2 L L
0 4
(b) x [mm]
x102 0.2 0.3 0.450.6 Xr
9.0 ‘ 1
? -—z=Isy
..... =
8.6 (Meridian, - -),
5 (Circumferential, —)
282 1
e
7.8 1
741 1
0 4
(c) x [mm]

139

Figure 6.9: Compressed membrane. With higher indentation, the membrane is flattened on
the top and inflated on the side. (a) Profiles of compressed membranes with
different indentations and pressure. (b) Principle stretch ratios A; and A, of an
ellipsoid membrane. (c) Resultant stress in the circumferential and meridian

direction.
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Figure 6.10: Linear relationships between the output force at the feedback actuator and the
hydrostatic pressure for each feedback actuator membrane.

In Figure 6.9(b) and (c), the points with a red circle are the contact boundary X,
where X = xr/ay in this case. It accounts for the ratios of the contact region in the
entire ellipsoid membrane. From x = 0 to x = xr, the stretch ratio (A;,4;) and the
stress resultant (77,7,) remain almost the same to their initial values but slightly
decrease. In the free inflation region (xr<x<ayg), the stretch ratio and the stress
resultant change their behaviour with an increasing trend in the meridian direction
and a decreasing trend in the circumferential direction. Due to the convergence of
the A, in the free inflation region in this instance, the edge of the ellipsoid mem-

brane is constrained by satisfying As i fiarion) = A2 (compressed) = 2 at (x = ap).

After verifying the numerical model of an ellipse compression, the valve in the
Figure 6.6 is open and forms a closed cavity with the ellipsoid membrane and feed-
back actuator. Increased hydrostatic pressure from the compression of the ellipsoid
membrane transmits to the @9 mm membrane of the feedback actuator and pres-
surises the membrane to generate the blocked force in the socket. In Figure 6.10,
the hydrostatic pressure P and blocked force from the feedback actuator Fy show
a linear relationship. Overall, the model results show a higher force response than

the experimental data; they reach a maximum force of 1.98 N at pressure 17.9kPa.
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6.6 Discussion

Overall, the model results of the ellipsoid membrane and feedback actuator
have a good agreement with the experimental data. In the reaction force F, and
hydrostatic pressure P,, the model can predict the non-linear increasing trend in
Figure 6.7(a) and (b). In Figure 6.7(c), it reflects the trend of reaction force F,
versus the contact area A, and reflects the deformation in the aspect of contact
area and the inflation pressure 2.0kPa with initial stretch ratio Ay = 2.2 has the
best agreement with experimental data. Regarding the model of the feedback ac-
tuator, the modelled force is higher than the real output force. This is may due to
the less consideration of the friction between the membrane and contacted rigid
plate. Overall, the deformation of an ellipsoid membrane can be modelled with
good agreement with reaction force, hydrostatic pressure and deformation of the
membrane. And the model of the feedback actuator can reflect the increasing linear

trend of the force output.

The assumptions made in the analytical model are based in simplifying the
complex nature of the human fingertip to facilitate mathematical modeling and
analysis. The human fingertip is a multifaceted structure, comprising bones, soft
tissues, and an outer elastic skin layer. The model’s foundational assumption is
that the fingertip can be represented as an ellipsoid shape, fitting into a Cartesian
coordinate system. This representation is based on the observation that the central
bone provides rigidity, while the surrounding soft tissue, primarily composed of
water, offers flexibility and incompressibility. To emulate this, the fingertip sensor
is designed with an elastic ellipsoid membrane, akin to the skin tissue, filled with

water to mimic the soft tissue’s behavior.

Several conditions and restrictions are imposed to streamline the analysis.
Firstly, the ellipsoid membrane is assumed to maintain axisymmetry, both in its
original and deformed states, eliminating shear stresses when viewed from the

profile. This assumption simplifies the stress analysis. Secondly, the membrane’s
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thickness, denoted as #;, is considered negligible compared to its overall dimen-
sions, implying that any change in thickness during deformation is inconsequential.
This assumption aids in focusing on the primary deformation without getting en-
tangled in minute thickness variations. Thirdly, the incompressibility of the fluid
within the ellipsoid ensures that its volume remains constant during compression.
This is a crucial assumption as it underpins the behavior of the system during force
application. Lastly, it’s assumed that the pressure under the contact region is uni-
form and matches the internal pressure. This assumption simplifies the pressure
distribution analysis. The visual representation, as shown in Figure 6.1, depicts the
ellipsoid membrane undergoing vertical, quasi-static compression by a flat, rigid
plate, with a fixed support underneath to restrict membrane edge movement. These
assumptions, while simplifying the real-world scenario, provide a structured frame-
work for the analytical model, ensuring its relevance and applicability to the haptic

feedback system’s design and performance.

Regarding to the modelling, during the inflation stage, the initial inflation pro-
duces a nonuniform stretch and stress on the membrane, as shown in Figure 6.8(c).
Due to the lack of constraints for the initial inflation, a slight pressure increase can
lead to a significant expansion in the geometry. In the initial stages, the dimension
of the ellipsoid membrane ag and bg is varied. In order to obtain the desired di-
mension of the membrane, Py with A is varied in response to obtaining the desired

dimension.

The Mooney-Rivlin model was selected for this research due to its proficiency in
characterising hyperelastic materials, particularly under large deformations. Such
materials, like the elastomers in our haptic feedback system, exhibit non-linear
stress-strain relationships that don’t align with linear elastic models. While alter-
native models, such as the Neo-Hookean and Ogden models, offer insights into
elastomeric behaviours, the Mooney-Rivlin model provides a balanced representa-

tion between accuracy and complexity. It adeptly captures the material’s behaviour,
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especially under significant strains, making it an optimal choice given the large

deformations expected at the fingertip sensor.

In the haptic feedback system, there is no inflation stage in the experimental
condition. Hence, it is assumed that the undeformed status in the experimental
condition, which has no initial stretch ratio with stress, is equivalent to the inflated
states in the model. In order to close the experimental condition, the initial inflation
pressure Py has been subtracted from the compressed pressure P, to compensate for
the pressure difference in the undeformed state in the experiment and the inflated
state in the model. Theoretically, the model results with the minimum inflation
pressure Py are supposed to be the closest condition compared with the experimen-
tal condition, with minimum inflation pressure Py. However, in Figure 6.7(a) and
(b), the result with the lower inflation pressure (Py = 2.0kPa, Ay = 2.2) is lower than
the experimental data, especially the deviation at high indentation level (1.5mm to
3mm). This is perhaps due to the negligible friction between the membrane and the

rigid plate, which the pressure between the rigid plate and the membrane increases.

As the inflation stiffens the membrane with higher inflation pressure Py and
initial stretch ratio Ay, it results in a higher reaction force and hydrostatic pressure
at the same indentation depth. Hence, stiffening the membrane compensates for the
friction disturbance and the difference between the ideal modelling and practical
experimental conditions. Overall, the force and pressure curve has a good agree-

ment with the experimental results (Py = 2.1kPa, A9 = 2.3).

After the membrane is inflated to the desired shape, the volume and the edge of
the ellipsoid membrane are constrained by converging the 4,;, Flation) = X/Z(wmm)
at x = ayp. In the contact region x € (0,xr), the stretch of the membrane is isotropic,
ie. || A1 — A2 || <1072, As the membrane is compressed further and the contact
region increases, the region of isotropic stretching likewise increases. The stretch

of the membrane in the meridian and circumferential directions are anisotropic
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after the deviation point x = xr to the edge of the membrane x = ag, as the stretch
ratio and stress resultant increasing in meridian direction and decreasing in the
circumferential direction. The meridian stress on the symmetry plane constrains the
membrane height, and the stress in circumferential stress determines the expansion

of the membrane from the vertical aspect.

The process of implementing the analytical model into the haptic feedback sys-
tem is intricate and methodical. Initially, it’s imperative to accurately measure the
dimensions of the amputee’s fingertip, ensuring that the haptic system is tailored
to individual needs. With these precise measurements in hand, the next step is to
compute the deformation of the fingertip sensor under varying levels of indentation.
This is achieved by leveraging the analytical model, which takes into account the
unique elastic properties of the materials used in the system. By correlating the
specific indentation levels with the elastic characteristics, the model can predict the
sensor’s deformation with high precision. This deformation data then informs the
haptic system on how to generate the appropriate tactile feedback, ensuring that the

sensations produced closely mirror natural touch experiences for the user.

As the ellipsoid membrane is compressed close to the H .y, the initial stretch
ratio A gradually increases, resulting in all stretch ratios increasing in the entire
membrane. The stress resultant 7; likewise increases in each step of compression
(Figure 6.9(b) and Figure 6.9(c)). Meanwhile, further compression to the ellipsoid
membrane increases stiffness on the entire ellipsoid membrane with a higher stretch
ratio and stress. During the calculation, as the contact region increased, the stretch
ratio on the free-inflation region has a sharper decreasing trend with a higher pres-
sure P, to converge the A, to the Ay, . After calculation, the maximum indentation
depth H . converges at the inflated height, is determined by H ., = Ain r—bo and
has N = bo. Hence, the inflation stage in the modelling provides the lower bound of

the indentation.
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Regarding the feedback actuator, it is fixed into a socket during the pressuri-
sation in the experiment, and the flat-around membrane is in full contact with
the load cell to prevent any free inflation. According to the model, the com-
pressed flat membrane exhibit a change in volume AV, which can be calculated
by AV = dyAh. Under the maximum pressure 17.935kPa, the volume change is
calculated as 1.38 mm?>, which means the total volume change of the flat membrane
being pressurised by P is 0.432% of the volume of the inflated membrane V.
In the closed-loop cavity, the volume increase in the feedback actuator means the
same amount of volume decrease in the fingertip. Therefore, the volume change of

the ellipsoid membrane, which flows to the feedback actuator, is negligible.

The results from the numerical model reveal the ellipsoid membrane’s non-
linear force and pressure response under compression, which is verified by the
experimental data in Figure 6.7. The Cartesian coordinate reduced the dimension
from the cylindrical coordinate is applied to describe the shape of the ellipsoid
membrane in the undeformed and deformed state and obtained the ODE equations,
which differs from the application of a polar coordinate in [130]. Compared with
the polar coordinates, the ODE equations with Cartesian coordinates have a light
expression compared with the polar coordinate and have a quicker calculation time

for the computer.

Table 6.1: Comparison between our analytical model (considering the mate-
rial parameters of the human skin and Agilus30) with results from
the literature showing the reaction force F, vs indentation Hy of an
ellipsoid membrane.

0.5mm 2mm Emax
Exp. results of fingertip compression [129] 0.32N  1.94N -
FEA results [158] 0.36N  2.09N  19.3%(0.5mm)
Analytical (Skin) 027N  1.99N 14.7%(0.5mm)
Analytical (Agilus30) 0.38N  2.11N  18.7%(0.5mm)

* €nae: Maximum deviation error compared with experimental results from the fin-
gertip compression.
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In this research, a comprehensive comparison between the outcomes of analyt-
ical model and those documented in existing literature detailed in Table 6.1. This
table specifically highlights the reaction force, denoted as F, at two distinct inden-
tation levels: Hy = 0.5mm and 2mm. For context, Serina et al. [129] previously
presented experimental findings that mapped the force-indentation relationship of
a human fingertip. Our table also incorporates computational data derived from
Finite Element Analysis (FEA) as reported by Wu et al. [158]. Our model’s results
are presented in two distinct sets: one using the material constants specific to skin
tissue (C1 = 13400Pa, C2 = 29500Pa) as identified by Serina et al. [130], and
the other employing constants characteristic of the Aglius30 material. To gauge
the accuracy of our model, we calculated the maximum deviations from the ex-
perimental data on fingertip compression. Interestingly, when our model utilised
the Aglius30 material constants, the error margin closely mirrored that of the FEA
results. However, when we incorporated the material constants of human skin tis-
sue, the error was notably reduced to just 14.7%. This underscores the precision

of our analytical model, especially when aligned with human skin tissue parameters.

Overall, in this model, by setting up the dimension of the ellipsoid membrane
(ap,bo), material property (C1,C) and the membrane thickness 4, the inflation
and compression can be solved with results, which contains reaction force F, the
hydrostatic pressure increasing P, with the shape change during the deformation,
as demonstrated in Figure 6.7(a), Figure 6.7(b) and Figure 6.7(c). In this case,
the ellipsoid membrane in the inflated states has a major axis length 9mm with
7mm as a general size of a natural human fingertip produces a similar non-linear
force-indentation relationship of the human fingertip with a semblable force level

of 0 —4N at 0 — 2mm indentation [129].

The deformation theory for the ellipsoid membranes is not only limited to mod-
elling fingertip compression. Still, it is also suitable for any ellipsoid membrane

inflation and compressions, such as cell modelling, airbag deformation and soft but-
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ton designing. The experimental study and theoretical computations in this chapter
enable the prediction of the inflated membrane with an inflation pressure Py and the
compressed membrane with an indentation depth Hyp with an ellipsoid membrane.
Hence, by designing the passive haptic feedback system with different sizes of fin-
gertip membranes and feedback actuators with different elastic materials, the model
can predict the force-indentation, pressure-indentation curve with deformation and
the response force output from the feedback actuator. Then can optimise the design

to replicate the force-indentation curve similar to the natural human fingertip.

6.7 Summary

This chapter introduces the modelling method of ellipsoid membrane deforma-
tion with large deformation theory and the modelling of the response force output
from the feedback actuator. For the compression of the ellipsoid membrane, it
models the reaction force F;, and hydrostatic pressure P. with the deformed shape
of the ellipsoid membrane by defining the membrane’s initial dimension and mate-
rial property. Then both models are validated with experimental data. The model
results generally show an excellent agreement with experimental results, which in-
dicates the modes can successfully respond to the compression state of an ellipsoid

membrane.

By analysing the deformation of the ellipsoid membrane, it is possible to predict
the force-indentation curve with the shape of deformation, which in turn allows for
optimising the design of the fingertip in a haptic feedback system and other cases

involved with the ellipsoid membrane.



Chapter 7

Application of the finite deformation

theory in soft robotics - a case study

To attain significant deformations and stretching in soft robotic materials, con-
structing structures composed of multiple inflatable elastic membranes is one ap-
proach. Shape alterations can occur due to physical interactions between the in-
flated membranes themselves or with their surroundings, leading to force exertion
on the environment. This chapter introduces an analytical model that explains the
inflation of a circular elastic membrane, restricted by a load, utilizing finite defor-
mation theory. This model enables comprehension of the membrane’s deformation,
volume alteration, and height. Additionally, it can forecast the height-pressure trend
for the distorted membrane shape. Experimental validation encompasses the exam-
ination of membrane inflation under load, open-loop force control with an inflated
membrane, and inflating a set of three actuators. The height-pressure model’s out-
comes align with the experimental data and accurately predict the non-linear trend.
The model is suitable for open-loop force control with an error margin of £15%.
Furthermore, this chapter displays the findings for a manipulator comprising a se-
quence of inflated membranes subjected to load conditions. The content of this

chapter has published in P3 shown in Section 1.6.
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7.1 Introduction

In the journey of this thesis, each chapter serves as a stepping stone towards
achieving a comprehensive understanding of fluidic haptic feedback systems. While
the initial chapters lay the groundwork by introducing the concept and the need for
such systems, Chapter 7 takes a slightly different approach, diving deep into the
mechanics of soft materials. This chapter’s emphasis on the analytical modeling
of elastic membrane inflation is not a mere detour but a strategic delve into the
intricacies of the materials that form the backbone of our haptic system. By under-
standing the behavior of these soft materials under various conditions, we are better
equipped to design, optimize, and predict the performance of our haptic feedback

devices, ensuring they operate efficiently and reliably in real-world scenarios.

Moreover, the inclusion of Chapter 7 serves a dual purpose. On one hand, it
strengthens the scientific rigor of the thesis by providing a theoretical foundation to
the practical applications discussed in other chapters. On the other hand, it broadens
the scope of the research, making it relevant not just to those interested in haptic
feedback systems, but also to researchers and professionals in the fields of soft
robotics, biomechanics, and material science. By bridging the gap between theory
and application, Chapter 7 ensures that the thesis remains holistic, coherent, and,
most importantly, a valuable contribution to the ever-evolving domain of haptic

technology.

The development of soft material robots is an area of significant research in-
terest due to their numerous advantages over traditional rigid robots. These soft
robots offer greater flexibility, adaptability, and safe interaction with their environ-
ment [108]. One key characteristic of soft robots is their ability to undergo large
deformations, such as bending or elongation. Soft actuators are a key component of

these robots, and recent advancements in this area have led to impressive levels of
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elongation. For example, the actuator presented by Connolly and the STIFF-FLOP
actuator can achieve elongations of around 100% and 70%, respectively [19, 160,

132, 135, 134].

To further increase the level of deformation in soft robots, researchers have
explored the use of thin membranes to create soft manipulators. By inflating a
structure composed of a series of thin membranes, the desired motion can be
achieved [63]. One such example is the highly extensible actuator joint developed
by Herzig et al., which is based on the inflation of circular elastic membranes [44].
These hyperelastic balloon membranes demonstrate an overall extensibility of
179% and are capable of bearing weights of more than twenty times their own

weight.

Another soft actuator proposed by Lee et al. is a pneumatic 3-axis micro-
actuator built based on balloons, which was used as a haptic display to provide
tactile information [66]. In many applications, the inflation of a circular elastic
membrane is adopted to produce haptic stimuli [46, 30, 4]. For example, Shi et al.
proposed a system to produce haptic stimuli in prostheses by adopting the infla-
tion of a circular elastic membrane. Their proposed system is purely mechanically
driven, where the compression force is transmitted from an ellipsoid fingertip to the

feedback actuator when the finger physically interacts with the environment [133].

Overall, the development of soft material robots and their associated soft ac-
tuators offers numerous advantages over traditional rigid robots. Advancements
in this area have led to impressive levels of elongation and greater potential for
safe interaction with the environment. The use of thin membranes and the infla-
tion of circular elastic membranes have been particularly promising research areas,
with applications in soft manipulators and haptic displays. Therefore, an analytical
model describing elastic membrane inflation with a load placed on top could con-

tribute to the development of soft robotic and haptic fields. Following the research
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Figure 7.1: Overview of an elastic membrane (blue line) being inflated and indented with
a load in Cartesian coordinates. (a) The elastic membrane is fixed on the edge
with a load M exerting a force on the top. (b) The elastic membrane is inflated
with pressure pg. The membrane inflates to height /g, which is limited by the
load. The enlarged view of the membrane shows the thickness of the membrane
h; and the infinitesimal arc length ds and dS of a segment.

of the analytical modelling based on finite deformation theory in Chapter 6, an an-
alytical model describing elastic membrane inflation with a load placed on top is
developed in this Chapter. This chapter will be structured as follows: the introduc-
tion of the analytical model is presented in Section 7.2. Section 7.3, Section 7.4,
and Section 7.5 introduces the experimental protocol, setup and results. The ex-
periments contain validation, the control application of the model and the inflation
of a stack of three actuators. Section 7.6 discusses the results and compares the

computational and experimental results. Conclusions are presented in Section 7.7.
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7.2 Analytical model of an elastic membrane

The assumption for the analytical model include:

* The circular elastic membrane is axisymmetric in undeformed and deformed

conditions. The shear stresses are zero from the profile view.

The thickness of the ellipsoid membrane 4, is small relative to the radius (i.e.,
(h)/(ro) < 1). Therefore, the change of thickness during deformation is

considered negligible.

* The pressure under the contact region is evenly distributed and equal to the

pressure inside the membrane.
¢ The contact surfaces between the load and the membrane are frictionless.

Figure 7.1, a flat circular elastic membrane with a radius ry is inflated quasi-
statically by a pressure pg. A load M with a flat, rigid and smooth contact exerts
force F;,, on the membrane and vertically constrains the inflation of the membrane
to a height hg. In Figure 7.1(a), a circular undeformed elastic membrane coloured in
blue with radius ry is constrained on its edge. A rigid flat load with a smooth contact
surface is placed on the top of the membrane. By applying a pneumatic pressure
po into the membrane, the elastic is inflated, and the load is lifted vertically to a
height A as shown in Figure 7.1(b). The contact region of the inflated membrane
is flat, and the non-contact region of the membrane is inflated freely. The elastic
membrane in undeformed states is fitted into the cylindrical coordinates (x, 8,y) to
describe the shape of the membrane. The centroid of the membrane locates at the
origin of the coordinate frame. The second cylindrical coordinate (p,0,n) is used
to describe the shape of the inflated membrane. As the membrane is axisymmetric
about the y and naxes, the profile view of the undeformed membrane and inflated
membrane is fitted into a Cartesian coordinate frame about (x,y) and (p,n). xr de-
notes the value of x of the boundary between the contact and free inflation regions.
In this analytical model, the potential energy function that describes the hyperel-

asity of the elastic membrane follows the approach in Chapter 6. Mooney-Rivlin
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model is applied to this case and the potrntial strain-energy function W is defined
by Equations 6.1. The principal strain invariants Iy and I, related to the principal

stretch ratios are defined by Equations 6.4.

7.2.1 Free-inflation region

As shown in Figure 7.1(a) shown, the flat elastic membrane lay along the x axis
and the infinitesimal arc length of the undeformed membrane is defined as ds. The

inflated arc length is dS shown in Figure 7.1(b) and defined as:

ds = dx,
(7.1)
dS = (dp®+dn*)'/2.
In this Chapter, variables with subscripts 1 and 2 represent value along the meridian

and circumferential direction, respectively. The primes in the equations are the

derivatives of the horizontal position x.

A represents the principal stretch ratio defined as the ratio between the defromed
lengths and the undeformed lengths of an infinitesimal arc segments of the elastic
membrane. A; and A, are the stretch ratio in meridian and circumferential direction,

respectively, which is defined as:

ds
M= =0 W)
x) (7.2)
B =P
X

In the case of a flat elastic membrane inflation with a load, the equilibrium states
in the free inflation region has the same stress situation compared with ellipsoids
membrane in Equations (6.10) as well as the stress resultants with Equation (6.13)

and curvatures with Equation (6.15) for each infinite small segments.

In the inflation region of the elastic membrane, a new variable @ is introduced to
describing the second order prime of the A, and defined as @ = %. By substituting

Equations (7.2), (6.13) and (6.15) into Equations (6.10), it is possible to obtain



7.2. Analytical model of an elastic membrane 154

Equations (7.3), which are the ordinary equations describing the membranes shape

in different pressure as a function of (11,4, ®):

Mh—of, o h-T

A= +

: x fi Ax fi
AQ,: (1)—2,2

x 9
2 2\1)/2 2 2 / (7.3)

w/__Poll(ll - a?)V Ao EJF’M(D

N Ty x T A

Ty 0T,

fi= 8_7L1’f2: ETP

The Equations (7.3) applied to the inflation region while xpr<x<rgp (named as the

inflated state). The height of the inflation membrane yields in Equation (6.21).

~ ro
ho=7 = [ (27~ p?) . (7.4)

T

The volume within the membrane in the inflated state are described by Equa-
tion (7.5). ~
n

Vinfzzn/ p2dn. (7.5)
' 0

7.2.2 Contact region

In Figure 7.1(b), the contact surface between the load and the inflated elastic
membrane is flat. The geometry of the flattened membrane within the contact region

(O<x<xr) can be described as:

n' =0, (x<xr). (7.6)

Therefore, the principal stretch ratio A and A; in the contact region is:

o o

(x) (7.7)

>< ‘
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Assuming the contact surfaces between the load and the membrane are smooth with-
out friction, the membrane is able to stretch freely horizontally during the inflation.
The equilibrium states of the contact region are equivalent to the free inflation re-
gion. Substituting (6.13), (6.15) and (7.7) into (6.10), the ordinary equations de-
scribing the shape changing of the elastic membrane with applied pressure in the

contact region is:

a)—lzfz Q] T1—T2

/
M= x fi hx fi
)LQ,: a)—;Lz’
X (7.8)
o =1,
oT, 0T,

fl :a_ll’f2:8_7tz’

During the inflation, the force on the contact area acting on the load is calculated in
Equation (7.9).
F = Acpo = Txtpo, (7.9)

where A, is the contact area and pq the applied pressure in the inflated membrane.

7.2.3 Boundary conditions

The boundary conditions for the inflation with the load are formulated and sum-

marised in Equations (7.10).

x=0 A=A =2,

X = AT A’l (contact region) — A‘l (inflationregion)»
X =Xr AQ(contact region) — A/Z(inflation region)» (7.10)
X=Xxr o =21,

X=1ro AQ(inflation) =1

Hence, by applying a pressure pg and force F,, from the load exerted on the mem-

brane, the contact area between the load and the membrane can be calculated as in
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Equation (7.11).
A, =, (7.11)
Po

Due to the contact area being a circular shape, the radius of the contact area, as well
as the contact boundary xr, is calculated in Equation (7.12).
Fin

Xxr=q/—. (7.12)
poTt

7.2.4 Numerical solution procedure

Figure 7.2 describes the calculation procedure of solving the set of ordinary
differential equations, describing the inflation of a circular elastic membrane with a
load. Firstly, the threshold of the minimum pressure p,,;, is calculated, where the
load and the elastic membrane are in full contact with the entire membrane surface,
and the inflation height is zero. The circular surface has the radius ry to lift the load

with a height, which is calculated by Equation (7.13).

Fy,

. (7.13)
ry

Pmin =

After the pressure pg reaches the minimum pressure threshold and above, the mem-
brane is inflated in the free inflation region. The contact boundary between the load
and the elastic membrane is assumed as xr and less than the radius of the mem-
brane ry. According to the initial condition A; = A; = A¢ at x = 0 for the ODEs,
the bisection method is adopted to find the A, satisfying the boundary conditions,
which is A5, flation) = 1 at x = rg. The force acting on the load is calculated by
Equation (7.9) and compared with the exerted force by the load to distinguish the
equilibrium static states of the load and the elastic membrane. If the force from the
membrane is unequal to the force exerted by the load, the contact boundary xr is
re-assumed and decreased gradually compared with the initial assumption. Then re-
peat the previous procedure and calculation until the load and the elastic membrane
reaches the equilibrium static states and satisfy the constraints and conditions stated

in Equations (7.10) - (7.11). The ordinary differential equations are solved using the



7.3. Experiment 1: Validation of the analytical model 157

Assume
pressure pg

Re-assume
pressure pg

yes

Assume contact

point xp
Initial value 1, [<<
ODE equations FEESITT
q Initial value A,
Re-assume

/

contact pointxp

Check force
F=FE,

Figure 7.2: Flow chart of calculations for solving the set of ordinary differential equations
Equations (7.3) - (7.8) for elastic membrane inflation with a load.

Runge Kutta method in Matlab 2022 with a tolerance of 10~2% for the equilibrium
force. The bisection method’s final solution and desired results are obtained in less

than 20 iterations.

7.3 Experiment 1: Validation of the analytical model

7.3.1 Protocol

This experiment is designed to validate the analytical model by measuring the

inflation height of the membrane, applied pressure and acting force from the load.
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The circular elastic membrane was fabricated with two radii of 10mm and 15 mm
and the edges of the membranes are constrained to the test components. A load
holder with a load of 50g or 100g was placed on the membrane in full contact.
The exerted force from the load is equal to the gravity of the load itself in this
configuration. The elastic membrane is inflated by applying air pressure from 0
to 15kPa and the height of the membrane was measured. Each inflation trial was

repeated five times, and the average of the test was reported.

7.3.2 Experimental setup

Figure 7.3(a) presents the workbench for this experiment. The circular elastic
membrane is made from Ecoflex 00-50 (Smooth-on, Inc.) with the thickness of
h; = 2mm. The membrane is clamped on a 3D printed platform (Though 2000,
Formlab 3B) and the edges are constrained. The hyperelastic property of Ecoflex
00-50 is determined by the strain-stress curve obtained by a uniaxial tensile test.
The constants of the Ecoflex 00-50 for Mooney-Rivlin model are C; = 8045 Pa and
C, = 5015Pa. An air inlet is embedded at the bottom of the platform, ensuring the

pneumatic pressure flows.

A 3D-printed load holder with a load is placed on top of the membrane, and two
rods constrain the motion of the holder only moving in vertical direction. An elec-
tromagnetic position sensor (NDI Aurora) is attached to the load holder to track the
inflation height. The pneumatic pressure exerted on the elastic membrane is con-
trolled by a proportional pressure regulator (Camozzi K8P), which can regulate and
monitor the applied pressure. A compressor (HYUNDAI Model HY5508) provides

pressurised air to the regulator.

7.3.3 Results

In Figure 7.3(b), the model results shows the 15 mm-radius membrane inflated
with a constant load of 100g and the internal air pressure ranging from 2kPa to
10kPa with 2kPa interval. When the pressure increases, the inflation height in-

creases non-linearly, and the contact boundary xr, marked by red dots, decreases
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Figure 7.3: (a) Setup for the validation of the inflation of a circular elastic membrane with
a load. The enlarged view shows the membrane deformation when inflated
by 2kPa and 10kPa with a load of 100g. (b) Deformation results from the
analytical model of the 15 mm radius membrane calculated using 6.21. The red
points represent the contact boundary xr. (c) Inflation height against pressure
values from experimental and model results of two membranes (rg = 10mm
and ro = 15mm) with 100g and 200 g loads acting on the membrane.
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non-linearly. The membrane’s stiffness increases as the pressure increases and the
membrane is inflated further. The edge of the elastic membrane is constrained at

15 mm in line with the clamped membrane in the experiments.

The experimental results shown in Fiugre 7.3(c) demonstrate the relationship
between the pneumatic pressure pg and the inflation height Ao with two membranes,
having radii of (10mm and 15 mm), under two loads (100 g and 200 g), respectively.
The solid and dashed lines represent the results from the calculation results from
the analytical model. The scatter in blue represents the experimental results of
the 15 mm membrane, and the red scatters are the results of the 10 mm membrane
during the experiments. In general, the results of the analytical model show a non-
linear behaviour and the experiment results are in line with the analytical model.
For the membrane under 100g load, the threshold on minimum pressure p,,i, to
produce membrane inflation is 2.98 kPa for the 10 mm membrane and 1.41kPa for
the 15mm membrane. For the membrane under the 200g load, p,,i, is 5.34kPa
for the 10mm membrane and 2.56kPa for the 15 mm membranes. When the load
increases or the radius of the membrane decreases, the non-linearity between the

pressure and inflation height increases.

7.4 Experiment 2: Open-loop force control

7.4.1 Protocol

After the validation of the analytical model in Section ??, the application of
this analytical model in the control aspect is explored in this section. Figure 7.4
demonstrates the open-loop diagram of the control system. The prescribed A as
a signal is sent to the linear rail, driving the contact plate to the desired location,
where the distance between the contact plate and the membrane base is defined
as hy. The desired force F, is the force from the inflated membrane acting on the
contact plate. The desired force F;,, and the prescribed &g are inputs to the controller.

The controller operates at SHz and computes the predicted pressure pg sending to
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corresponding pressure signal to the pressure regulator, controlling the pressure pg
at the desired level. Meanwhile, the force F;, acting on the contact plate by the

inflated membrane is recorded by a force/torque sensor.

The open-loop testing process is an integral part of our research, designed to
meticulously understand the behavior of the membrane inflation under specific con-
trolled conditions. As the contact plate’s distance changes, the predicted pressure
corresponding to this distance is applied to the membrane, resulting in a constant
force value. This methodical approach directly ties back to the primary aim of the

thesis: to delve deep into the intricacies and characteristics of fluidic haptic systems.

_ Predicted Applied

Desired F,—{  Controller Pressure b, | Pressure | Pressure Po

Desired h, (analytical model) regulator Measured
Membrane | force F
actuator [
Linear rail _
Applied h;
(a)

m

Rigid contact plate ovemen Force sensor
N ” direction with contact

| | Linear
= rail g

(b)

Figure 7.4: (a) Open-loop control diagram for the implementation of our analytical model.
(b) Setup for Experiment 2. The elastic membrane is fixed on the workbench
with an air inlet at the bottom. An FT-17Force sensor with the contact plate
opposing the membrane is mounted to a linear rail. The force sensor can sense
the force that the pressurised membrane exerts on the rigid plate. The enlarged
views show the inflated elastic membranes with the force sensor and contact
plate when the measured distances hg are 5Smm and 15 mm.
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By examining the membrane’s response to varying pressures and displacements,
we not only validate our analytical models but also gain invaluable insights into its

performance and potential real-world applications.

Figure 7.5, presented in the thesis, offers a visual encapsulation of the data
procured during the open-loop testing. This figure juxtaposes experimental and
computational results, shedding light on any discrepancies and reinforcing the va-
lidity of our models. The observed non-linear response in the system underscores
the inherent characteristics of the membrane and its potential limitations. Such
insights are pivotal, ensuring that the fluidic haptic systems are optimized for real-

world applications, aligning with the overarching objectives of this research.

The elastic membrane with a 15mm radius was chosen in Experiment 2. In
Figure 7.4(b), the inflated membrane is in contact with a rigid contact plate attached
to a force/torque sensor behind. The contact plate is moved in a range between hg =
Smm to 15mm. The inflated requires to maintain two force levels on the contact

plate, which are F;,, = I N and 2N. The results are demonstrated in Figure 7.5.

7.4.2 Experimental setup

The workbench built for this experiment contains a linear rail (Zaber X
LSM100A) and a 6-axis force sensor (II'T FT17). The linear rail drives the force sen-
sor moving back and forward. The elastic membrane was clamped on a 3D-printed
platform with a pneumatic housing at the back. The pressure was controlled by a
proportional pressure regulator (Camozzi K8P) with an air compressor (HY UNDAI

Model HY5508) providing pneumatic pressure.

7.4.3 Results

Figure 7.5 presents the experimental and analytical results of five trials running
for 120s in two cases, which are F;,, = 1 N and 2N. Each trail contains two stages:
the unloading (the contact plate moving away from the inflated membrane from

Smm to 15mm) and the loading stage (contact plate approaching the inflated mem-
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brane from 15mm to 5mm). According to the distance sy measured by linear rail,
the pressure was calculated based on the interpolation results from the analytical
model. Then the calculated pg is applied to the membrane by the pressure regulator,
which results in adjusting the force acting on the contact plate in a desired value.
As shown in Figure 7.5(b), the alteration of pressure pgy corresponds with a change
in displacement hyg, illustrating the non-linear response of the system. Through-
out testing, the applied pressure fluctuates, leading to unsteady force output. The
magnitude of pressure fluctuation is comparable between the 1,N and 2,N trials.
although it appears marginally more pronounced for the 2,N trials. This effect
could be attributed to the heightened sensitivity of the membrane when subjected

to larger pressure loads.

Figure 7.5(b) depicts the relationship between membrane displacement and act-
ing force for five repetitions. The trials with 1,N and 2,N acting forces are both
subject to a +15% error. Specifically, the 1,N trial displays a maximum error at
approximately 15, mm displacement, with an average error of 14.3%. The 2, N trial,
on the other hand, shows maximum error points at 7.5, mm displacement, corre-
sponding to a relative average error of 12.2%. Additionally, the hysteresis values
are 12.84% and 22.47% at 12.4,mm and 13.1, mm displacement for the 1,N and

2,N trials, respectively.
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Figure 7.5: Experimental and computational results for the open-loop control of the mem-

brane inflation with a 15mm radius and 2mm thickness (Experiment 2). (a)
Results of five trials running 120 seconds. As the movement of the contact
plate with the force sensor changes in the distance Ao from 5Smm to 15 mm, the
predicted pressure pg regarding the sy was applied on the membrane resulting
in the force F measured by the force sensor to maintain at a constant force value
(1IN to 2N). (b) Non-linear force on the contact plate versus displacement of
five trails.
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7.5 Experiment 3: Application of the analytical

model with a stack of actuators

7.5.1 Protocol

In order to explore the applicability of the analytical model to inflatable
membrane-based soft robotic systems, as presented in [44], a stack of three ac-
tuators was constructed. These actuators utilise the circular elastic membranes with
a radius of 15, mm and are arranged vertically in a stack. To evaluate the perfor-
mance of the actuators, the actuators were subjected each to the same pressure range
of 0,kPa to 15,kPa and measured the total inflation height (Ah) for a 200, g load.
Then, compared the experimental result to the analytical model, which calculated
the total inflation height as the sum of the individual inflation heights of actuators

(Ah = ho1 + hop + ho3).

7.5.2 Experimental setup

The experimental setup for the stack test is depicted in Figure 7.6(a). The setup
consists of three actuators, vertically arranged and constrained in one direction by
three rods. The circular elastic membranes used in the actuators are fashioned from
Ecoflex 50-00 and possess a radius of 15, mm and thickness of 2, mm. To enable
one-directional inflation movement, the actuators were mounted on a 3D-printed
rigid case. An electromagnetic position sensor (NDI Aurora) was affixed to the
load to monitor the height of inflation. The pressure applied to each actuator was
regulated by three proportional pressure regulators (Camozzi K8P), while an air

compressor (HYUNDAI Model HY5508) provided the pneumatic power.
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Figure 7.6: (a) Three actuators with a 15 mm radius membrane stacked vertically. A load
is placed at the top. The enlarged view shows the actuated stack in 15kPa.
(b) The interpolation results from the analytical model with inflation height Ay,
pressure po and acting force F. (c) Inflation height Ah against applied pressure
po for the experimental and model results for the stack of three actuators being
inflated by pressure values between OkPa to 15kPa.
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7.5.3 Results

Figure 7.6(b) displays the non-linear inflation height /g of a single membrane
as calculated by the analytical model for varied loads ranging from O,N to 4,N
and pressures ranging from 0,kPa to 15,kPa. The calculated results show a non-
linear surface, and the interpolation of these results confirms that inflation height
increases non-linearly with increasing pressure and decreases non-linearly with
increasing membrane load. Using the regressed model, the inflation height of the

stack can be determined based on pressure and force inputs.

To calculate the inflation of the stack, loads for each actuator were determined,
with the weight of the actuator and rigid case measured to be 20,g. Thus, the load
for the top actuator is 200, g, 220, g for the middle, and 240, g for the bottom ac-
tuator. Figure 7.6(c) illustrates the relationship between inflation height and the
pressure applied to the three actuators across five trials. The threshold for the min-
imum pressure p;,;, of inflation is 3.23,kPa for the top actuator, while the bottom
two actuators remain undeformed. As pressure increases, the inflation height of
the load increases non-linearly, reaching a maximum inflation height of 51.23, mm.
For the pressure range of 0,kPa to 10,kPa, the experimental and model results show
agreement with the trend of the non-linear behaviour. However, as pressure in-
creases further, the deviation between the model results and the experimental data

increases.

7.6 Discussions

Upon analysing the results of the first experiment, it can be concluded that the
model aligns with the experimental results. The non-linear trend of the inflation
height versus applied pressure becomes prominent as the membrane load increases.

At the initial stage of inflation, the membrane is relatively soft and can withstand
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the load. However, as the pressure rises, the inflated membrane becomes stiffer, and
the effect of load compression diminishes, leading to a rapid height increase. The
hyperelastic material of the membrane causes it to expand in a non-linear fashion

as the pressure increases. This behaviour is illustrated in Figure 7.3(b).

In the second experiment, the analytical model’s versatility is demonstrated. A
regressed relationship between inflation height and pressure was applied to control
membrane inflation in real time. The results showed that the model accurately
predicts the force acting on the object by the membrane inflation for the 1,N and
2,N trials, with the error below 14.3% and 12.2%, respectively. The model’s accu-
racy decreased with an increase in loading and pressure levels, resulting in a larger
hysteresis due to the non-linear elasticity of the membrane. The proposed model

was not capable of predicting the hysteresis behaviour of the membrane.

The third experiment involved the use of a three-dimensional interpolation in
Figure 7.6(b) to calculate the inflation of the stack of actuators. The rate of non-
linearity of the inflation height and pressure, as shown in Figure 7.6(c), was similar
for the model and experimental results. The deviation increased proportionally with
an increase in pressure. There could be several reasons for this deviation. Firstly,
friction between elastic membranes and rigid components, as well as actuators with
rods, exists in many kinetic contacts, despite lubrication with synthetic oil. The
increase in friction resulted in less membrane releasing the contact and being able
to inflate freely, which caused a deviation in the results. Secondly, the adhesive
contact between the membrane and rigid case might strengthen under varied condi-

tions, contributing to the deviation.

As mentioned at the outset of the paper, several assumptions were made for the
analytical model. The potential change in the membrane’s thickness was not consid-
ered during the calculation since the membrane’s thickness is considerably smaller

than its radius. As a result, the model may be limited if the membrane thickness



7.7. Summary 169

increases. The assumption of smooth contact between the elastic membrane and the
load surface is also noteworthy. The contacts between the elastic membrane and
load in all experiments were lubricated with synthetic oil, significantly reducing
friction and adhesive contact. The absence of lubrication could result in a deviation

between experimental and model results.

7.7 Summary

Following Chapter 6, this chapter introduces an analytical model based on the
finite deformation theory to simulate the inflation of a circular elastic membrane
under a constant load. The validity of the model is confirmed by experimental
results, demonstrating agreement between the predicted and observed non-linear
height-pressure curves (Figure 7.3(c)). The model allows for different boundary
conditions of the ODEs to accommodate various scenarios, such as membrane
dimensions (rg,h;), material properties (C;,C,), desired force (F), and pressure
(po), resulting in the solution of the inflation height () and deformed shape (Fig-
ure 7.3(b) and (c)). The second experiment shows that the model’s interpolation can
be used to regulate the inflation height in real-time and maintain a constant force
on a moving object. Moreover, experiment about a stack of actuators illustrates
the model’s ability to predict the trend of a stack of three actuators actuated by the

membrane’s inflation.

The presented model has potential applications in the design of membrane ac-
tuators for soft robotics and haptic systems, as it allows for the prediction of mem-
brane deformation under different loads and the optimization of the design to repli-
cate the height-pressure curve. Additionally, the deformation theory can be applied
in various other cases beyond soft robotics and haptic systems. In future work,
the ODEs and calculation algorithm will be simplified to facilitate real-time control
with output from the deformed membrane. The model will also be extended to con-
sider contact between the membrane and objects at various angles, accounting for

friction to increase accuracy.



Chapter 8

Conclusions and Future Work

This chapter summarises the contributions of this research and the outcomes
of this thesis. Discuss the limitations of the presented research and summarise
the recommendations for future works. Future work aims to overcome the existing
limitations of the fluidic haptic feedback system and optimise further the achieved

contributions.
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8.1 Conclusions

This thesis has devoted into the exploration and development of an innovative
fluidic haptic feedback system, specifically designed to transfer force from the
fingertip sensor to the feedback actuator, subsequently generating corresponding
mechano-tactile stimulation. The work encapsulates concept validation, analytical

modelling, and optimisation. The ensuing conclusions can thus be drawn:

Prototype development of fluidic haptic feedback system

With a comprehensive and thorough review of the literature on tactile biome-
chanics in the human body, concludes the necessity of developing a low-cost, purely
mechanically-driven haptic feedback system that would be effective for upper limb
amputees. The prototype of this haptic feedback system was designed, manufac-
tured, and validated in Chapter 4. In general, the system can detect force through
an indentation on the fingertip sensor and convey it to the feedback actuator by
increasing the liquid pressure. Both the fingertip sensor and feedback actuator are
fabricated using TangoBlack Plus, an elastic material with hyperelastic properties.
The two components are connected by a tube, creating a closed-loop cavity filled
with incompressible fluid, specifically water, which serves as the hydraulic medium
for pressure transfer. Verification and validation tests were conducted to analyse
the entire system, including both the fingertip sensor and feedback actuator. These
tests involved measuring the reaction force at both the fingertip sensor and feed-
back actuator, as well as the internal liquid pressure for feedback actuators with
membrane diameters of @3, mm, @5, mm, and @7, mm. With respect to the liquid
pressure and the force exerted by the feedback actuator, it was observed that the
membrane with a smaller diameter generated a significantly lower force compared
to the membrane with a larger diameter. Furthermore, a human interaction test was
conducted, during which user feedback indicated that the larger membrane pro-
duced a more noticeable stimulus and demonstrated more consistent performance

across the participant sample.
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Multi-cavity haptic feedback system for mechano-tactile feedback

Building upon the prototype, an optimised system with a multi-cavity fingertips
sensor and feedback actuator was developed and introduced in Chapter 5. By de-
signing the system with five chambers, the design enables the system to sense and
convey both the direction and amplitude of the force. Silicone polymer was adopted
to manufacture the haptic feedback system featuring with robust and softness. The
detailed description of the system in design and fabrication is provided. The four
out of five chambers in the fingertip sensor situated in the first layer to indicate the
direction of the force. A single chamber as an intensifier in the second layer to
enhance the tactile stimuli. The feedback actuator has five linear actuators, each
connected to the five chambers in the fingertips sensor individually. The linear ac-
tuator employs the fiber reinforcement to minimise the lateral inflation. The haptic
feedback system is characterised and validated through two experiments. The first
experiment determine the relationship between the fingertip sensor and feedback
actuator. This system is validated to be able to sense the force with both direc-
tion and amplitude in the form of pressure deviations across the five chambers. In
response, the pressures within the five cavities are transmitted to the feedback ac-
tuator, pressurising the linear actuators generating corresponding forces. The force
differences among the five linear actuators reflect the force and direction sensed
by the fingertip sensor. The second experiment tested the haptic feedback system
with 6 healthy participants to validate its ability to sense the force direction and
amplitude, while transferring them and ensuring users can perceive corresponding
tactile stimuli. Three sessions were designed to assess the system. The first session
illustrates the capability of the system to sense and feedback the one-point stimula-
tion. The second session shows its ability to convey two-point stimuli. In the third
session, participants need to identify the force direction based on the force patterns
produced by the feedback actuator. The results support the notion that participants

can generally discern angle changes.
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Analytical modelling of the haptic feedback system

In Chapter 6, an analytical model has been developed describing an ellipsoid
membrane deformation based on large deformation theory and modelling of the
response force output from the feedback actuator. By setting up the model with
parameters of membrane dimensions (ag,bg,h;), material constants (Cy,C>), the
reaction force F;, and hydrostatic pressure P. with the deformed shape of the el-
lipsoid membrane can be modelled. The feedback actuator has been modelled
with static elastic theory and can predict the force output Fy with by defining the
dimension(rg, /;), elastic constants (£, V) and pressure P.. Both models were sub-
sequently validated using experimental data. The results from the models exhibited
excellent agreement with the experimental findings, suggesting that the models can
accurately represent the compression state of an ellipsoidal membrane. By ana-
lyzing the deformation of the ellipsoidal membrane, it becomes possible to predict
the force-indentation curve based on the deformation shape. This, in turn, allows
for the optimization of the fingertip design in a haptic feedback system and other

applications involving ellipsoidal membranes.

Application of the analytical model in soft robotics - a case study

Following the work present in Chapter 6, an analytical model was developed
in Chapter 7. This model, based on the finite deformation theory, simulates the
inflation of a circular elastic membrane under a constant load. The model’s validity
is confirmed by experimental results, which show agreement between the predicted
and observed non-linear height-pressure curves. The model accommodates dif-
ferent boundary conditions of the ODEs, allowing for various scenarios, such as
membrane dimensions (rg, /), material properties (Cy,C5), desired force (F), and
pressure (po). This results in the solution of the inflation height (4) and the de-
formed shape. The second experiment demonstrates that the model’s interpolation

can be utilized to regulate the inflation height in real-time, maintaining a constant
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force on a moving object. Additionally, the experiment with stacked actuators high-
lights the model’s ability to predict the trend of a stack of three actuators actuated
by membrane inflation. The presented model offers potential applications in the
design of membrane actuators for soft robotics and haptic systems, enabling the
prediction of membrane deformation under different loads and the optimization of
the design to replicate the height-pressure curve. Furthermore, the deformation
theory can be applied to a variety of other cases beyond soft robotics and haptic

systems.

In the range of different prosthetics, the primary goal is to restore lost function-
ality and provide amputees with a semblance of the natural sensation they once had.
This research, at its core, is a significant stride towards achieving this objective.
The development of a fluidic haptic feedback system, as detailed in this thesis, is
not just a technical development but a hope for amputees. By utilising the power
of fluid mechanics, the system can effectively convey tactile sensations, bridging
the gap between man and machine. The low-cost nature of this innovation ensures
that it remains accessible, potentially revolutionizing the prosthetic industry. As we
look to the future, the integration of this system into prosthetic limbs could redefine
the user experience, offering amputees a richer, more nuanced interaction with their
environment. The tactile feedback, which encompasses both force and direction,
can significantly enhance the user’s perception, making tasks like grasping objects
more intuitive. In essence, this research paves the way for prostheses that are not
just functional appendages but extensions of the human body, restoring a sense of

touch that many had thought was lost.

8.2 Future Works

This thesis contributes a novel design of fluidic haptic feedback system allowing
the force detected by the fingertip sensor can convey back to the feedback actuator
in the form of pressure and generates corresponding tactile stimuli enable user to

perceptive the stimulation. Having designed, analytical modelled, fabricated, and
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experimentally tested the system, it is evident that there are also a number of limi-
tations and potentials which serve to provide a guideline for the future work, which

contains:

Fluidic haptic feedback system:

1. The fabrication method present in this thesis have shown the manufacture
processes from the 3D printing method to the silicone molding method. The
soft structures from fingertip sensor to the feedback actuator can be developed
handily, allowing the haptic feedback system can be integrated into different
scales of applications in prosthetics as well as the applications where the sys-
tem needs the haptic feedback system, such as tele-operating system. The
simplicity of the design of the haptic feedback system has the potential to be
applied in industrial. For the haptic feedback system being 3D printed, al-
though this manufacture method offer the convenience and quick processing
time, the system is fragile and the durability of the system is a concern for the
long-term use. The 3D printing material has invisible gaps or porosity that the
water inside of the cavity will evaporates gradually. The silicone moulding
method offers the robustness and capability of a complex hollow structure,
but the complexity of the manufacturing method with multiple step increase
the threshold of production and the sealing between the soft silicone and rigid
support is one of the concerns. Hence, the proposed fabric-based systems
need to be optimised to meet the requirements of long-term usage and easy to

fabricate.

2. The proposed haptic feedback system is designed to sense contact force at the
prosthetic or robotic extremities and provide feedback to users, enabling them
to perceive the force. To further validate the versatility of the haptic feedback
system, its integration into a prosthetic or robotic hand is suggested for future
work. It is important to note that haptic sensation encompasses more than
just force and direction; additional information can be derived from various
aspects of haptic feedback. For instance, vibrations can represent the texture

of the contact surface, while the compliance of the contact object can be con-
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veyed through different force sensations combined. Therefore, it is essential
to investigate the range of haptic sensations that the haptic feedback system
can sense and convey. By expanding the system’s capabilities, a more com-
prehensive and accurate representation of haptic information can be provided,
enhancing the user’s experience and interaction with the prosthetic or robotic

device.

. The successful demonstration of the multi-cavity fingertip sensor’s ability to
sense force amplitude along with direction highlights its potential as a versa-
tile tactile sensor. The multi-cavity soft structure can not only detect force but
also sense vibrations. This is due to the incompressible fluid, which fills the
soft structure completely, allowing the pressure sensor to measure pressure
changes. Water serves as an excellent medium for transmitting vibrations in
the form of pressure, and the pressure sensor is capable of detecting varia-
tions in amplitude and frequency. Consequently, the multi-cavity fingertip
sensor has the potential to be further developed as a standalone tactile sensor,
making it suitable for integration into robotic or prosthetic hands. This would
enable the detection of force amplitude, direction, and vibrations, providing

a more comprehensive sensory experience.

. The feedback actuator, equipped with five linear actuators, showcases its abil-
ity to deliver force corresponding to applied pressure. Employing the fiber re-
inforcement method effectively minimizes lateral inflation and enhances the
tactile sensations generated. Optimising the soft structure can increase the ac-
tuator’s sensitivity to applied pressure. This enhanced sensitivity can be uti-
lized to generate vibrotactile stimuli that convey surface texture information.
Therefore, exploring the feedback actuator’s potential for miniaturization in
various applications and its ability to display different types of tactile stimuli

may be a valuable avenue for future investigation.
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Analytical modelling:

1. An analytical model based on finite deformation theory and static elastic the-
ory has been developed to describe the haptic feedback system. For the fin-
gertip sensor, the model explains the deformation due to inflation and com-
pression in the vertical direction. However, forces applied to the fingertip
sensor are not limited to the vertical direction but can come from multiple
directions. Therefore, it would be valuable to investigate an analytical model
that predicts the deformation of the ellipsoid membrane under compression
from different angles. Developing a versatile analytical model to predict the
deformation of the fingertip sensor in various situations is a potential area of

future research.

2. The feedback actuator has been modeled using static elastic theory to de-
scribe the output force resulting from pressurization. The deviation between
the model and experimental results leads to modeling inaccuracies. Addition-
ally, the feedback actuator needs to be placed on human skin tissue, which is
soft and elastic. Developing an analytical model that describes the pressuriza-
tion of a membrane in contact with soft and elastic tissue is worth exploring.
This method can predict the deformation of both skin tissue and the elastic
membrane, helping to determine the mechanoreceptors stimulated by mem-
brane inflation and optimize the feedback actuator to produce more intensive

tactile stimuli.

3. The proposed analytical model based on finite deformation theory, which de-
scribes the deformation of an ellipsoid membrane, has potential applications
in other fields, such as soft robotics and biomechanics. For instance, various
ellipsoid membranes can be combined to form a soft actuator actuated with
pneumatic pressure [44]. Some tumors or glandular hyperplasia exhibit an
ellipsoid shape, and the analytical model could potentially predict their de-
formation and force response, enabling more accurate clinical diagnoses and

contributing to public healthcare.



Appendix A

Matlab scripts for calculating ODEs

Main calculation script

clc;close all;clear all;
%% purpose
%the purpose of this script is to calculate the ODEs

the fingertip model

%% define the parameters

global C1 C2 P hO a0 b0 c;

global alpha P_ratio T;

global IniV Radiusdisk N_values options;
C2=46559; C1l=160355;
a=C2/Cl;alpha=C2/C1l;

h0=0.001; %initial thickness

T = 0.001;

b0=2.5e-3; % cause the r doesn't change
a0=4.5e-3; %Smajor dprincipal axis length
Iniv = 0.00001;

Radiusdisk=a0%0.99;

EndV = Radiusdisk;

%% calculate the initial volume

V01l = (2+pi*al0xa0xb0)/3;

of
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%% searching for Lambda_0
N_values=100;

N_iterations=20;

P R R e B

%% setup accuracy of ODE45 and intial wvalue of the

solution

options = odeset ('RelTol',le-6, 'AbsTol', [le-6 le-6 le

—6]);

bO0_ref = linspace(le-4,4.5e-3,20);

LAMBDAO_ 1=1.00001; LAMBDAO_ 2=5.1000;

b0_1 = le-6; DbO0_2 = 4e-3;

%% bisection method start

b0 = le-4;

for kk = 1:40

%% bisection method b0-1

P_.1 = 10; P_2 = 100000;%b0 = b0_1;

b0 = b0+le-4;

for o = 1:10

P =P 1;[R1l,Yl,Etal,Rhol] = bisection_wO0O (LAMBDAO_ 1,
LAMBDAO_2) ;

Eta_l = Etal(l);wW_1 = Y1l (end,3);L2_1 = Y1 (end,2);

P =P 2;[R2,Y2,Eta?2,Rho2] = bisection_wO0O (LAMBDAO_1,

LAMBDAO_2) ;

Eta_2 Eta2(l);W_2 = Y2(end,3);L2_2 = Y2 (end, 2);

P_MID (P_14P_2)/2;
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P = P_MID; [Rmid, Ymid, Etamid, Rhomid] = bisection_wO (
LAMBDAQO_1, LAMBDAO_2) ;

Eta MID = Etamid(1l);W_MID = Ymid(end,3);L2 mid = Ymid/(
end, 2) ;

S_l=sign(real(L2_1-2)); S_MID=sign(real (L2_mid-2)); S_2

=sign(real (L2_2-2));

if (S_1%S_MID)==-1; P_1=p_1; P_2=P_MID; end
if (S_MID=%xS_2)==-1; P_1=P_MID; P_2=P_2; end
end

w_1 = Ymid(end, 3); figure(l); plot (Rhomid,Etamid);hold
on;P_ref (kk) = P; w_ref(kk) = w_1;
Eta_ref = max (Etamid) ;Rho_ref = Rhomid (end);
if Eta_ref > 6.8e-3 && Eta_ref <7.3e-3
fprintf('Eta = %d , 1',Eta_ref);

if Rho_ref <9.2e-3 && Rho_ref > 8.7e-3

breaker = 1;
break
else
breaker = 0;
end
else
breaker = 0;

fprintf('Eta = %d , 0',Eta_ref);

end

if breaker == 1
fprintf ("b0=%d; a0=%d", b0, a0);
break

end

end
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P = P_MID; [Rmid, Ymid, Etamid, Rhomid] = bisection_wO (
LAMBDAO_1,LAMBDAO_2);

figure (99);plot (Rhomid, Etamid) ; hold on;

P_inf = P; Lambda2 = ¥Ymid(end, 2);

Volume=trapz (pi*Rhomid. "2, Etamid) ;

Volume=abs (Volume) ;

Area = abs(trapz (Etamid,Rhomid)) ;

a_cestime = linspace(0.1%xa0,0.8%a0,30);

P2 = linspace (P_inf+20000,70000,10);

figure (1000) ;plot (Rhomid, Etamid) ; hold on;

for po = 1:10

P = P2 (po);

for ok = 1:30

a_c = a_cestime (ok);

[R,Y,Eta_h,Rho_h,Eta_c,Rho_c] = bisection_con (LAMBDAO_1

, LAMBDAO_2,a_c, LambdaZ?) ;

Eta_c = Eta_c — min(Eta_c);

Vol_cestime (ok) = abs(trapz (pi*Rho_c. 2,Eta_c));
Area_cestime (ok) = abs(trapz (Eta_c,Rho_c));

end

Temp=abs (Vol_cestime-Volume) ;
Temp2 = abs (Area_cestime-Area);
I=find (Temp==min (Temp) ) ;

I2 = find(Temp2==min (Temp?2));

a_c=a_cestime (I(1));

a_c2 = a_cestime(I2(1));
Diffmax (po)=((Vol_cestime (I)-Volume) ./ (Volume))*100;
[R,Y,Eta_h,Rho_h,Eta_c,Rho_c] = bisection_con (LAMBDAO_1

, LAMBDAO_2,a_c, LambdaZ2) ;

Areal = abs(trapz (Eta_c,Rho_c));



A_ratio = Areal/Area;

Eta_c = Eta_c - min(Eta_c);

Eta _sc = Eta_c/A_ratio;

figure (1000) ;plot (Rho_c,Eta_c);hold on;
figure (1001);plot (R,Y(:,2));hold on;
figure (1001) ;plot (R,Y(:,1));hold on;

L1 = Y(:,1);L2 = Y(:,2);a=C2/C1;
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T1=2+h0+Cl ((L1./L2)—(1./((L1.73).%x(L2.73)))).*(1l+ax* (L2
.72));

T2=2xh0*xCl* ((L2./L1)—(1./((L1."3).x(L2.73)))) .*(l+ax (L1
.72));

figure (1003);plot (R, T1l);hold on;plot (R, T2);

a_cforce = real (Rho_h(1));

Force (po) = Pxpixa_cforce’™2;

Indentation (po) = Eta_ref-Eta_c(l);
[R,Y,Eta_h,Rho_h,Eta_c,Rho_c] = bisection_con (LAMBDAO_1

, LAMBDAQO_2,a_c2,LambdaZ?) ;

Eta_c = Eta_c - min(Eta_c); figure(2000);plot (Rho_c,

Eta_c);hold on;

end

Bisection function to determine @y

function [R_MID,Y MID,Eta_h,Rho] = bisection_wO0 (

LAMBDAO_ 1, LAMBDAO_2)
global IniV Radiusdisk N_values options a0 b0
for k1=1:10

%% bisection method - first position

[R,Y]= oded5('ode_non_con',linspace (IniV, Radiusdisk ,

N_values), [LAMBDAO_1 LAMBDAO_1 LAMBDAO_1%x0.999999],

options);

L2_l=real (Y(:,3));
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LAMBDAZ2_1 = L2_1 (end);

%% bisection method -second position

[R,Y]= oded5('ode_non_con',linspace (IniV, Radiusdisk ,
N_values), [LAMBDAO_2 LAMBDAO_Z LAMBDAO_2%x0.999999],
options);

L2 2=real (Y (:,3));

LAMBDAZ2_2 = L2_2(end);

%% bisection method - mid position

LAMBDAQO_MID=0.5 (LAMBDAO_1+LAMBDAO_2) ;

[R,Y]= oded5('ode_non_con',linspace (IniV, Radiusdisk ,
N_values), [LAMBDAO_MID LAMBDAO_MID LAMBDAO_MID
x*0.999999], options);

L2 MID=real(Y(:,3));

LAMBDA2 MID = L2 _MID (end) ;

S_l=sign(real (LAMBDAZ_1)); S_MID=sign (real (LAMBDAZ_MID)
); S_2=sign(real (LAMBDAZ2_2));

if (S_1+S_MID)==-1; LAMBDAO_ 1=LAMBDAO_1; LAMBDAQO 2=
LAMBDAQO_MID; end

if (S_MID=*S_2)==-1; LAMBDAQO_1=LAMBDAO_MID; LAMBDAOQO_2
=LAMBDAO_2; end

end

lambda_1=Y(:,1); lambda_2=Y(:,2); w=Y(:,3);

dl = length(R);

r ell = R;
for k = 1:d1
e(k) = —(b0"2xr_ell(k))/ (a0”"2x ((b0"2+x(a0”"2 — r_ell (k)

"2))/a0%2)"(1/2));

end
L1l = Y(:,1);
L2 = Y(:,2);
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x_dfed =R.*L2;

dRho = w;
dEtadphi=-(L1. 2. (1+e'."2).70.5-dRho."2).70.5;
dEtadphi = real (dEtadphi) ;

NPS = length (dEtadphi); Eta=linspace (0,0,NPS );
for i=2:NPS

Eta(i)=trapz(R(1l:1i),dEtadphi(1l:1));

end

Eta_h = Eta - min(Eta);

R_MID =R;Y MID =Y;

Rho = x_dfed;
Bisection method to determine A

function [R,Y,Eta_h,Rho,Eta_c,Rho_c] = bisection_con/
LAMBDAO_1,LAMBDAO_2,a_c,endV)

global IniV Radiusdisk N_values options a0 b0

for k1=1:10

%% bisection method - first position

[Rc,¥Yc]= oded5('ode_con', [IniV a_c], [LAMBDAO_1
LAMBDAO_1 LAMBDAO_1%x0.999999],options);

Lambdal _mid_c = Yc(end,1l); L2_mid_c = Yc(end, 2);
w_mid_c = Yc(end, 3);

[Rnc, ¥Ync]= oded5('ode_non con', [a_c Radiusdisk], |
Lambdal_mid_c¢ L2_mid_c w_mid_c],options);

L2_l=real(Ync(:,2));

LAMBDAZ2_1 = L2_1 (end);

R

[Rc; Rnc]l;Y=[Yc; Ync];

%% bisection method -second position

[Rc,¥Yc]= oded5('ode_con', [IniV a_c], [LAMBDAO_2
LAMBDAQO_2 LAMBDAO_2%x0.999999], options);

Lambdal_mid_c = Yc(end,1l); L2_mid_c = Yc(end, 2);



w_mid_c = Yc(end, 3);
[Rnc, ¥nc]= oded5('ode_non_con', [a_c Radiusdisk], [
Lambdal_mid ¢ L2_mid_c¢ w_mid_c],options);
L2_2=real(Ync(:,2));
LAMBDAZ2_2 = L2_2(end);
R=[Rc; Rncl;Y¥Y=[Yc; Ync];
%% bisection method - mid position
LAMBDAQ_MID=0.5% (LAMBDAO_1+LAMBDAQO_2) ;

[Rc,Yc]= oded5('ode_con', [IniV a_c], [LAMBDAO_MID
LAMBDAO_MID LAMBDAO_MIDx0.999999],options);
Lambdal _mid_c = Yc(end,1l); L2_mid_c = Yc(end, 2);

w_mid_c = Yc (end, 3);
[Rnc, ¥ncl]= oded5('ode_non_con', [a_c Radiusdisk], [
Lambdal_mid_c¢ L2_mid_c¢ w_mid_c],options);
L2_MID=real (Ync(:,2));
LAMBDAZ2_MID = L2_MID (end);
R=[Rc; Rncl;Y¥Y=[Yc; Ync];

S_l=sign(real (LAMBDA2_l-endV)); S_MID=sign (real (
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LAMBDAZ2_MID-endV)); S_2=sign(real (LAMBDAZ2_2-endV));

if (S_1xS_MID)==-1; LAMBDAQO_1=LAMBDAO_1; LAMBDAQ_2=

LAMBDAQO_MID; end

if (S_MIDx%S_2)==-1; LAMBDAO_1=LAMBDAO_MID; LAMBDAO_2

=LAMBDAO_2; end
end
R=[Rnc]l;Y=[Ync];
lambda_1=Y(:,1); lambda_2=Y(:,2); w=Y(:,3);
dl = length(R);
r_ell = R;

for k

1:d1

e(k) = —(b0"2xr_ell(k))/ (a0 2% ((b0"2x(a0"2 - r_ell (k)
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"2))/a072)"(1/2));

end

x_dfed =R.*xL2;

dRho = w;
dEtadphi=-(L1. 2. (1+e'."2).70.5-dRho."2).70.5;
dEtadphi = real (dEtadphi);

NPS = length (dEtadphi); Eta=linspace (0,0,NPS );
for i=2:NPS

Eta(i)=trapz(R(1l:1i),dEtadphi(l:1));

end

Eta_h = Eta;

Rho = x_dfed;

R_MID =R;Y MID =Y;

x_dfed_c = Rc.xYc(:,2);

Rho_c¢ = [x_dfed_c;x_dfed];

dRho_c

Il
=
Q
W

Ll _c¢c = Yc(:,1);

dEtadphi_c¢ = - (Ll_c. " 2-dRho_c."2).70.5;
dEtadphi_c¢ = real (dEtadphi_c);
dEtadphi_c = [dEtadphi_c;dEtadphil];

RR = [Rc;Rnc];

NPS_c = length(dEtadphi_c); Eta_c=linspace(0,0,NPS_c);
for 11=2:NPS_c
Eta_c(ii)=trapz(RR(1l:ii),dEtadphi_c(1l:ii));

end

R=[Rc; Rncl;Y=[Yc; Y¥Ync];
ODE of contact region

function [dxdt] = ode_non_con(r,var)
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global C1 C2 P hO a0 b0 c;
dxdt = zeros(3,1);
Ll=var(1l);

L2=var (2);

w=var (3);

a=C2/C1l;

T1=2+h0*Clx ((L1./L2)~-(1./((L1."3).%(L2.73)))) . (1l+ax (L2
.72)) 5

T2=2xh0*Clx ((L2./L1)—(1./((L1.73).%(L2.73)))) .x(l+ax (L1
-72)) 5

f1=2+h0+CIl* ((1./L2)+(3./((L1.74).%x(L2.73)))) .* (1l+ax (L2
-72));

£2=2xh0%C1l* (((-L1./L2.7°2)+(3./((L1."3).%(L2.74)))) *(1l+a
L (L2.72))+ ((L1./L2=(1./(L1."°3.%L2.73))) .* (2%xaxL2)))

£3=2+h0%Cl* (L2./L1-L1./L2-ax (-1/(L1."3*L2)+1/(L1*L2."3)
)) i

e = —(b0"2xr)/ (al* (b0 2% (a0"2 - r2)) " (1/2));

o\°

Tl - T2

dedr = -b074/(a0"2x(b0"2 - r 2% (b072/a072))"(3/2));

dLldr —(f2.x (Ww-L2)) ./ (r.*fl)—(w.*x£3) ./ (r.*xL2.xfl);

dL2dr (w=L2) ./ (xr);

dwdr = dL1ldr;

dxdt (1) = dLldr;

dxdt (2) = dL2dr;
dxdt (3) = dwdr;
end

ODE of free-inflation region

function [dxdt] = ode_non_con(r,var)
global C1 C2 P hO a0 b0 c;

dxdt = zeros(3,1);
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Ll=var(l);

L2=var (2);

w=var (3) ;

a=C2/C1;

T1=2xh0xCl* ((L1./L2)—=(1./((L1.73).%x(L2.73)))) .x(l+ax (L2
-72)) 5

T2=2+h0*C1lx ((L2./L1)—-(1./((L1.73).%(L2.73)))) .x(1l+ax (L1
.72)) 5

£f1=2xh0*Clx ((1./L2)+(3./((L1.74).x(L2.73)))) .x(l+ax (L2
-72)) 5

£2=2+h0*Cl* (((-L1./L2.72)+(3./((L1."3).%(L2.74))))*(1l+a
A (L2.72))+ ((L1./L2-(1./(L1.°3.%L2.73))) .* (2%xaxL2)))

£3=2+h0+C1l% (L2./L1-L1./L2-ax (-1/(L1."3xL2)+1/(L1+L2."3)
)) i

e = —(b0"2xr)/ (al0* (b0 2% (a0"2 — r2)) " (1/2));

o\

Tl - T2

dedr = -b074/(a0"2x (0”2 — r 2% (b072/a072))"(3/2));

dLldr = —(f2.x (w-L2)) ./ (r.*fl)—(w.*£3) ./ (r.*xL2.xf1l);
dL2dr = (w-L2)./(r);
dwdr = —(PxL1l.x(1l4+e.”2).70.5.x(L1."2.%x(1l4+e."2)-w."2)

.70.5) ./ (T1)—=(T2./T1) .*(L1. " 2.%(1+e.”2)-w."2) ./ (L2.%

r)+w.* (dL1ldr./Ll+ (dedr.*xe) ./ (1+e."2));

dxdt (1) = dLldr;
dxdt (2) = dL2dr;
dxdt (3) = dwdr;

end
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