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Abstract

An ideal upper-extremity prosthesis is expected to simultaneously decode
users’ intentions and deliver artificial somatosensory feedback. Among
all the feasible feedback modalities, electrotactile stimulation remains the
most promising solution due to its advantages of light weight, little noise
and low power consumption. This thesis further enhances the existing
electrotactile feedback strategies by proposing a haptics model, developing a portable electrotactile stimulation (ETS) system and establishing a
virtual hand rehabilitation platform for implementation and evaluation.
Firstly, a Gaussian distribution based haptics model is proposed to
characterise the human fingertip’s biomechanics, including a prediction
model to estimate the contact force according to the fingertip deformation
and a probabilistic model to describe force uncertainty. Experiments results reveal the non-linearity, dispersion and individual difference of the
fingertip’s mechanical behaviour. Secondly, a potable 16-channel ETS
system with a wireless mode for transmission is developed to provide electrotactile feedback for clinical use. The proposed ETS system can generate
stable current output with programmable stimulation parameters, including amplitude, frequency and pulse width. The ETS output waveforms and
stability were evaluated by capability tests. Thirdly, a virtual hand rehabilitation platform is established to investigate the effect of electrotactile
feedback on user training of hand grasping tasks. The platform consists of
a surface electromyography (sEMG) acquisition module, a virtual grasping environment, and an ETS module. Experiments were conducted to
evaluate the impact of electrotactile feedback on a closed-loop grasping
control in comparison with the visual feedback and no feedback. The
quantitative results show that the integration of electrotactile feedback can

both reduce the duration of rehabilitation and improve the virtual grasping
success rate in comparison with the no feedback condition while possessing a better practicality over visual feedback.
In summary, the proposed electrotactile feedback centred research is
validated in facilitating the user training and improving the rehabilitation
performance. Despite the initial motivation of this thesis driven by the
upper-extremity prostheses, the verified success of electrical stimulation is
not confined to the hand rehabilitation scenarios but potentially applicable
to a wider spectrum of applications, such as biomedical engineering and
virtual reality.
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Chapter 1
Introduction
1.1

Background

The human hand is a dexterous effector to accomplish a variety of daily tasks and a
sophisticated sensing instrument to interact with the external environment. However,
for people with amputation or congenital limb deficiency a large part of manipulation
capability is lost. In this case, an upper-extremity prosthesis can be a substitute to
restore the body appearance and hand capability.
An ideal hand prosthesis should provide satisfying functionality based on reliable
decoding of the user’s intentions and deliver tactile feedback in a natural manner. Most
of the current prosthesis manufacturers focus on improving the mechanical structure to
achieve dexterity and human-like appearance, while few of them provide efficient tactile feedback for better user experience and manipulation performance. It is reported
that the unsatisfactory manipulation performance and the absence of tactile sensation
feedback impedes the efficient use of prostheses. These deficiencies are also highlighted as the major factors resulting in the rejection from prosthesis users. In recent
decades, studies about tactile sensation restoration have been boosted by advancements
in sensor fabrication techniques. However, these research are not well implemented in
current hand prostheses due to technical difficulties and the complicated nature of human sensory system. Thus, it is worthwhile devoting considerable effort in the research
on tactile sensation restoration for clinical use.

1
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1.2

Open Issues and Challenges

Sensing and reacting to the external world by hand is an instinctive and effortless
task for physically capable individuals in daily life. However, it remains an ongoing
challenge to restore similar abilities for users of hand prostheses. The realisation of
artificial tactile sensation includes tactile sensing and tactile stimulation feedback. To
restore the sense of touch for amputees in practice, the following issues and challenges
need to be addressed.
• To mimic and restore a natural tactile sensation, it is essential to have a comprehensive and quantitative description of the human fingertip’s mechanical behaviour related to tactile properties. However, most existing studies focus on
investigating the neural reaction under the fingertip skin from a microscopically
structural point of view. In addition, the experiments are only conducted under
a small indentation depth of less than 2.5 mm (Kumar et al., 2015)(Serina et al.,
1997), while the skin reaction under larger deformations which may occur in
the context of hand manipulation is not taken into consideration. Thus, there
is a lack of a theoretical model to quantitatively characterise the mechanism of
human tactile perception.
• The sensory function of hand prostheses is not implemented as well as the development of their mechanical structure. Dominant commercial hand prostheses
have successfully manufactured anthropomorphic prostheses with multiple degrees of freedom, which enable users to accomplish fundamental tasks in daily
life. However, they are still unable to make users aware of the tactile information
without continuous visual or auditory attention. Apart from the complexity of
the human tactile sensing mechanism, the absence of wearable tactile stimulation devices is also an important factor that restricts the prosthesis development
and rehabilitation performance.
• Existing studies about the effectiveness of tactile feedback on the performance
of hand prostheses are still controversial. Most experiments concluded that the
integration of tactile feedback improved the performance of prosthesis manipulation, while some others showing an improvement only in certain conditions

2
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(Saunders & Vijayakumar, 2011) and users (Chatterjee et al., 2008), or even little
difference when compared with the non-feedback condition. Further research is
needed to investigate how the tactile feedback affect the prosthesis performance
and the rehabilitation process.
• A process of user training is necessary for amputees before they can master
their prostheses in daily life. Traditional rehabilitation methods are usually timeconsuming, tedious and unfriendly to individual differences. Thus, it is expected
to have an interactive and enjoyable platform which can encourage the user’s
involvement and perceptive ability for a better rehabilitation performance.

1.3

Motivations and Objectives

The absence of tactile sensation leads to unreliable prosthetic manipulation performance and a high rejection rate of prosthetic hands from customers (Wijk & Carlsson,
2015)(Peerdeman et al., 2011)(Østlie et al., 2012), which not only substantially constrains hand prostheses from being commercially viable but also make amputees suffer
from the loss of hand sensory functions.
There are more than 0.54 million people living in the U.S. and 2.26 million people
in China with the loss of an upper limb (Ziegler-Graham et al., 2008)(Chai et al.,
2014). The loss of a hand will inevitably deteriorate the quality of life and make
an individual feel less capable and more dependent (Schofield et al., 2014). It is a
huge challenge for prosthetic hand replacement due to the complexity of rich sensing
capabilities and dexterous functions, although the utilisation of an upper-extremity
prosthesis can compensate a part of the lost functions. The mechanical structure of
hand prosthesis has been gradually improved from body-powered hands to myoelectric
hands, from simple hooks to anthropomorphic dexterous hands and soft robotic hands
as shown in Fig. 1.1. However, the attention to the implementation of sensory feedback
is still not enough, which limits the functionality and efficiency of dexterous hand
prostheses (Wijk & Carlsson, 2015)(Peerdeman et al., 2011)(Østlie et al., 2012).
The research about prosthesis sensory functions has been expanding in recent years.
Reports propose that amputees can benefit from the integration of tactile feedback with

3

1.3 Motivations and Objectives

(a) Body-powered pros- (b) Hook hand (c) Myoelectric prosthetic (d) Soft prosthetic
thetic hand (Ottobock, (Ottobock,
hand (Cordella et al., 2016) hand (Zhao et al.,
2018a)
2018b)
2016)

Figure 1.1: Development of hand prostheses
prostheses in many aspects, such as improving manipulation performance and selfembodiment. In terms of manipulation performance, the integration is suggested to
prevent slip (Silvera-Tawil et al., 2015)(Girão et al., 2013) and significantly increase
the success rate of applying correct grasping forces (Witteveen et al., 2014). Also, tactile feedback can help to alleviate phantom pain, muscle fatigue and enhance a sense
of body ownership for prosthesis users (Wijk & Carlsson, 2015)(Dietrich et al., 2012).
As a result, the acceptance of hand prosthesis and rehabilitation may be promoted by
the implementation of tactile feedback.
Therefore, the motivation for this research is to improve the user experience and
functional performance of hand prostheses by providing tactile feedback during the
rehabilitation process or for practical use.Among various tactile sensations, force is
mostly selected as the feedback variable in closed-loop prosthesis systems. It critically
influences the manipulation performance and cannot be directly observed by vision
(Dosen et al., 2016). Electrotactile feedback, as one of the dominant tactile feedback
techniques, is adopted in this research to feed back the contact force due to its advantages such as the portable size and lower power consumption. Thus, the prosthesis
users can estimate the contact force applied on their prosthetic hands according to the
feedback of electrotactile stimulations acting on their residual body. This may improve the user’s capability to undertake basic tasks like grasping or even sophisticated
manipulation such as handicraft, playing an instrument, and so on.
On the basis of the motivation, this thesis aims to investigate how the integration of
tactile feedback have effects on hand rehabilitation performance and efficiency. Fur-
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ther studies, such as the haptics model establishment, development of the electrical
stimulation system and the integration of electrotactile feedback with the hand rehabilitation platform are the main objectives of this thesis. A detailed description of each
objective is presented as follows.
• To define and characterise tactile-related properties of the human fingertip to
bridge the gap between the human’s sensory capability and the artificial side.
• To develop a portable and parameter-adjustable electrotactile stimulation (ETS)
system for the provision of tactile feedback.
• To establish a closed-loop rehabilitation platform, which will be the test platform
to evaluate the effectiveness of electrotactile feedback.
• To evaluate the effectiveness of electrotactile feedback and investigate how it
influences the hand rehabilitation performance.

1.4

Thesis Outline and Contributions

The structure of this thesis with a list of contributions is given as follows.
Chapter 2: Literature Review. In this chapter, the physiology of the human tactile
sensing system is introduced. A review of existing literature about tactile sensing and
stimulation techniques is provided, followed by an overview of major research topics
in the context of tactile feedback for upper extremity prostheses.
Chapter 3: Probability-based Haptics Model. In this chapter, a haptics model
is derived based on Gaussian distribution and non-linear regression models to characterise the biomechanics of the human fingertip. It is tested by practical data and a
demonstration of the model establishment is also provided.
The contributions of this chapter are listed as follows:
• A novel probability-based haptics model is proposed to quantitatively characterise the human fingertip’s biomechanical reaction to physical contact. The
haptics model includes two parts: a force prediction model to estimate the most
possible contact force according to the fingertip deformation and a probabilistic
model based on Gaussian distribution to describe the force uncertainty.
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• A dataset of the applied force corresponding to a wide range of the fingertip
indentation depth is established by in vivo experiments. It is used to finalise the
structure of the haptics model and evaluate its prediction performance.
Chapter 4: Development of the Electrotactile Stimulation System. In this chapter, the development of a multi-channel ETS system is presented with an introduction
of the theoretical background, followed by illustrations of the system framework and
the circuits of each component. Tests are conducted to evaluate the stimulator’s output
capability.
The contributions of this chapter are listed as follows:
• The multi-channel ETS system with adjustable parameters including amplitude,
frequency, pulse width and channels is developed. Its potability allow it to be
applicable to hand prostheses and rehabilitation platforms.
• The output capability of the ETS system, including the symmetrical/asymmetrical square wave outputs and the stability of current output, is evaluated by practical tests. Accordingly, effective measures are taken to improve the reliability
and stability of the output signals.
Chapter 5: Evaluation of Electrotactile Feedback on a Virtual Hand Rehabilitation Platform. In this chapter, a virtual hand rehabilitation platform is established
with the integration of the haptics model and the ETS system proposed in Chapter 3 and
Chapter 4, respectively. The platform design and working principles are introduced.
Then, experiments are conducted to investigate the impact of electrotactile feedback
on the rehabilitation burden and performance, followed by a discussion of the results.
The contributions of this chapter are listed as follows:
• The virtual hand rehabilitation platform is developed by the integration of a surface electromyography (sEMG) acquisition module, a virtual grasping environment and the proposed ETS sysmtem, where a closed loop is formed. Thanks
to the flexibility of virtual environment, the rehabilitation platform as an interactive and enjoyable therapeutic tool can be extended to a wide spectrum of hand
function rehabilitation applications.
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• Electrotactile feedback is implemented for grasping control on the virtual platform and compared with visual feedback and no feedback. Experiment results
show that electrotactile feedback is effective to observably alleviate rehabilitation burden and improve the task success rate by comparing with no feedback.
Despite that visual feedback shows a superior performance among three feedbacks, it is restricted to a laboratory environment for a non-perceptive nature.
By contrast, electrotactile feedback is an applicable and promising feedback
method, considering its feasibility in reality and the comparable performance
with visual feedback.
Chapter 6: Conclusions and Future Work. In this chapter, a summary of this
thesis with an overview of the future research topics in this area is provided.
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Chapter 2
Literature Review
The study of sensory feedback attracts great interest across a wide range of research
areas, such as robotics (Silvera-Tawil et al., 2015)(Girão et al., 2013)(Yousef et al.,
2011), biomedical engineering (Lucarotti et al., 2013)(Tiwana et al., 2012), and virtual reality. Among corresponding applications, the study of tactile restoration for hand
prostheses has been gradually expanding in recent decades. This chapter provides an
overview of related literature on tactile feedback for hand prostheses and corresponding technologies, which mainly include tactile sensing and stimulation feedback (Li
et al., 2017). The rest of this chapter is organised as follows. In Section 2.1, the physiology of human skin is presented. The dominant technologies of tactile sensing and
stimulation are introduced in Section 2.2. A survey of tactile feedback to prostheses
and particularly electrotactile feedback to users are respectively presented in Section
2.3 and Section 2.4, followed by a summary.

2.1

Physiology of Human Skin

The human skin is a somatosensory system that senses and reacts to external stimuli,
such as mechanical stimulation, heat and pain. This section primarily focuses on the
physiology of reactions to mechanical stimulation, corresponding to tactile sensations
of force, shape, texture, stiffness, etc. For example, when an external contact force
deforms the surface of a fingertip, it causes a strain distribution in the underlying soft
tissues and subsequently stimulates mechanoreceptors, which are the sensory units
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distributed in human skin to detect mechanical stimulations such as force, pressure
and vibration. The activated mechanoreceptor generates a sequence of voltage pulses
transmitting through neurons to the brain, where the information is processed. Thus,
the awareness of tactile sensation for humans is accomplish by sensing and transmitting
which are conducted by mechanoreceptors and the neural system, respectively.
There are four types of mechanoreceptors in the human glabrous skin: Merkel cells,
Meissner corpuscles, Ruffini endings and Pacinian corpuscles. They are responsible
for the detection of different stimulations. If classified by the adaptation rate, four
types of mechanoreceptors can be categorised into two classes: fast adapting (FA)
units and slow adapting (SA) units. If classified by the receptive fields, each class is
divided into two groups: I and II. SA I and FA I receptors have a small receptive field
with a sharp border, while SA II and FA II receptors have a large receptive field with a
diffuse border, as shown in Fig. 2.1 (Aoyagi et al., 2006)(Dargahi & Najarian, 2004).

Figure 2.1: Four types of mechanoreceptors in human hands (Aoyagi et al., 2006) and
their receptive fields (Dargahi & Najarian, 2004)
Table 2.1 summarises the properties of the four types of mechanoreceptors with regards to the receptive speed, the receptive field and the perceptive function. In terms of
the receptive speed, Meissner corpuscles and Pacinian corpuscles are mainly responsible for rapid or dynamic stimulation, while Merkel cells and Ruffini endings respond to
sustained stimulation. Meissner corpuscles are sensitive to light touch, while Pacinian
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corpuscles tend to detect deep pressure touch and high frequency vibration. Merkel
cells are sensitive to low frequency vibration, while Ruffini endings usually respond
to the stretching of the skin. In terms of the location and the receptive field, Meissner
corpuscles and Merkel cells concentrate in the outer layer of the skin on fingertips and
have small receptive fields. Conversely, Pacinian corpuscles and Ruffini endings are
distributed more uniformly in deep layers of the skin on fingers and the palm. In terms
of the function of perception, Merkel cells and Pacinian corpuscles can detect the sensation of stiffness. Merkel cells and Ruffini endings could detect slip and shape due to
their response to steady pressure and skin stretch. Besides, Meissner corpuscles and
Pacinian corpuscles contribute to the perception of texture, such as surface roughness,
because they are sensitive to rapid vibration which is too small to activate the other
two types of mechanoreceptors (Dargahi & Najarian, 2004). Additionally, the spatial
resolution is the smallest distance for a person to distinguish two-point touch and this
varies across the body. It is as close as 0.5 mm on fingertips while 7 mm on the palm.
The human skin can be an ideal model for artificial tactile sensors given its good
performance of tactile sensing. Consequently, artificial sensors are expected to demonstrate small resolution, high sensitivity, low hysteresis, fast and linear response, wide
dynamic range and high reliability. A spatial resolution of 5-40 mm could be high
enough in practice. Typically, 20-60 Hz would be fine for the sampling rate in common tasks, while for special tasks, such as texture recognition, a higher sampling rate
approximately 1-2.5 kHz is necessary (Silvera-Tawil et al., 2015). A force sensitivity range of 0.3-10 N is required. For human-like skin or sensors, robust, flexible,
stretchable and soft materials are desired to be embedded on various 3D structures.
Additionally, low cost, low power consumption and scalability are also important for
manufacture and implementation.

2.2
2.2.1

Technologies for Tactile Feedback
Tactile Sensing

Tactile sensing, based on different transduction techniques, aims to detect and measure
a given property of an object through contact (Lee & Nicholls, 1999). This is usually

10

Pacinian corpuscles

Classification
FA I
FA II
Adaptation rate
Fast
Fast
Receptive field
Small and sharp
Large and diffuse
2
Density (units/cm )
140
20
Spatial resolution (mm) 3-4
10+
Stimuli frequency (Hz) 5-50
40-500+
Sensory function
High frequency
High frequency
vibration detection.
vibration detection;
Temporal changes in Temporal changes in
skin deformation.
skin deformation.
Tool use.

Meissner corpuscles
SA I
Slow
Small and sharp
70
0.5
0.4-40
Low frequency
vibration detection (static force);
Pattern/form detection;
Texture perception;
Tactile flow perception.

Merkel cells

SA II
Slow
Large and diffuse
10
7+
<7
Low frequency
vibration detection (static force);
Finger position;
Stable grasp;
Tangential force/ skin stretch.

Ruffini endings

Table 2.1: Properties of four types of mechanoreceptors in human skin (summarized from (Silvera-Tawil et al., 2015)(Dahiya
et al., 2010)(Lucarotti et al., 2013)(Dargahi & Najarian, 2004))
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conducted by tactile sensors attached on fingertips or palms of prosthetic hands, such
as force sensors or artificial skin covering the whole hand.
As the first step in the restoration of tactile sensation, the increasing demand for tactile feedback inspires the exploration of transduction techniques (Harmon, 1980)(Lee,
2000)(Tiwana et al., 2012) and their applications in various systems, such as upper limb prostheses (Osborn et al., 2014)(Cranny et al., 2005), virtual reality systems (Wang et al., 2006)(Dede et al., 2009), remote operation in dangerous environments (Gupta & O’Malley, 2006), minimally invasive surgery (MIS) (Payandeh & Li,
2003), nanometerscale operations (Rubio-Sierra et al., 2003)(Jobin et al., 2005), surgical training (Coles et al., 2011), touch screens (Kim et al., 2011) and robotic hands
(Romano et al., 2011)(Yousef et al., 2011)(Ulmen & Cutkosky, 2010). The study of
tactile sensing in upper limb prostheses is not as mature as that in other fields, but their
achievements could be adopted into this field. Given that grasping is one of the major functions of hands, most studies of prosthesis tactile sensing focus on grasp force
or pressure to prevent slip and achieve a stable grasp. The measured characteristics
of touch, however, can be not only force and pressure but also stiffness, texture or
shape. Thus, different transduction techniques are desired to be synthesized to realize a human-like tactile sensing system. This section presents available tactile sensing
techniques which have potential to be applied in hand prostheses, namely, resistive
sensors (strain gauges and piezoresistors), capacitive sensors, piezoelectric sensors,
optical sensors and artificial skins. Characteristics of various tactile sensors are summarized in Table 2.2 and detailed in the following subsections.
2.2.1.1

Resistive Sensors

Resistive sensors measure the applied force according to the variation of resistance.
There are two main types of resistive sensors, including strain gauges and piezoresistors.
• Strain gauges
A strain gauge is a device adhered on the surface of an object to measure the
strain caused by external pressure. Most strain gauges are based on a resistive
foil pattern which is mounted on a backing material and both the foil and the
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backing material are attached by different glues depending on the required lifetime. The resistance of the foil changes with the stress applied to it.
Strain gauges are more suitable for measuring dynamic strains rather than
static ones (Najarian et al., 2009) because of high temperature and humidity
sensitivities. Wheatstone bridge configurations are usually introduced to compensate environmental changes (Tiwana et al., 2012). Strain gauges also exhibit
nonlinear response. Generally, the smaller a strain gauge is, the higher the accuracy that can be achieved because the measured strain is the average strain over
the gauge length. Also, sensors of a smaller size are flexible and robust enough
to be applied over dexterous surfaces, such as prostheses, robots and medical
devices (Engel et al., 2003). Micromachined strain gauges based on metal and
semiconductor have been realized with the development of manufacturing technologies, although it is not easy to fabricate and handle tiny gauges (Najarian
et al., 2009)(da Silva et al., 2002). Metal-based and semiconductor-based strain
gauges exhibit many advantages, such as high spatial resolution and high strain
sensitivity. For example, a nanofibre-based strain gauge, which can detect pressure, shear and torsion, was proposed to be flexible and sensitive even to human
heartbeats (Pang et al., 2012). Strain gauges have been popularly used in various
sensors, such as pressure sensors, torque sensors and position sensors, which indicates a major advantage of strain gauges in terms of their well-established
fabrication techniques and applications.
Da Silva et al. proposed a finger-mounted tactile sensor based on the strain
gauge which presented a linear response, a wide force sensitivity of 0-100 N
with a resolution of 0.3 N and a low hysteresis of 1.7% (da Silva et al., 2002).
As shown in Fig. 2.2, another flexible strain gauge sensor was fabricated for the
detection of normal and shear force, which could be measured by the voltage
drop in strain gauges (Hwang et al., 2007). This sensor had a simple structure,
but it was less sensitive to small forces.
• Piezoresistors
Piezoresistive tactile sensors are also resistive sensors. Its resistance varies
with the deformation caused by the applied force on it, so the force can be obtained by the measurement in a piezoresistor’s resistance. Piezoresistors are
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Figure 2.2: Flexible tactile sensor based on strain gauges (Hwang et al., 2007)
made of silicon, metals and semiconductors. Due to the easy measurement of resistance, piezoresistive tactile sensors are suitable to be connected to electronic
devices. They exhibit good sensitivity and are less susceptible to interference
(Tiwana et al., 2012). Another advantage is the ease in which they can be implemented in microelectromechanical systems (MEMSs) or integrated with printed
circuit boards (Stassi et al., 2014). Despite the mentioned advantages, piezoresistors suffer from hysteresis, temperature sensitivity, fragility, rigidity and high
cost (Stassi et al., 2014). Some efforts have been made to overcome the problem
of fracture by embedding piezoresistors in flexible thin films (Wisitsoraat et al.,
2007) or polymers (Park et al., 2009)(Ahmed et al., 2013).
Jorgovanovic et al. presented the static and dynamic characterization of
piezoresistive sensors used for detecting the positions of prosthetic finger joints
(Orengo et al., 2009). The feasibility of wireless communication between sensors and a receiving device, to reduce wires, was also discussed. Kane et al. proposed a piezoresistive stress sensor array with high spatial resolution comparable
with human dermis (≈300 µm) (Kane et al., 2000). It exhibited high potential
for dexterous manipulation applications. Various applications with piezoresistive tactile sensors can also be found in stress and force measurement (Noda
et al., 2006)(Mei et al., 2000), stiffness of soft tissues detection (Kalantari et al.,
2011), fingertip sensing (Koiva et al., 2013), etc.
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2.2.1.2

Capacitive Sensors

A capacitive sensor is among the most sensitive sensors for detecting small force
changes. It generally consists of two parallel conductive layers which are separated by
dielectric materials. When force is applied on the capacitors, the capacitance between
the layers varies with the reduced distance between layers and the deformation of the
middle dielectric material as well (Schmitz et al., 2008). A capacitive sensor exhibits
high sensitivity, robust performance, a large dynamic range (Pritchard et al., 2008),
lower temperature sensitivity and low power consumption (Muhammad et al., 2011).
It can be used for both dynamic and static force measurement (Nafari et al., 2007). In
order to accurately measure the change in capacitance, the size of the capacitors should
not be too small, because the small size may limit their spatial resolution (Pritchard
et al., 2008). Additionally, their sensitivity to noise leads to relatively complex electronics required for noise filtration. Capacitive sensors are considered as effective sensing elements and have been applied to multi-axis force measurement for gripping and
objects manipulation (da Rocha et al., 2009), texture recognition (Muhammad et al.,
2011), touch screen application (Kim et al., 2011), etc.
A capacitive sensor for shear sensing was proposed with a size of 4 N (Tiwana
et al., 2011). It showed a high repeatability and approximately linear output within ±2
N, however, its dimension (3.5 mm×1.6 mm×1.6 mm) was a point to be considered
in practical applications. Another capacitive tactile sensor was presented for gripping
force measurement with a sensor range of 0-3000 mN (Wang et al., 2014). It was
tested on a prosthetic hand as shown in Fig. 2.3.
2.2.1.3

Piezoelectric Sensors

Piezoelectric effect is the ability of certain materials to generate an electrical charge in
response to external mechanical stress. A piezoelectric tactile sensor is a device based
on the piezoelectric effect to measure changes, such as force, by converting them to
an electrical voltage. Measurement in voltage mode is the simplest way to obtain the
applied force. Besides, current measurement and shock wave measurement can be
utilized as well (Ueberschlag, 2001).
Piezoelectric sensing is one of the few sensing techniques that do not require power
supply, which is considered as an outstanding advantage. Besides, it also exhibits high
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Figure 2.3: Capacitive tactile sensor array integrated with the thumb of a prosthetic
hand (Wang et al., 2014)
sensitivity, reliability and fast dynamic response. A wide response range of 0 to 1
kHz enables it to be a good choice for vibrations measurement (Seminara et al., 2011).
However, due to the decrease of the output voltage, piezoelectric sensors are unsuitable for measuring static force and show low spatial resolution and poor temperature
stability (Pritchard et al., 2008)(Seminara et al., 2011).
Various piezoelectric materials can be used for constructing piezoelectric tactile
sensors. One of the most widely used is polyvinylidene fluoride (PVDF). PVDF is a
semicrystalline polymer consisting of long chain molecules with repeated unit CF-CH.
Its strong piezoelectricity is attributed to the high electronegativity of fluoride atoms
compared with carbon atoms, which leads to a large dipole movement (Dargahi, 2000).
PVDF has many advantages (Lang & Muensit, 2006)(Li et al., 2008): mechanical flexibility, dimensional stability, high piezoelectric coefficients, low weight, formability
into very thin sheets (5 µm) and a relatively low price. Another promising piezoelectric material is zinc oxide (ZnO) nanotransducer because of its high flexibility and
bio-compatibility (Marino et al., 2016). Also, its ability to generate electrical power
when subjected to mechanical vibration leads to various potential applications, including wearable and self-power medical devices (Dakua & Afzulpurkar, 2013). ZnO is
proposed to be a good candidate material, for a pressure and temperature sensor, to be
applied to prosthetic limbs (Lee et al., 2015). During the past years, piezoelectric sensors have been used in prosthetic hands for the detection of slip (Cotton et al., 2007),
texture (Takamuku et al., 2007) and stiffness (Omata & Terunuma, 1992)
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2.2.1.4

Optical Sensors

An optical fibre force sensor generally consists of a light source, a transduction medium
and an optical detector, which is often a vision sensor or a photodiode. The light
generated by the light source, usually light emitting diodes (LEDs), passes through
the transduction medium, which includes optical fibres and a modulator, and finally
reaches the detector (Maekawa et al., 1993)(Puangmali et al., 2008). Then the detector
circuit converts the light signal into an electrical signal to be further processed. The
intensity or the spectrum of the modulated light changes according to the variation of
the applied force, which is the working principle of optical sensors.
Many electronics-based sensing techniques cannot be applied in magnetic environments because of the electromagnetic interference, however, optical sensing is one of
few techniques that are immune to electromagnetic field (Heo et al., 2008). This major advantage enables optical sensors to be used in minimally invasive surgeries (MISs)
where magnetic resonant imaging (MRI) is widely used to provide high quality images
of living organs (Maekawa et al., 1993)(Yamada et al., 2005). In addition, optical sensors have s simple and compact structure and high spatial resolution (Ataollahi et al.,
2010).
Despite of the aforementioned attractive characteristics, there are several limitations in optical sensors. Most optical fibres are fragile and not as flexible as electric
wires due to their rigidity. Also, their complexity and relatively large size is another
problem to be considered in dexterous hand applications. Some solutions have been
proposed (Ohka et al., 1995)(Massaro et al., 2011). For example, plastic optical fibres
were used to overcome the rigidity problem and prevent the damage of optical sensors (Ascari et al., 2007). Efforts were also made to reduce the size of optical sensors
by using only one LED matrices instead of two as both the light source and detector
(Rossiter & Mukai, 2005). Additionally, optical sensors were applied in a scalable
tactile sensor skin to cover the whole body of a robot, which demonstrated that the
sensors could be made with high flexibility and compliance (Ohmura et al., 2006). An
LED-based optical sensor prototype was mounted between the fingers of a prosthetic
hand as shown in Fig. 2.4 (Sani & Meek, 2011). It was tested on surfaces with different properties which included roughness, curvature and stiffness for slip detection.
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It failed to detect any motion for transparency surface (e.g. glass) and highly reflective surface (such as a front silvered mirror and CD). However, this problem could be
overcome by a laser-based optical sensor.

Figure 2.4: Prototype of an optical sensor applied with a prosthetic hand (Sani & Meek,
2011)

2.2.1.5

Artificial Skins

In addition to various tactile sensors, efforts have also been made in studies of artificial
skin through sensor fusion and the imitation of mechanoreceptors in the skin.
A stretchable artificial skin, as shown in Fig. 2.5 (Kim et al., 2014), assembled
pressure, temperature and humidity sensor arrays and was fabricated within ultrathin
single crystalline silicon nanoribbons. It also integrated with electroresistive heaters
which could be warmed to 36.5 ◦ C to facilitate native skin perception. Furthermore,
researchers connected the smart skin’s sensors to a rat’s peripheral nerves. The results showed that the sensory signal was successfully transferred to the rat’s brain
which indicated that this research could provide opportunities for PNS interfaces and
enable amputees to feel various external stimulations. With regard to the imitation
of mechanoreceptors in human skin, (Aoyagi et al., 2006) proposed a four-layer arrayed capacitive sensor by reference to the four types of mechanoreceptors in human
skin. Also, a power-efficient piezoresistive sensor was employed to mimic the SA
mechanoreceptors for static pressure feedback (Tee et al., 2015). The output of the
sensors was used to stimulate somatosensory neurons through an optical/neural interface for pressure feedback. This study paved the way for the design and use of
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Simple electronics; High sensitivity; Ease of
integrating in MEMS; Resistant to interference.
Sensitivity of small force change; Reliability; Large dynamic range, suitable for both
dynamic and static force measurement; Low
temperature sensitivity; Low power consumption.

Piezoresistors Its resistance varies with the
deformation caused by applied
force.

Its capacitance varies with the
deformation caused by applied
force.

An electric voltage will be produced when a force applied to it.

The intensity or the spectrum
of light varies with the applied
force.

Capacitive
sensors

Piezoelectric
sensors

Optical sensors

Immune to electromagnetic field; High spatial
resolution.

No need for power supply; High reliability;
Fast dynamic response, able to measure vibration.

High spatial resolution; High strain sensitivity; Widely used, well developed; Low cost.

Its resistance varies with the applied stress.

Strain gauges

Advantage

Working principle

Tactile
sensors

Fragile and rigid; Large size; Inability to
transparency and highly reflective surface.

Low spatial resolution; High temperature
sensitivity; Inability to sense static value.

Limited spatial resolution; Noise sensitivity; Complex electronics.

Hysteresis; Temperature sensitivity; Fragile
and rigid; High cost.

Non-linear; Sensitive to temperature and
humidity; Inability to sense stable value.

Disadvantage

Table 2.2: Characteristics of tactile sensors based on different transduction techniques
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large-area organic electronic skins with tactile feedback for limb prostheses, although
it was based on direct neural stimulation.

Figure 2.5: Artificial skin (Kim et al., 2014)

2.2.2

Tactile Stimulation

Tactile stimulation feedback is used to send tactile information detected by tactile sensors, to a user’s residual body for perceptual interpretation and is usually conducted
by stimulation techniques. Depending on whether the stimulation electrodes are implanted into the skin, tactile stimulation can be classified as invasive (e.g. direct neural
stimulation) and non-invasive (surface stimulation). Compared with direct neural stimulation, non-invasive tactile stimulation is safer and easier to be installed with hand
prostheses and applied onto users’ body, although it may not generate the tactile sensation as naturally as the invasive stimulation does. In this section, the direct neural
stimulation and dominant non-invasive stimulation techniques, including electrotactile
stimulation, vibrotactile stimulation, mechanotactile stimulation and contactless techniques applied for prosthetic hands are introduced.
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2.2.2.1

Invasive tactile stimulation

In theory, invasive stimulation with neural electrodes implanted in the peripheral nervous system (PNS) may potentially generate natural tactile feelings. Preliminary success has been achieved in studies, although there remain great challenges to achieve
the full restoration of tactile sensation for hand prostheses users.
An invasive tactile system with 20 stimulation channels was recently tested on selfcontrolled prostheses. It could generate feelings of pulsing pressure, constant pressure,
tapping, 2 types of texture and objects moving at 19 small places on a subject’s hand,
such as their palm, wrist and fingertips (Tan et al., 2014)(Tyler, 2016). Further studies
are expected to restore natural feeling over the whole hand.
However, invasive stimulation suffers from risks of infection and rejection, poor
knowledge of neural decoding, technical issues of surgery, electrode replacement and
so on. Given the above scenarios, this thesis gives priority to non-invasive stimulation
feedback. For direct neural stimulation, please refer to (Nghiem et al., 2015)(Gasson
et al., 2005)(Tan et al., 2014)(Tyler, 2016).
2.2.2.2

Electrotactile Stimulation

Electrotactile stimulation provides sensations by passing a local electric current to
stimulate afferent nerves in the skin using surface electrodes. The modulated parameters include frequency, amplitude, pulse width and so on. Mulvey et al. proposed
that transcutaneous electrical nerve stimulation (TENS) could generate a sensation on
human skin by directing electrical pulses across the skin surface (Mulvey et al., 2009).
It is mostly used to reduce phantom pain and stump pain (Mulvey et al., 2010). Initial
experiments were conducted to support that TENS could be projected into a prosthetic
hand and could enhance its sense of perceptual embodiment (Mulvey et al., 2012). A
recent study revealed that TENS could generate a strong sensation, although its effect
on perceptual embodiment was modest (Mulvey et al., 2014). It was tested to generate
tactile sensation on the residual limbs of 11 amputees with their eyes covered as shown
in Fig. 2.6 (Chai et al., 2015). However, most research is still based on able-bodied participants and vision feedback is still a major factor for perceptual embodiment. More
clinical tests are expected for evaluation in further experiments.
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Figure 2.6: Experimental setup for TENS: electrodes on the residual limb of the amputee (Chai et al., 2015)
Electrotactile feedback is a direct way to stimulate PNS and is potential to generate
natural tactile perception. Due to no mechanical parts, electrotactile stimulation has
advantages of lower power consumption, light weight and little noise compared with
other tactile feedback techniques (Antfolk et al., 2013). Despite many advantages,
some unexpected feelings, such as burning pain, may result from electrotactile stimulation, which can be ameliorated by voltage-regulated stimulation and large electrodes.
Additionally, another major drawback of electrotactile stimulation is its interference
with electromyography (EMG) signal and electroencephalography (EEG) signal, although there are cases which tested electrotactile stimulation with EMG-based and
EEG-based rehabilitation system (Xu et al., 2016)(Bhattacharyya et al., 2016a). Studies about how to eliminate the interference when applied with myoelectric prostheses
and EEG-based prostheses are discussed in Section 2.4.2.
2.2.2.3

Vibrotactile Stimulation

Vibrotactile stimulation is generated by mechanical vibration which is transverse or
normal to the skin surface to convey tactile information through modulating vibration
frequency, amplitude, duration, etc. (Meek et al., 1989). It was first applied with
prosthetic hands in 1953 (Antfolk et al., 2013)(Conzelman Jr John et al., 1953) and
is considered to be suitable for myoelectric prostheses (Rombokas et al., 2013) and
EEG-based prostheses (Chatterjee et al., 2007) because of no interference with electric signals. The sensitivity to vibrotactile stimulation varies with the age and physical
condition of subjects together with the stimulation positions and frequency. Generally,
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the frequency ranges from 50 Hz to 300 Hz (Cincotti et al., 2007). Currently, vibrotactile stimulation is widely used in cell phones and devices to assist deaf or blind
people (Schätzle & Weber, 2015)(Chang et al., 2002). A vibrotactile stimulation system applied with a myoelectric prosthetic hand is illustrated in Fig. 2.7 (Cipriani et al.,
2008).

Figure 2.7: Vibrotactile stimulation system applied with a myoelectric prosthetic hand
(Cipriani et al., 2008)

2.2.2.4

Mechanotactile Stimulation

Mechanotactile stimulation is to provide users with a force/pressure or position feedback when users move their prostheses. Compared with electrotactile stimulation and
vibrotactile stimulation, mechanotactile stimulation is able to generate a natural feeling
of force/pressure, but the generated stimulation is applied in a different area (the residual body of the subject) from the original stimulus. As shown in Fig. 2.8 (Casini et al.,
2015), a wearable mechanotactile stimulator is demonstrated to provide pressure and
skin stretch information to the subject’s residual limb. Current mechanotactile devices
still have a relatively large size, weight and high energy consumption when compared
with vibrotactile or electrotactile devices (Schofield et al., 2014). Thus, further minimization is desired for mechanotactile stimulation devices.
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Figure 2.8: Mechanotactile stimulator (Casini et al., 2015)
2.2.2.5

Others

Some contactless techniques were also utilized for tactile feedback, such as magneticfield (Hollis, 2013), air-jet, airborne ultrasound (Arafsha et al., 2015) and infrared
(Kutilek et al., 2012). These studies are still at the laboratory stage and are not adopted
as widely as aforementioned stimulations. Their bulky dimension might be a challenge
in daily use for upper extremity prostheses but, with the development of technologies,
they have potential to be applied in rehabilitation, virtual reality and so on.

2.3

Tactile Feedback to Hand Prostheses

Presently, neither commercial nor laboratory prosthetic hands provide satisfactory tactile sensation for users, although limited tactile feedback is available as shown in a few
studies. Taking dominant commercial hand prostheses for example, such as i-Limb
by Touch Bionics (Bionics, 2018), Myohand and Michelangelo hand by Ottobock (Ottobock, 2018c), and the Bebionic hand by steeper (Bebionic, 2018)(Liu, 2011), their
multiple degrees of freedom (DoFs) enable users to accomplish fundamental tasks in
daily life, however, they are unable to make users aware of the tactile information without visual feedback. VINCENTevolution 2 might be the only commercialized hand
prosthesis with a stimulation system for force feedback (VincentSystems, 2018), but
no customer reviews are found to confirm the effectiveness of its feedback performance
presently.
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Available laboratory artificial hands are integrated with various sensors. For example, force/pressure sensors and torque sensors are utilized in DLR-HIT hand (DLR,
2018), Southampton Hand (Kyberd et al., 2001)(Kyberd et al., 2009), LUKE hand
(MOBIUSbionics, 2018) and Cyerhand (Carrozza et al., 2003) for slip prevention and
finger position feedback. Southampton hand and Shadow hand (Shadow, 2018) are
integrated with temperature sensors. Also, micro-vibration sensors are optional on
Shadow hand. However, the tactile information acquired by sensors is only fed back
to prostheses themselves to pursue a stable control performance, instead of providing
tactile feedback to users.
Encouragingly, a 20-channel invasive tactile system was recently tested on selfcontrolled prostheses users to provide limited tactile feedback (Tan et al., 2014)(Tyler,
2016). The invasive tactile feedback system could generate feelings of pulsing pressure, constant pressure, tapping, 2 types of texture and objects moving at 19 small
places on a subject’s hand, such as their palm, wrist, and fingertips. Further studies
are expected to restore natural feelings over the whole hand. However, the invasive
stimulation suffers from risks of infection and rejection, poor knowledge of neural decoding, technical issues of surgery and electrode replacement. Thus, there remains
great challenges of a full restoration of tactile sensation for hand prostheses and a
portable device to provide tactile feedback for the users, although preliminary success
has been achieved.

2.4

Electrotactile Feedback to Users

Electrotactile stimulation might be the most promising way to provide tactile feedback for prostheses, so this section gives a further review of its state-of-the-art studies.
In comparison with other tactile feedback techniques mentioned above, electrotactile
stimulation has the advantages of lower power consumption, light weight and little
noise, which makes it suitable to be installed on upper-extremity prostheses. Meanwhile, an electric signal acts as the carrier of neural information in the human neural
system, so electrotactile stimulation is a direct way to stimulate human PNS by transferring electric signals into the skin and has the potential to generate natural tactile
perception. Thus, considerable attention has been paid to electrotactile feedback in the
area of sensory restoration.
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2.4.1

Role of Tactile Sensation Integration

To position tactile feedback in the field of prosthetic control, studies mainly focus on
its impact on functionality improvement and body ownership enhancement. Usually,
tactile sensation is expected by prosthesis users in practical use, although there is not
a consensus of its effectiveness on performance improvement in academia. Whether
integrating tactile sensation would improve the functionality performance of prostheses is still a matter of some controversy. Some reported that the success rate of grasp
increased with tactile sensation feedback, while some others pointed out that there was
not much difference of the task performances compared with non-feedback control. In
order to objectively evaluate the role of tactile sensation in prosthetic control, Jorgovanovic et al. conducted virtual grasping experiments in which the feedback of grasping
force was given by electrotactile stimulation and the visual and auditory feedback were
eliminated (Jorgovanovic et al., 2014). The outcome confirmed the benefits of tactile
sensation in prosthesis force control. In another study, tactile sensation was proposed
to build up and update an internal model of feed forward control (Dosen et al., 2015).
Thus, tactile sensation has the potential to improve and facilitate prosthetic control
with less effort for the users.

2.4.2

Influence Prevention

Many studies about prosthetic control and tactile stimulation feedback are based on
myoelectric prostheses and EEG-based prostheses. As mentioned in Section 2.2.2.2,
myoelectric signals and EEG signals are tiny electric signals. they will be contaminated
by electrotactile stimulation, if the signal recording and electrotactile stimulation work
on the same body part simultaneously without special processing. Thus, it is necessary
to eliminate such influence in practical use.
Various methods were applied to reduce the influence of electrotactile stimulation
on myoelectric signals. They can be categorized into two groups: software-based solutions, such as signal processing algorithms; hardware-based solutions, such as blanking/blocking window (Widjaja et al., 2009). Filter-based signal processing algorithms
are a common way to restore the performance of myoelectric control, such as the Butterworth filter used in (Peruzzini et al., 2012), and an adaptive filter based on least mean
square (LMS) used in (Jiang et al., 2014). Regarding hardware-based solutions, time
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windows were applied between the recording period and stimulating period to avoid
the overlapping of the myoelectric signal and stimulation signal (Dosen et al., 2014).
Similarly, a method of artificial blanking with three data segmentation approaches was
proposed and proved to be an effective way to eliminate the influence of stimulation
signal on EMG pattern recognition (Hartmann et al., 2015). Additionally, optimization of stimulation waveform and the electrode design may also help to reduce the
interaction of those two electric signals (Jiang et al., 2014).
Apart from above methods, novel prostheses based on non-electric signal are expected to avoid signal interaction from the very root. For example, sonomyographybased technology has potential to be applied to hand prosthesis (Akhlaghi et al., 2016).
Ultrasound is able to detect changes in muscle thickness in real time and has no interaction with electric stimulation signals (Fang et al., 2015a). However, there must be a
long way to go before a novel technology can be applied in practice.

2.4.3

Modality Coding

Natural sensation might be achieved by invasive electrodes (Tyler, 2016), while surface
electrodes usually generate needle-like, buzz or numb feelings instead. In this case,
modality coding is adopted by non-invasive stimulations to provide sensation feedback.
Modality coding is used to map various stimulation modes on the subject’s body to
represent different tactile sensations.
With regard to electrotactile stimulation, adjustable signal parameters include frequency, amplitude, pulse width and wave form. For multi-channel stimulation, the allocation and combination of electrodes can also be taken into consideration. Difference
between low frequency (<30 Hz) stimulation and high (50-100 Hz) frequency stimulation can be recognised by subjects effectively (Arieta et al., 2005)(Paredes et al.,
2015). Amplitude and wave width are generally used to represent intensity difference
such as force feedback. Square wave is commonly used in electrotactile feedback
experiments (Arieta et al., 2005), while few comparisons of the impact of different
stimulation wave forms can be found in literature at the current time. Spatial coding
is usually adopted by multi-channel systems in which the allocation and combination
of electrodes are utilized to form different modes and subjects can achieve tactile information by recognizing the stimulation area of the working electrode(s) from among
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all the distributed electrodes (Isaković et al., 2016). Moreover, mixed coding is applied in tactile sensation restoration and encouraging outcomes were achieved (Dosen
et al., 2016). It should be noticed that most of the stimulations applied are for force
feedback, only a few of the studies are concerned with other tactile sensations, such
as texture and shape. Despite the significance of force feedback for grasp tasks, the
restoration of other kinds of tactile sensations is also important because recognizing an
object’s properties without visual monitoring can enhance a feeling of body ownership
and improve the quality of life for people who suffer from hand loss (Raspopovic et al.,
2014).

2.4.4

Hybrid Feedback

Considering the characteristics of different feedback interfaces, attempts have been
made to apply more than one type of feedback for sensation delivery. For example,
Marco D’Alonzo et al. proposed a hybrid vibro-electrotactile (HyVE) approach which
combined vibrotactile stimulator and electrotactile stimulator together to provide sensory feedback and the experimental outcome was better or comparable to single stimulation (D’Alonzo et al., 2014a)(D’Alonzo et al., 2014b).

2.5

Summary

Few existing prosthetic hands provide effective tactile sensation feedback to users,
which impedes their performance and acceptance. Some tactile feedback techniques
and devices have been proposed to address the issue but with limited success in clinical
use. To have a comprehensive understanding of the whole process of tactile sensation
restoration for prosthetic hands, this chapter presents the physiology of the human sensory system, followed by a review of available tactile sensing and non-invasive stimulation techniques with their working principles, applications, and properties. Then,
existing studies of tactile feedback and especially electrotactile stimulation are also
reviewed.
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Chapter 3
Probability-based Haptics Model
To artificially mimic and restore the tactile feedback for hand prosthesis users, it is
fundamental to have a quantitative description of the human skin’s biomechanics, especially the haptics-related mechanism of the fingertip where hand-object contacts
mostly happen (Gonzalez et al., 2014). Mechanical changes of the human fingertip, such as deformation, may activate mechanoreceptors to detect and generate tactile sensation as introduced in Section 2.1. Therefore, this chapter proposes a novel
probability-based haptics model to characterise the relation between the contact force
and the deformation of the human fingertip. The remainder of this chapter is organised as follows. Section 3.1 gives an introduction and a literature review in the fingertip
modelling field. The experimental methods, materials and data recording are described
in Section 3.2. Section 3.3 presents the theoretical foundation of the haptics model and
a demonstration of the model establishment process, followed by a summary in Section
3.4.

3.1

Introduction and Related Work

Hand manipulation heavily relies on the intuitively sensory feedback during humanobject interaction and environment exploration. An investigation of the human fingertip’s biomechanics may facilitate the sensory feedback and broaden the research
perspectives in the field of biomechanical engineering and robotics. Related studies
have gained increasing attention not only to tactile sensation rehabilitation for hand
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prostheses but also to a wide range of applications, such as artificial fingertip/skin development (Shao et al., 2009), finger model establishment in virtual reality (Ciocarlie
et al., 2007), and ergonomic design (Pawluk & Howe, 1999).
Existing studies of the human fingertip’s biomechanics and the model establishment mainly aimed at the neural reaction properties of the mechanoreceptors under
the fingertip’s skin by investigating the physical response of the human fingertip under
various load conditions. The final acheivements of these studies were mathematical
models or simulation models targeting at the relation between the contact force/pressure and the fingertip skin deformation, despite different experimental setups and modelling methods.
Researchers employed various shape of indenters to press the fingertip for the
deformation generation and retrieval, such as the point load (Wu et al., 2004), line
load (Srinivasan, 1989)(Dandekar et al., 2003a)(Wu et al., 2006), and flat load (Serina et al., 1998)(Serina et al., 1997)(Wu et al., 2006). To test multiple indenters may
help to achieve a comprehensive understanding of the fingertip’s biomechanics, because the force-deformation relation may be subject to the conditions of the contact
surface. In these studies, experimental data used for modelling can be categorised into
3 classes, including the measurement of force-displacement data (Wiertlewski & Hayward, 2012), force-contact area data (Wang et al., 2012), and pressure-deformation
data (Xydas & Kao, 1999)(D’Angelo et al., 2017).
Regarding the methods used for the establishment of the haptics model, some research, from a structural and experiment-based point of view, simplified the human
fingertip as one or multiple layers of membranes (Srinivasan, 1989); while others, in
the sight of physical character analysis, built physical-mathematical models according to the viscoelasticity analysis of the fingertip soft tissue. Taking a structure-based
model for example, by simplifying the fingertip as an incompressible fluid-filled elastic membrane, Srinivasan proposed a “waterbed” model which predicted the fingertip
deflection profile under line loads and the model was validated on humans and monkeys in vivo (Srinivasan, 1989). The model was created under many simplifications
and assumptions, such as neglecting the viscoelastic effects and assuming the membrane to be linearly elastic, so the accuracy was inevitably sacrificed. Then, non-linear
models were proposed to describe the relation between the normal force and the radius
of contact area for soft-finger materials (Xydas & Kao, 1999)(Kao & Yang, 2004). In

30

3.1 Introduction and Related Work

some research, only soft materials such as rubber and silicone were employed in experiments instead of human fingers. However, to reveal the actual biomechanics of the
human fingertip, in vivo tests are necessary. After achieving a deeper understanding
of human fingertip characters, more complex models based on the analysis of fingertip
viscoelasticity were proposed. Jindrich et al. presented a non-linear viscoelastic model
to describe the fingertip force-displacement relation and concluded that the non-linear
model could predict the fingertip force according to the fingertip pulp compression
during dynamic tapping (Jindrich et al., 2003). Duchemin G. et al. conducted in vivo
test and proposed a model to reflect the soft finger and the underlying tissue’s behaviour and properties, which took into account the influence of motion velocity and
lubrication (Duchemin et al., 2005).
Additionally, to investigate the microscopic sensing process of the human finger,
2D/3D finite element (FE) models were established based on the numerical models to
simulate human finger sensing characteristics. Wu et al. proposed a two-dimensional
(2D) structural fingertip model which could predict the stress and strain distributions
within the soft tissue, and simulate the deflection profiles of a fingertip under a line
load, a one-point load and a two-point load with a small indentation depth of 1mm
(Wu et al., 2004). Three-dimensional (3D) models were also proposed under a flat
load, a sharp wedge (Wu et al., 2006), and a line load (Dandekar et al., 2003b). For
example, a 3D FE model was developed to predict the temporal force response of
fingertip under both a line load and a cylinder load surface deflection (Kumar et al.,
2015).
The modelling of human fingertip’s biomechanics has not been accomplished and
still requires further research. First, most biomechanical models of human fingertips
are established from a microcosmic point of view mainly concerning the mechanoreceptors response to external tactile stimulation with a small indentation depth of 0-0.2
mm to 0.8-2.5 mm (Kumar et al., 2015)(Serina et al., 1997). However, large deformations that may also occur in the context of hand manipulation should also be involved
in the model. Also, assumptions and simplifications in the models based on either the
anatomical structure or the physical characterisations of human fingertip are the main
limitations of the models’ accuracy of theoretical models compared with statistical
models. Additionally, obvious intersubject skin difference and the force uncertainty
on the same subject have been observed from the related literature, which should be
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taken into consideration as well. So far, no studies have been conducted yet to address these issues. It is necessary to establish a quantitative model from an external
and macroscopic perspective to reveal the fingertip behaviour under a larger indentation depth, which will serve applications related to the process of hand manipulation.
Also, a probabilistic haptics model instead of a deterministic one is expected to characterise the force uncertainty, considering that the haptics information may varies even
under the same physical deformation condition. A probabilistic model will facilitate
to improve the robust of hand control in virtual or practical applications.

3.2

Data Collection

This section presents an experimental paradigm to collect the data related to the biomechanics of human fingertip, including the experimental setup, procedure and results.

3.2.1

Experimental Setup

The experimental setup as shown in Fig. 3.1(a) comprised a Finger Tactile Pressure
Sensing (FingerTPS) system and an indenting test bracket. FingerTPS is a commercial
system designed to collect high-quality data of force/pressure exerted on human hand.
It consisted of a calibration force sensor, wearable fingertip force sensors, a Chameleon
Visualization and Data Acquisition Software which collects and displays the force data
through the interface. In this study, we employed this system to measure the contact
force varying with the indentation depth on the fingertip in real time. The indenting test
bracket with a cone-shape probe was fixed on the edge of a table and was used to press
the fingertip to different indentation depths. A vertical view of the indenting bracket
with the fingertip is illustrated as Fig. 3.1(b). The backboard attached to the table side
helped to fix the fingertip during the experiment. The probe was adjusted by a screw
which has 7 rounds of adjustable whorls and the screw’s vertical length changed 1 mm
per round, so the indentation depths of the skin deformation could range from 0 mm to
7 mm.
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(a) Data collection system

(b) Vertical view of the indenting bracket

Figure 3.1: Experimental setup for the haptics data collection
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3.2.2

Experimental Procedure

Six subjects (23-31 years old, 2 females and 4 males) participated in the experiment.
None of them reported any skin or finger injury.
During the experiment, the subject was comfortably seated in an armchair with
his/her body-side towards the table where the indenting bracket was fixed. Fig. 3.1(a)
presented the indenting and recording scene of the experiment. In preparation, the subject needed to wear a fingertip force sensor on their left index fingertip and press the
finger on the reference sensor for calibration according to the instruction of the FingerTPS system. Then the subject was asked to put the tested finger into the indenting
test bracket with the middle point of the fingertip pulp directly towards the cone top
of the screw as shown in Fig. 3.1(b). Initially, the cone top of the screw was adjusted
to be detached from the fingertip. It should be noted that there would be a tiny but
measurable force to the fingertip force sensor and be observed from the Chameleon
Visualization and Data Acquisition Software without indentation because of the pressure between the sensor and the fingertip. To eliminate the interference, the force was
set to 0.0 N as a measurement baseline and maintained throughout the experiment of
the same subject. After then, the subject was reminded to keep the tested finger as stable as possible to make sure that the indentations of all the experiment sessions were
within the same region of the finger pulp to avoid measurement error.
At first, the probe was screwed to lightly touch the fingertip but not cause any pressure and deformation, which was considered as the starting point of each test session.
Then, the probe was screwed to indent 0.5 mm deeper every time until it reached the
max indentation depth of 7 mm or the subject reported discomfort. The indenting process from 0.0 mm to the final indentation depth was viewed as one session. During a
single session, the contact force corresponding to different indentation depths ranging
from 0.0 mm to 7.0 mm were recorded, so a maximum of 15 values of force were
recorded in each session. At the end of each session, the researcher would screw the
probe back to its starting point. To collect enough data to verify the experiment’s repeatability, the indentation tests were repeated 20 times on each subject. The duration
of the whole experiment lasted about 40 minutes and slightly varied with individuals.
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3.2.3

Data Recording

The experiment data collected from subject 1 to 6 are recorded as shown in Fig. 3.2.
According to the experiment results, the maximum indentation depth that all the subjects could endure is 5 mm, so the description and analysis in the following sections
will only consider the data ranging from 0 mm to 5 mm.
Taking the data of subject 2 as shown in Fig. 3.2(b) for example, there are 11
measured indentation depth d(d = 0, 0.5, ..., 4.5, 5mm), and each of them corresponds
to 20 measured contact forces. The contact force increases monotonically and nonlinearly with the indentation depth. The slope becomes bigger during the large indentation than the small indentation and the turning point appears when the indentation
depth is around 3 mm, although it is not obvious. Meanwhile, the data dispersion becomes more obvious with the increase of the indentation depth. The data of the other
five subjects also share the same features—monotonically increasing, non-linear, and
increasing dispersion. Additionally, we can see that the changing range and changing
speed of the contact force are different among the subjects, although they show a similar trend. For example, the average contact forces of subject 1, 4 and 5 range between
0-2 N, while subject 2, 3 and 6 show a larger range of about 0-2.5 N. The force dispersion of subject 3 and subject 5 is obviously larger than that of the other subjects,
especially subject 1 and 6. Thus, the skin conditions of fingertip exactly varies with individuals, although there are also several fundamental features in common for general
human skin.

3.3

Development of Haptics Model based on Gaussian
Distribution

This section proposes the haptics model to characterise the haptics-related biomechanics of human fingertip, which can be described by the relation between the contact
force and the skin deformation. According to features of the data collected in Section 3.2.3, a deterministic model with certain parameter values may not reflect the
specific state of every subject and the force uncertainty during the skin deformation.
Consequently, a probability model, Gaussian distribution, is introduced to describe the
individual difference and force uncertainty. Thus, this section will firstly present the
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(a) Subject 1’s data

(b) Subject 2’s data

(c) Subject 3’s data

(d) Subject 4’s data

(e) Subject 5’s data

(f) Subject 6’s data

Figure 3.2: 20 sessions of the measured forces at discrete indentation depth ranging
from 0 mm to 5 mm on 6 subjects. At different indentation depths, the mean forces are
depicted as points, and the corresponding maximum and minimum measured forces
are presented by bars.
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background knowledge of probability models, followed by a theoretical derivation of
the haptics model. Finally, a demonstration of the model establishment and validation
with practical data is provided.

3.3.1

Theoretical Background of Probability Model

In statistics, probability describes the relative frequency of outcomes of random phenomena over the long term, such as a coin flip, weather or gambling. A probability
model is a mathematical representation of a random phenomenon to predict probabilities associated with each outcome. The outcome with uncertain values is also called
a random variable. According to the feature of random variables, probability models
can be divided into discrete distribution and continuous distribution. A discrete distribution is used to describe a phenomenon with finite and discrete possible outcomes,
such as a coin flip or a dice toss. In contrast, a continuous distribution characterises
phenomena with uncountable and continuous outcomes, such as weather.
A discrete distribution can be defined by a probability mass function (PMF), which
gives an exact value of a discrete random variable. It applies when the number of trails
is fixed, each trail is independent, and the possibility of success is always the same.
Common discrete distributions include Bernoulli distribution, binomial distribution,
geometric distribution and Poisson distribution. They are introduced respectively as
follows.
• Bernoulli distribution
A Bernoulli distribution is a binary probability model of a random variable
taking binary outputs x ∈ {0, 1} when a single trial is conducted. It is a basic
discrete probability distribution abstracted from the coin flip and is usually applied in clinical trials, polling, etc. The PMF of the Bernoulli distribution is as
shown in Eq. 3.1.
(
1 − p, x = 0
P (x) =
p,
x=1
where p, (p ∈ (0, 1)) is the probability when x = 1.
• Binomial distribution
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A binomial distribution can be viewed as the probability model of a series
of Bernoulli trial which is repeated n, (n ∈ N ) times, such as flipping a coin
for many times or statistical results of questionnaires. It becomes a Bernoulli
distribution when n = 1. In a single trail, the success probability is always p,
(p ∈ (0, 1)), while the failure probability is 1 − p. Then the probability p (k) of
obtaining k successes among all the n trails can be calculated by Eq. 3.2 which
is the PMF of the Binomial distribution.
p (k) = Cnk pk (1 − p)n−k

(3.2)

• Geometric distribution
The geometric distribution and the binomial distribution are applied on the
same type of experiment which consists of n, (n ∈ N ) trails with a single trail
either success or failure. The only difference is that the geometric distribution
cares about the probability p (k) of the first success after k, (k = 0, 1, 2, ..., N )
trails. The corresponding PMF is shown in Eq. 3.3.
p (k) = (1 − p)k−1 p

(3.3)

• Poisson distribution
A Poisson distribution is used to predict the probability of a given number
k of events happening in a fixed interval of time. It is usually employed in
business to forecast the demand during a certain period, so that the supply can
be adjusted accordingly. If during the fixed time interval, an event x happens
µ times on average and the probability keeps unchanged, then the probability
p(k) of the event happening k times during the given interval can be calculated
according to Eq. 3.4.
µk e−µ
p (k) =
(3.4)
k!
As for a continuous distribution, the probability of a random variable taking on
any particular value is 0 due to the infinite number of possible outcomes. As a result, we can only use the probability of some interval (a, b) to describe the possibility
distribution of a continuous random variable, which is defined as a probability density function (PDF). Common continuous distributions include uniform distribution,
normal distribution (also called Gaussian distribution) and exponential distribution.

38

3.3 Development of Haptics Model based on Gaussian Distribution

• Uniform distribution
The uniform distribution describes a situation where the possibility of outcomes remain the same in a certain domain. However, only a few processes in
reality have this form of distribution. A representative implementation is to generate pseudo-random values in computer programming. Its PDF is shown as Eq.
3.5.

(
f (x) =

1
,
b−a

0,

a<x<b
else

(3.5)

• Normal/Gaussian distribution
The normal distribution, also called Gaussian distribution, is one of the most
important distribution in statistics. The corresponding PDF is defined as Eq. 3.6.
(x−µ)2
1
· e− 2σ2
(3.6)
2π · σ
where µ and σ are the mean and the standard deviation of the distribution, respectively. When µ = 0 and σ = 1, it becomes a standard normal distribution

f (x|µ, σ 2 ) = √

as shown in Fig. 3.3. Normal distributions differs in mean and standard deviation, but they all appear like “bell” curves with a symmetric shape around the
mean and with a distribution denser in the center and less dense in the tails. The
distribution pattern occurs in many situations, such as the product quality, IQ
scores, blood pressure, heights of people and salaries, which makes the normal
distribution a widely used statistical tool in business, social sciences, etc.
• Exponential distribution
An exponential distribution is a probability distribution that usually describes
time between events in a Poisson process. A Poisson process can predict when
the random events will possibly happen, while the exponential distribution can
be used to predict the waiting time between two events. Consequently, the exponential distribution is usually applied in the test of product reliability, lifetime
distribution, etc. The corresponding PDF is shown as Eq. 3.7.
(
1 − e−λx , x ≥ 0
f (x, λ) =
0,
x<1
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Figure 3.3: Standard normal distribution

3.3.2

Haptics Modelling

The haptics model aims to characterise the haptics-related biomechanics of human fingertip, which can be described by the relation between the contact force and the skin
deformation. However, a model with certain parameter values may not reflect the specific state and requirement of every subject. Experience indicates that the data, i.e. the
biomechanics of the fingertip, varies with individuals, and uncertainty exists during
skin deformation. Consequently, an individual-dependent probabilistic model is expected to reflect the individual difference and force variation. Given that the fingertip’s
mechanical behaviour is a continuous procedure, the model should be based on a continuous distribution. A preliminary test was conducted to compare the goodness of fit
among common continuous distributions based on a sample group of the experimental
data. Gaussian distribution is finally chosen to describe the force variation because it
outerperforms the uniform distribution and exponential distribution. It also has several
advantages, such as a simple mathematical form, fewer parameters and the association with the Central Limit Theorem, which makes it a good choice in many cases and
easy to implement (Robert, 2014). Thus, the haptics model proposed in this study will
include a force prediction part and an uncertainty description part to characterise the
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fingertip biomechanics under physical contact as shown in Eq. 3.8.
(
f = F (d) 
P =p f |d

(3.8)

where f is the most possible contact force under a certain indentation depth d (d > 0).
P is a probability density distribution of the contact force f and d.
The force prediction model F (d) aims to predict f according to d. f can be estimated by the mean of the measured forces under a certain indentation depth, as Eq.
3.9.

Pn

i=1

fi

|d
(3.9)
n
where n is the repeated times of the measurements under the same indentation depth
f |d =

d, and fi is the force of the ith measurement.
The dots in Fig. 3.4 represent typical measurement results of f under different d.
By applying proper regression methods, a prediction model of f can be obtained. Eq.
3.10 presents the fitted result of F (d) based on Fourier series model. The selection
of the regression model will be explained in Section 3.3.3. The fitting performance is
also shown in Fig. 3.4.
F (d) = a0 + a1 · cos (ω · d) + b1 · sin (ω · d)

(3.10)

where a0 , a1 , b1 and ω are the fitted coefficients.
On the other hand, considering the force variation even under the same indentation
depth, it is assumed that the probability density distribution of the contact force f at
a certain indentation depth d follow the Gaussian distribution as Eq. 3.11 due to the
skin/force uncertainty:
(f −µ)2
1
P |d = G (f ) = √
· e− 2σ2
2π · σ

(3.11)

where µ and σ are two coefficients of Gaussian distribution, namely its mean and
standard deviation. When d = 0, f is always equal to 0, so it is not included in this
distribution model.
The mean of the measured forces at a certain indentation depth µ |d can be easily
estimated according to Eq. 3.9 and Eq. 3.12.
µ |d = f |d
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Figure 3.4: f − d fitting performance based on Fourier series regression
Next, the standard deviation of the measured force σ |d can be estimated according
to Eq. 3.13. A typical measurement result is presented as dots in Fig. 3.5.
sP
n
2
i=1 (fi − µ)
σ |d =
|d
n−1

(3.13)

The exponential model is selected to fit the data, and the fitting performance is
shown as the curve in Fig. 3.5. The selection of exponential model will be explained
in Section 3.3.3. A continuous model of σ − d can be achieved as Eq. 3.14.
σ = S (d) = a · eb·d

(3.14)

where a and b are the fitted coefficients.
Then, the possibility distribution at a certain indentation depth P |d can be obtained
by introducing σ |d and µ |d to Eq. 3.11, and the result is visualized as Fig. 3.6.

A generalised model of the probability distribution p f | d can be obtained by
introducing Eq. 3.10 and Eq. 3.14 to Eq. 3.11, as shown in Eq. 3.15.

p f |d = √

[f −a0 −a1 ·cos(ω·d)−b1 ·sin(ω·d)]2
1
2a2 ·e2b·d
· e−
2π · a · eb·d
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Figure 3.5: σ − d fitting performance based on exponential regression

Figure 3.6: Force probability density distribution at discrete indentation depths
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In summary, the whole haptics model is finalised as Eq. 3.16.


F (d) = a0 + a1 · cos (ω · d) + b1 · sin (ω · d)
[f −a0 −a1 ·cos(ω·d)−b1 ·sin(ω·d)]2

 p f | d = √ 1 b·d · e−
2a2 ·e2b·d
2π·a·e

3.3.3

(3.16)

Demonstration and Model Validation

This section demonstrates a detailed modelling process based on a subject’s data, including model training, validation, and test. The main evaluation measure of the haptics model is the root mean square errors (RMSE) between the actual forces and the
model’s fitting outputs to evaluate the accuracy and precision of the haptics model.
3.3.3.1

Training

Taking subject 1’s data for example, the 14 sessions of training data are presented as
dots in Fig. 3.7. There is a non-linear relation between the contact force f and the
indentation depth d. To predict the most likely force f (also the force’s mean/expectation) based on the indentation depth d, several common-used non-linear regression
models—-Fourier series model (Eq. 3.17), Gaussian model (Eq. 3.18), polynomial
model (Eq. 3.19) and exponential model (Eq. 3.20) were applied to fit the data, where
a0 , a1 , b1 , a, b, c, k1 , k2 , k3 , a and b are the fitted coefficients.
y = a0 + a1 · cos (ω · x) + b1 · sin (ω · x)
y = p · e−(

x−q 2
c

)

(3.17)

(3.18)

y = k1 · x2 + k2 · x + k3

(3.19)

y = a · eb·x

(3.20)

The fitting performance of different regression models based on the data of subject
1 were compared as curves in Fig. 3.7 where their respective root mean square errors
(RMSE) were also displayed. The polynomial model presented the least RMSE, which
indicated that it seemed to be the most suitable fitting model for subject 1 to predict
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f according to d. In spite of this, Fourier model was chosen to fit the relation of f d. One consideration is its comparable RMSE to that of Polynomial model. Another
consideration will be further explained in Section 3.3.3.2. Thus, the first part of the
haptics model for the relation between f and d of subject 1 was fitted to be Eq. 3.21.
0

f = 1.694 + 0.1971 · sin (0.4228d) − 1.673 · cos (0.4228d)

(3.21)
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Figure 3.7: Training data of subject 1 and the fitting performance of various regression
models
Likewise, a suitable model to predict the non-linear relation between the standard
deviation of force σ and the depths d was also selected among the above regression
models (Eq. 3.17, Eq. 3.18, Eq. 3.19, Eq. 3.20). Their fitting performance with
respective RMSE was presented in Fig. 3.8. Considering that exponential model had
the smallest RMSE and less coefficients than other models, it was chosen to describe
the σ − d relation. Thus, the prediction model of σ − d for subject 1 was achieved as
Eq. 3.22. It should be noted that when d = 0, the contact force f is always 0 and there
is σ = 0. Consequently, the probability of f = 0 at d = 0 is 100% and the probability
density P |d=0 tends to positive infinite, so it is not necessary to discuss the probability
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when d = 0.

Standard deviation of measured forces (N)

σ 0 = 0.02272e0.3766d

(3.22)
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Figure 3.8: Fitting performance of experimental force’s standards deviations
Then, by introducing Eq. 3.21 and Eq. 3.22 to Eq. 3.11, a continuous probability
density distribution of the contact force f and indentation depth d for subject 1 was
obtained as Eq. 3.23 and depicted as Fig. 3.9.
[f −1.694−0.1971·sin(0.4228d)+1.673·cos(0.4228d)]
1
−
1.032×10−3 e0.7532d
P =
·
e
0.057e0.3766d

2

0

Above all, the whole haptics model for subject 1 was achieved as Eq. 3.24.

 f 0 = 1.694 + 0.1971 · sin (0.4228d) − 1.673 · cos (0.4228d)


P0 =

1
0.057e0.3766d

−

[f −1.694−0.1971·sin(0.4228d)+1.673·cos(0.4228d)]2

·e

(3.23)

(3.24)

1.032×10−3 e0.7532d

Similarly, the haptics models for other subjects can be obtained in the same way.
Table 3.1 and Table 3.2 list 4 regression models’ RMSEs based on all the 6 subjects’
experimental data, with the smallest RMSE value for each subject marked in bold.
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Figure 3.9: Continuous probability density distribution of f − d
In Table 3.1, the Fourier series model outperforms the other three models for subject
6, while for other subjects polynomial model presents the least RMSEs. In spite of
this, Fourier series model shows the least RMSE on average, and its RMSEs for each
subject are comparable with the least RMSEs which are fitted by polynomial model.
In Table 3.2, the exponential model exhibits the least RMSE on most subjects and on
average, which indicates it can be a good choice for σ − d’s fitting.
3.3.3.2

Validation

Considering the consistency of the fitting performance of above regression models on
different subjects, it may not be necessary to test various regression models for each
subject every time. If Fourier series model/polynomial model and Exponential model
keep demonstrating good performance on some new data for validation, they can be
set as the default models to fit f − d and σ − d. Then, there can be a unified structure
of the haptics model, while only its parameters need to be adjusted according to each
subject’s condition.
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Table 3.1: RMSE of different f − d regression models for different subjects based on
14 sessions of experimental data
RMSE

FS

GM

PM

EM

Subject 1
Subject 2
Subject 3
Subject 4
Subject 5
Subject 6

0.0896
0.1253
0.2503
0.0805
0.1466
0.0616

0.0984
0.1358
0.2553
0.0969
0.1682
0.0706

0.0893
0.1249
0.2500
0.0803
0.1461
0.0822

0.1222
0.1759
0.2971
0.1420
0.2064
0.2110

Average RMSE 0.1257 0.1375

0.1288

0.1924

Table 3.2: RMSE of different σ − d regression models for different subjects based on
14 sessions of experimental data
RMSE

FS

GM

Subject 1
Subject 2
Subject 3
Subject 4
Subject 5
Subject 6

0.0139
0.0238
0.0294
0.0189
0.0470
0.0144

0.0129
0.0214
0.0241
0.0175
0.0369
0.0144

0.0130 0.0128
0.0222 0.0203
0.0275 0.0241
0.0177 0.0165
0.0440 0.0348
0.0135 0.0151

Average RMSE

0.0246

0.0212

0.0230 0.0206
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Another two sessions of data are used for validation. To choose a proper regression
model among the Fourier series model, Gaussian model, polynomial model, and an
exponential model for the fitting of f − d and σ − d, RMSE of each model’s fitting
performance f − d based on the validation data of all the 6 subjects are presented in
Table 3.3, Table 3.2 and Table 3.4 with the smallest values marked in bold. Fourier
series model obtains the least RMSE on the validation data of all the subjects, and
as mentioned in Section 3.3.3.1, it also obtains the least average RMSE on training
data. Given the close results of the fitting models with the best and the second best
RMSE respectively, the model selection does not limit to one option. In this study,
Fourier model is selected to fit the relation between f and d because of its consistent
and outstanding fitting performance. As for the coefficient σ, it needs to be calculated
based on multiple and enough sessions of data instead of one or two sessions. Hence
we decided to compare the RMSE of different models based on the training data (14
sessions, as Table 3.2) and all the experimental data (18 sessions in total, as Table
3.4). On both training and validating data sets, the exponential model shows the least
average RMSE and presents the best fitting performance on 83.3% of subjects among
all the tested regression models, so it should be the most suitable model to fit the
relation of σ − d. Therefore, the haptics model for subject 1 is finalised to be Eq. 3.24.
Also, a unified structure of the probability-based haptics model can be decided as Eq.
3.8.
Table 3.3: RMSE of different f − d regression models for different subjects based on
2 sessions of experimental data
RMSE

FS

GM

PM

EM

Subject 1
Subject 2
Subject 3
Subject 4
Subject 5
Subject 6

0.1034
0.1077
0.1923
0.1676
0.0829
0.0861

0.1092
0.1243
0.2031
0.1857
0.1250
0.0919

0.1034
0.1077
0.1928
0.1676
0.0829
0.0943

0.1373
0.1714
0.2542
0.2225
0.1856
0.2022

Average RMSE 0.1233 0.1399

0.1248

0.1955
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Table 3.4: RMSE of different σ − d regression models for different subjects basd on
18 sessions of data
RMSE
FS
GM
PM
EM

3.3.3.3

0.0139
0.0175
0.0213
0.0215
0.0326
0.0152

Subject 1
Subject 2
Subject 3
Subject 4
Subject 5
Subject 6

0.0164
0.0216
0.0287
0.0235
0.0438
0.0134

0.0148
0.0186
0.0222
0.0226
0.0346
0.0138

0.0153
0.0202
0.0269
0.0220
0.0410
0.0126

Average RMSE

0.0246

0.0211

0.0230 0.0203

Testing

The rest 2 sessions of data are used for testing by comparing the model’s predictive
results based on Eq. 3.21 with experimental data. The RMSE of f − d are presented
in Table 3.5.
Table 3.5: RMSE of f and error percentage of 2 sessions of testing data

3.4

RMSE of f

f error%

Subject 1
Subject 2
Subject 3
Subject 4
Subject 5
Subject 6

0.0710
0.1931
0.1907
0.2008
0.1620
0.0776

8.54%
20.13%
18.99%
20.64%
15.23%
6.54%

Average

0.1492

15.01%

Summary

The Gaussian distribution based haptics model was proposed in this chapter to reflect
the relation of force and the fingertip indentation depth ranging from 0 mm to 5 mm.
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Experiments were conducted to collect in vivo data for analysis. The results revealed
the non-linearity of the fingertip’s mechanical characteristics. With the increase of
indentation depth, the contact force’s dispersion became large and its rising speed became fast, which might be attributed to the influence of the bone. Based on statistical
methods and non-linear regression models, a force prediction model and a force probability distribution model were derived and form the whole haptics model. Thus, the
haptics model can not only predict the most possible force under a certain contact
deformation but also cover a reasonable level of force variation.
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Chapter 4
Development of the Electrotactile
Stimulation System
The lack of a well-designed wearable device is a main factor that restricts the clinical
applications of tactile feedback in hand prostheses and rehabilitation systems. To fill
this gap, this chapter develops a portable multi-channel electrotactile stimulation system for clinical use. The chapter is organised as follows. Section 4.1 gives an general
description of the electrical stimulation’s application in biomedical engineering, especially the sensory and motor function rehabilitation area. Section 4.2 introduces the
background and basic principles of a typical electrotactile stimulation (ETS) system.
The integral design framework and the main functional modules of the multi-channel
ETS system are presented in details in Section 4.3. To evaluate the output capability of
the proposed ETS system, Section 4.4 provides the test results of different stimulation
waveforms and the stability of output currents. This chapter ends with a summary in
Section 4.5.

4.1

Introduction and Related Work

Electrical stimulation has been studied for decades in the area of sensory and motor
function restoration for amputees and patients with spinal cord injury (SCI), because
a local electrical current is believed to pass through the skin and directly stimulates
afferent neurons (Kaczmarek et al., 1991)(Snyder-Mackler et al., 1995). According
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to the stimulation intensity, it has two main applications in the rehabilitation area,
electrotactile stimulation (ETS) with lower intensity output and functional electrical
stimulation (FES) with higher intensity output. Both of them function by modulating
the current parameters, such as amplitude, frequency and pulse width.
As introduced in Section 2.2.2.2, ETS evokes tactile sensations by passing a lowintensity current to the skin through surface electrodes. Commercial stimulators are
available, but they are usually with bulk size (KINETICS, 2018)(TENSPROS, 2018)
(BIOPAC, 2018) or with limited numbers of output channels (Tens+, 2018). The clinical applications of ETS in rehabilitation is still limited, although some efforts have
been devoted to the device development (Farina et al., 2014)(Takeda et al., 2017)(Cornman et al., 2017)(Onesti et al., 1989). Further study and development are expected in
this field.
As for FES, it is used for motor recovery by generating relatively strong electrical current to activate the skeletal muscle of the paralyzed patients to complete
desired motions (Lynch & Popovic, 2008)(Quandt & Hummel, 2014)(Bhattacharyya
et al., 2016b). FES has become one of the most important and effective treatments
for stroke rehabilitation, since it was first used for foot drop rehabilitation (Liberson, 1961)(Popović, 2014). For lower limb rehabilitation, FES has been applied in
treatments for knee joint position control (Chang et al., 1997), unsupported standing (Matjacic & Bajd, 1998)(Holderbaum et al., 2002), gait training (Thrasher et al.,
2006)(Popovic et al., 1999) and cycling (Hunt et al., 2004)(Donaldson et al., 2000).
Also, it is reported that FES may effectively improve the upper limb function rehabilitation efficacy during early stroke (Alon et al., 2007).
The expected features of electrical stimulators include adjustable parameters, stable
stimulation signals, multiple output channels and portable size, which are applicable
for both ETS devices and FES devices, although their operative intensities are different. A flexible stimulator can be easily customised to fit different individuals. A stable
output ensures a consistent tactile perception or motor function for the users. Multichannel output may facilitate multi-sensation feedback by ETS and complex motions’
generation for FES by activating more muscles compared with single-channel stimulator. As for ETS, multi-channel output can enable spatial coding which is intuitive
and can be easily perceived by users. Furthermore, a small and light stimulator is more
suitable for prosthesis integration or take-home use.
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For FES systems to provide therapeutic and orthotic
support to patients they must meet certain specific design
requirements. To function as a take-home device, they must
be safe, portable and be sufficiently easy to operate so that
patients can don the equipment unaided or with minimal
assistance. The interface
must beBackground
as ergonomic
as possible
4.2 Theoretical
of Electrical
Stimulators
to allow patients with reduced dexterity or poor eyesight to
use the device without difficulty. Most surface FES systems
4.2 Theoretical Background of Electrical Stimulators
follow a standard electronic design structure, similar to that
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al.Electrical
[10], consisting
of digital
4.2.1 Typical
Designby
Structure
Stimulators
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Safety, portability and ease of use are three main concerns of the design of an ETS
power supply blocks (Fig. 1).
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Fig. 2. Typical embodiment of electric stimulator output block.
Figure 4.1: Schematic diagram of a typical ETS system’s structure, consisting of
the digital-to-analogue converter (DAC), level control (LC) and switch circuitry (SC)
(Broderick et al., 2008).

A. Stimulator Block
The analog stimulation block of FES systems supplies the
high voltages required to elicit muscular contractions and
can adjust the output according to the functional
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requirement. A typical embodiment
is illustrated in Fig. 2. A
DC-DC converter is used to generate a constant positive and

(b)

(c)
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4.2.2

Output Modes of Electrical Stimulation

The output modes of an electrical stimulator can be classified into three types: constantcurrent output, constant-voltage output and a hybrid form (Broderick et al., 2008). The
constant-voltage output mode presents an advantage of safety that the amplitude of
stimulation current decreases with the increase of skin resistance, which indicates less
potential for tissue damage. However, the variation of the stimulation signal leads to
inconsistent motor response. In the constant current output mode, the amplitude of the
stimulation current remains unchanged, while the amplitude of the stimulating voltage
increases with the increase of skin resistance. This mode has a better performance in
the control of the stimulating intensity (Sheffler & Chae, 2007), so it is adopted in the
design of most electrical stimulators, The intensity of electrical stimulation can be adjusted by changing the amplitude, pulse width, and frequency of the output signals. For
an ETS system, the stimulation frequency is usually adjusted to be less than 100 Hz
and the amplitude is less than 10 mA, because a strong electrical stimulation can easily
cause muscle fatigue (Baker et al., 1993)(Lynch & Popovic, 2008). If the intensity of
electrical stimulation is high enough (20-50 mA), it will work as FES which may lead
to unexpected passive muscle contraction or even motor responses.

4.2.3

Waveforms of Electrical Stimulation Output

Three typical output waveforms of the ETS, monophasic pulses, symmetric biphasic
square pulses, and asymmetric biphasic square pulses, are shown in Fig. 4.2. Biphasic
pulses can reach the sensation thresholds of the stimulated area with lower intensity
compared with monophasic pulses. As for biphasic pulses, the area of positive pulses is
generally equal to that of negative pulses, because the negative pulses can neutralize the
charge accumulation and polarization effect caused by the positive pulses on the skin
and prevent the tissue damage (Baker et al., 1993). Biphasic pulses are generally used
in FES, given its high intensity of the stimulation signal. As for ETS, both monophasic
pulses and biphasic pulses can be applied because of its relatively low stimulation
intensity.
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Figure 4.2: Typical electrical stimulation pulses: (a) Monophasic pulse; (b) Asymmetric biphasic square pulse; (c) Symmetric biphasic square pulse; (d) Symmetric biphasic
square pulse with interval.
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4.3
4.3.1

Design of the Multi-channel ETS System
Framework of the Multi-channel ETS System

This research aims to develop an electrical stimulator for the provision of ETS. The
design framework of the proposed ETS system is illustrated in Fig. 4.3, consisting of
6 parts: power supply module (PSM), micro controller unit (MCU), electrical stimulation output module (ESOM), electronic switch module (ESM), Bluetooth module
(BM), graphical user interface (GUI), and the corresponding hardware prototype and
GUI design are shown in Fig. 4.4(a). Fig. 4.5 presents an industrial design of the ETS
stimulator. The following sections will provide a detailed description of the circuit
design of different modules.

Figure 4.3: Design framework of the multi-channel ETS system

4.3.2

Power Supply Module

In the power supply module (PSM) as shown in Fig. 4.3, an independent +12V DC battery is employed to drive the electrotactile stimulator. Constant-current output mode is
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(a) Hardware design of the ETS syste: (1) The output ports; (2) The ESM; (3) The
ESOM; (4) The PSM; (5) The MCU; (6) The Bluetooth interface.

(b) Graphical user interface (GUI) design of the ETS system

Figure 4.4: Design of the multi-channel ETS system
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Figure 4.5: Industrial design of the multi-channel stimulator: (1) The shell; (2) The
power switch; (3) The LED for power; (4) The output ports
employed in the ETS system. To ensure a stable and constant stimulation output under
different load, the voltage is boosted from +12V to +120V by a DC-to-DC converter to
supply the following constant current module. Meanwhile, the power is also converted
by a voltage regulator to +5V to supply the BM. Then, the +5V is converted to +3.3V
by a voltage regulator to supply the MCU. Additionally, the +12V is also boosted to
+26V by a voltage regulator to supply the operational amplifier for constant current
generation.

4.3.3

Micro Controller Unit

The micro controller unit (MCU) performs a vital role in the ETS system to decode
control commands from the host computer and then to adjust and control the output of
the stimulation current. STM32F103VCT6 (STMicroelectronics) is selected to be the
MCU chip, which is equipped with ARM Cortex-M3, 32-bit RISC core, frequency up
to 64 MHz, 8 timers, 2 DAC output, etc. As illustrated in Fig. 4.3, such hardware configuration can meet the requirements of the stimulator’s communication ports, including 32 I/O ports (for the 16-channel output control), 4 ports of pulse width modulation
(PWM) control signals (for the control of the stimulation frequency and pulse width),
and 2 ports of the reference voltages (for the control of the stimulation intensity). The
MCU can communicate with the host computer wirelessly via the BM, which is connected with the MCU through a serial port (universal synchronous and asynchronous
receiver-transmitter, USART).
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4.3.4

Electrical Stimulation Output Module

As stated in Section 4.2.2, the constant-voltage output mode has an advantage of safety,
while the constant-current output mode can provide stable output current regardless of
the load resistance’s variation. Considering the low intensity of the stimulation for
electrotactile feedback, constant-current mode is applied to the ETS in this research.
The output square pulses are generated by the cooperation of the electrical stimulation
output module (ESOM), MCU, PSM and ESM. The output voltage of I/O port controls
the optocoupler relay (AQW217) in the ESM to enable or disable the stimulation channels and switch among channels. Fig. 4.6 shows the schematic diagram of the square
constant-current generation modules. The ESOM consists of three components: the
amplifying circuit (AC), constant-current source circuit (CCSC) and the bridge circuit
(BC).

Figure 4.6: Schematic diagram of the electrical stimulation output module (ESOM)
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4.3.4.1

Amplifying Circuit

The amplifying circuit (AC) is used to provide the reference voltage for the control of
the positive and negative phase of the current’s amplitude, based on the DACs’ output
converting from the MCU. However, the voltage of the DACs ranges from 0 V to +3.3
V, which is too small to be the reference voltage for the CCSC. To solve the problem,
the AC is applied to boost the DACs’ output voltage to an high enough level to drive the
CCSC. The AC is a non-inverting operational amplifier circuit based on the operational
amplifier LM358 (Texas Instruments). A circuit schematic is shown in Fig. 4.7. The
voltage can be calculated by Eq. 4.1.

u0 =

RF
1+
R1


· ui

(4.1)

where u0 and ui are the output voltage and the input voltage, respectively.

Figure 4.7: Circuit schematic of the amplifying circuit (AC)

4.3.4.2

Constant-Current Source Circuit

The constant-current source circuit (CCSC) is designed to generate the ETS current. It
is made up of two constant-current sources which can generate monophasic pulses, one
for positive pulses generation and the other for negative pulses. The circuit diagram
of a constant-current source is shown in Fig. 4.8, which is based on the operational
amplifier (LM358, Texas Instruments) and the MOSFET (metal-oxide-semiconductor
field-effect transistor, FDD3N50NZ, Fairchild).
The two operational amplifiers form a current feedback network and compare with
the control voltage UREF by detecting and feeding back the current through the resistance RS , thereby maintaining the drain and source current of the MOSFET at a
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Figure 4.8: Circuit schematic of the constant-current source circuit (CCSC)
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constant magnitude. The magnitude of the stimulation current can be calculated by
Eq. 4.2.
Id =

R2 UREF
(R2 + R3 ) RS

(4.2)

where Id is the stimulation current applied to the skin which is represented by the
“LOAD” in Fig. 4.8, UREF is the amplified output from the DAC, and Rs is the sampling resistance to capture the stimulation magnitude of current in real time.
4.3.4.3

Bridge Circuit

The bridge circuit (BC) is applied to generate and regulate biphasic square stimulation
pulses. Under the control of the PWM signals controlled by the timers in the MCU, the
CCSC cooperates with the BC to realize biphasic pulses with the desired frequency and
duration as shown in Fig. 4.9. The PWM signals control the optocoupler 1 and optocoupler 2 (TLP188, Toshiba) to switch on and switch off in turn, so the constant +120V
is converted to a PWM-shaped square wave whose amplitude remains +120V, while the
pulse width and frequency are consistent with the PWM signals. Similarly, the constant
0

0

voltage UREF 1 and UREF 2 are converted to square waves UREF 1 and UREF 2 by optocoupler 3 and optocoupler 4 (TLP521, Toshiba), respectively. Thus, when optocoupler
1 and optocoupler 4 are switched on at the same time, the circuit from the power supply
0
+120V to the reference voltage UREF 2 is closed. Then, the constant-current source 2
starts working and generates the positive phase of the stimulation current I+. Similarly,
when optocoupler 2 and optocoupler 3 are switched on, the constant-current source 1
generates the negative phase of the stimulation current I- in the same way. Finally, the
alternating I+ and I- make up the biphasic stimulation current whose amplitude is determined by the reference voltage, while the pulse width and frequency are determined
by the PWM signals.
In this study, the optocouplers act as not only the switches for biphasic current
generation but also the isolator between the timing signals and the analog circuit of the
stimulation current because of the huge voltage difference between them. Optocoupler
1 and optocoupler 2 separate the battery voltage-boosted power supply (+120 V) from
the constant current source. Similarly, optocoupler 3 and optocoupler 4 separate the
reference voltages and the constant-current sources.
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4.3.5

Stimulation Timing Sequence Design

The adjustment of the stimulation parameters is realised by the PWM signals generated
from the timers in the MCU. As presented in Fig. 4.9, PWM1, PWM2, PWM3 and
PWM4 control the on-off state of optocoupler 1 to optocoupler 4, respectively. The
timing sequence for the biphasic stimulation current generation, including the control
signals, reference voltages and the current waveform, is illustrated in Fig. 4.10. The
overlapping parts of the high level between PWM1 and PWM4 mean that the optocoupler 1 and optocoupler 4 are being switched on at the same time, which determines the
0

pulse width of the positive phase current. Meanwhile, UREF 2 is kept equal to UREF 2
to determine the amplitude of the current. As for the negative phase, the pulse width is
determined by the overlapping parts of the high level between PWM2 and PWM3, and
0

the amplitude is determined by UREF 1 when its level is equal to UREF 1 . All the PWM
signals are running in the same frequency which is also the frequency of the stimulation current. When the pulse width of PWM3 and PWM4 are the same and the high
0

0

level of UREF 1 and UREF 2 are equal in value, the symmetric biphasic pulse current is
realized. Conversely, the asymmetric biphasic pulse current is realized when the pulse
0

width of PWM3 and PWM4 are different, and meanwhile, the high level of UREF 1 and
0
UREF 2 are not equal. Finally, the monophasic stimulation currents generated from the
CCSC are integrated and converted to be a biphasic stimulation current by a proper
timing control.
It is worth to be noted that the area of the negative phase should always be equal
to that of the positive phase whether it is symmetric biphasic pulses or asymmetric
biphasic pulses, because the negative phase plays an important role in eliminating the
charge accumulation in the skin and avoiding tissue damage. Besides, to avoid the two
constant-current sources working at the same time which may cause the stimulation
current into confusion, a short interval time (IT, 100 µs) is set between PWM3 and
PWM4, which ensures a separation between the positive phase and the negative phase.
Additionally, a dead time (DT) is also inserted between the PWM signals. It is applied to reduce the unexpected current fluctuation or impulses when the high voltage
power supply is added to the constant-current source, which will be further explained
in Section 4.4.1.
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Figure 4.10: Timing sequence diagram of generating biphasic stimulation current in
ESOM: (a) Symmetric biphasic; (b) Asymmetric biphasic. DT represents dead-time,
PW represents pulse width, Amp represents the current amplitude and IT is the interval
time. Note that the area of the positive pulse is equal to the area determined with the
negative pulse in both types of the current waveform.
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4.4

ETS Output Capability Test

4.4.1

Test of the Stimulation Waveform

The ETS system is expected to output stable stimulation current regardless of the variation of load resistance, The stimulation parameters of all the output channels, including
the amplitude, pulse width and frequency, are required to be adjustable. Stimulation
capability tests were conducted to test the output performance of the ETS.
The stimulation waveforms of different parameters are recorded and compared in
Fig. 4.11. Tests show that there were serious current fluctuation and impulses (pointed
by the red arrows) at the rising edges of the amplitude which was the moment that
the high voltage power supply was added to the constant-current source. A DT was
inserted to reduce the current fluctuation as mentioned in Section 4.3.5. Fig. 4.11(b)Fig. 4.11(f), show the waveform where a dead time (DT) was inserted between the
positive pulse and the negative pulse, while no DT was added in Fig. 4.11(a). Comparing Fig. 4.11(a) and Fig. 4.11(b) which shared the same stimulation parameters,
after inserting a DT to the PWM signals when generating the negative square wave as
shown in Fig. 4.10, the impulses (pointed by the green arrow) in Fig. 4.11(b) became
much smaller than that in Fig. 4.11(a). Furthermore, the DT was added to the start
points of both the positive and negative pulses in Fig. 4.11(d), it was obvious that the
amplitude of the impulse reduced significantly compared with that in Fig. 4.11(c) in
which no DT was added. Thus, the insertion of DT among the PWM signals can effectively suppress the transient current fluctuation during the current switching, although
there is still small fluctuation appearing upon the positive phase. The remain fluctuation, whose maximum amplitude and duration were reduced to 60 mA and 7 µs, took
place when the DT was set as 30 µs. Besides, Fig. 14(a)- Fig. 4.11(d) were symmetric
biphasic currents, while Fig. 4.11(e) and Fig. 4.11(f) were asymmetric biphasic currents, which demonstrates that the system can output both symmetric and asymmetric
biphasic pulses.

4.4.2

Test of the Stimulation Current

The constant current output capability of the ETS was also evaluated in this study. Fig.
4.12 presents the performance of the constant-current output of the ETS system with
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Figure 4.11: Waveform of stimulation current with different parameters: (a) and (b)
Amplitude-30 mA, pulse-200 s, frequency-50 Hz; (c) Amplitude-30 mA, pulse-400 s,
frequency-50 Hz; (d) Amplitude-60 mA, pulse-400 s, frequency-50 Hz; (e) Amplitude40 mA, pulse-200 s(positive phase), frequency-50 Hz; (f) Amplitude-60 mA, pulse400 s(positive phase),frequency-50 Hz. For (a), no DT was added to the control signals
for generating the bipolar square wave; For (b), DT was only added to the control
signals for generating the negative square wave; For (c)-(d), DT was added to the
control signals for generating the bipolar square wave. (a)-(d) are symmetrical bipolar
square wave while (e)-(f) are asymmetrical bipolar square wave.
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the variation of the load resistance. The amplitudes of the voltage on load resistance
were measured when the fixed stimulation current was going through it. The load
resistance varied from 200 Ω ∼ 3 kΩ (metal-oxide film resistance, error ±5%), and
the average resistance of the human body is about 2 kΩ. The low current output of 4/8
mA and the high current output of 30/60 mA were tested, respectively. The theoretical
output results were simulated according to I × Rload .
As shown in Fig. 4.12(a), the ETS could maintain a constant output close to the
simulated value when the current was set at low amplitutes such as 4 mA and 8 mA,
as well as the 30 mA-output in Fig. 4.12(b). However, when the current went up to
60 mA, the output current could keep stable only if Rload <2 kΩ. When Rload >2
kΩ, the system could not maintain the 60 mA-output and the current decreased with
the resistance increasing. It is because the load voltage could not reach +120 V due
to the power loss in the system, although the maximum value of the voltage supply
to the constant-current was +120 V. Table 4.1 compares the proposed ETS system
with different commercial electrical stimulating systems. The proposed ETS system’s
parameter modulation is comparable with other systems, meets the requirements of
ETS and FES, and it has advantages of the portable size and more output channels.
Table 4.1: Comparision of commercial electrical stimulation systems and the proposed
ETS system
Device

Output
channels

RehaStim 2

8

0-130

2-220

Quattro 2.5

4

0-100

Premier Plus

2

Proposed ETS

16

4.5

Amplitude Frequency
Pulse
(mA)
(Hz)
width (µs)

Dimensions (mm)

Company

0-500

1200 × 540 × 600

0-249

30-400

381 × 267 × 21

0-100

1-200

0-500

120 × 60 × 3

0-55

1-100

0-500

138 × 108 × 35

HASOMED,
Germany
Roscoe
Medical, USA
The TENS
Company, UK
-

Summary

This chapter presented the system design of the multi-channel ETS system. The proposed ETS system has 16-channel outputs which exceed the channels of most portable
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(a) Constant current output of 4 mA and 8 mA

(b) Constant current output of 30 mA and 60 mA

Figure 4.12: Current output capability test
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stimulators of a similar size and can be applied for both ETS and FES. Its multiple
and adjustable outputs enable flexible coding schemes for electrotactile feedback. The
constant current output mode is applied to generate a consistent tactile sensation by
outputting stable stimulation current. The portable size and wireless communication
mode make the proposed ETS potential to be integrated with hand prostheses. The
proposed system can not only be used as a treatment for rehabilitation or daily use for
amputees but also provide an extensible platform for future study.
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Chapter 5
Evaluation of Electrotactile Feedback
on a Virtual Hand Rehabilitation
Platform
The absence of suitable tactile feedback leads to an inferior rehabilitation performance
with a compromised usability and a huge burden of user training. It is challenging
and essential to integrate a proper tactile feedback module with the existing hand rehabilitation systems to achieve a better control performance and accelerate the rehabilitation process. Thus, this chapter focuses on the implementation and evaluation
of the elecrotactile feedback in the hand rehabilitation process. A virtual hand rehabilitation platform comprising multiple functional modules is proposed to conduct
a closed-loop force control. Experiments of three different feedback conditions including visual feedback, electrotactile feedback and no feedback are conducted and
compared based on the proposed platform. The remainder of this chapter is organised
as follows. Section 5.1 review the implementatons of tactile feedback in both academia
and practice together with a introduction of the virtual environment application in therapeutic training. Section 5.2 demonstrates the design of the virtual hand rehabilitation
platform. The experimental setup, protocol and analysis criteria are described in Section 5.3. Experimental results are presented and discussed in Section 5.4 and Section
5.5, respectively. A summary of this chapter is provided in Section 5.6.
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5.1

Introduction and Related Work

Tactile sensation of the human hand is important for the exploration and interaction
with the environment in a large variety of tasks, ranging from basic grasps to complex
operations of sophisticated instruments. For transradial amputees, the loss of sensations and motor functions due to the amputation can inevitably deteriorate quality of
life and make an individual feel less capable and more dependent (Schofield et al.,
2014). Even if equipped with hand prostheses, transradial amputees still face to huge
obstacles in the process of rehabilitation and some situations where fine-force control
is necessary due to the absence of tactile feedback (Kuiken et al., 2009). Thus, it is
expected to apply closed-loop control in hand prostheses and the corresponding rehabilitation process by implementing tactile feedback to improve the user experience and
prosthesis performance.
It is an important acdemic topic to close the loop of prosthesis control by tactile
feedback in the area of upper-limb rehabilitation. Available studies mainly investigated the impacts of tactile feedback on the self-embodiment and prosthesis performance. On one hand, it was revealed that tactile feedback did help to generate a sense
of body ownership and improve the user experience (Mulvey et al., 2014)(Ackerley
& Kavounoudias, 2015)(Tan et al., 2014)(Tyler, 2016), and it was something that amputees wanted in their prostheses (Wijk & Carlsson, 2015)(Cordella et al., 2016). On
the other hand, the opinion of tactile feedback on improving prosthesis performance is
still a matter of controversy. Most studies concluded that the integration of tactile feedback improved the performance of prosthesis manipulation (Walker et al., 2015)(Jorgovanovic et al., 2014)(Aboseria et al., 2018), although there were some studies showing an improvement only with certain conditions or users, or even little difference
when compared with the non-feedback condition (Saunders & Vijayakumar, 2011). In
some cases, clinical therapists claimed that amputees with only visual and audio feedback could acquire comparable prosthetic grasping performance with the performance
of a closed-loop condition if the rehabilitation/training process was adequate enough.
However, the time-consuming rehabilitation/training process may cost several weeks,
months or even more than one year (Miller et al., 2008)(Cheesborough et al., 2015)
and also cause a great load of cognitive burden during not only the training stage but
also in practical use.
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Despite the intensive research on tactile feedback witnessed in academia, limited
instances have been utilised in clinical scenarios. Few of the commercial hand prostheses provide tactile feedback, neither the rehabilitation system for their users. This
is attributed to the lack of a deep insight into the usability of tactile stimulation and a
wearable device for implementation. As a result, prosthesis users have to rely on nonintuitive cues (e.g. vision, motor sound, and the prosthesis velocity of closing) as an
alternative solution instead of tactile feedback in the prosthesis manipulation (Wijk &
Carlsson, 2015)(Ninu et al., 2014), which requires continuous visual or auditory attention and a heavy cognitive burden. Regardless of some efforts devoted to the hardware
development and mechanism understanding (Takeda et al., 2017)(Onesti et al., 1989),
it is still challenging and timely to further explore the tactile feedback’s impact on the
reduction of user training and cognitive consumption in daily life usage.
Virtual environments, together with tactile feedback, can provide an enriched training environment and enhance the sense of interactivity (Pamungkas & Ward, 2016),
which may boost the user’s involvement and perceptive ability for a better rehabilitation performance. Especially for circumstances requiring fine-control, such as grasping eggs, people can practice in a virtual environment without creating any waste or
causing any damage. As a promising therapeutic training tool, Virtual environments
is potential to generate an immersive and enjoyable treatment display for upper limb
rehabilitation (Levin et al., 2015) and act as a flexible platform that can be customised
to meet the individual needs (LeBlanc et al., 2013).
Thus, this chapter establishes a virtual rehabilitation platform by integrating the
aforementioned multi-channel electrotactile stimulation system and the haptics model
with a virtual hand environment. Experiments are conducted on the platform to confirm
the effectiveness of electrotactile feedback and investigate how it influences the hand
rehabilitation performance and efficiency.

5.2

Design of the Virtual Hand Rehabilitation Platform

To validate the hypothesis of the tactile feedback’s effectiveness on hand grasping
rehabilitation, a novel integrated platform is established to support the experiment of
virtual grasping in different feedback conditions.
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5.2.1

Platform Construction

The schematic diagram of the virtual rehabilitation platform is presented in Fig. 5.1(a)
with a detailed decomposition of the virtual environment in Fig. 5.1(b). According to
Fig. 5.1(a), after being informed about the weight of the target object, the subject will
try to conduct grasp gesture with an empty hand. Then the surface electromyography
(sEMG) signal caused by the muscle contraction is detected and processed by an sEMG
acquisition module. The output sEMG intensity is sent to a virtual environment where
a virtual hand and object are set for grasping display. The rehabilitation process can
be switched among three feedback conditions, none feedback (NF), visual feedback
(VF) and electrotactile feedback (EF), where different feedback information will be
provided to the subject for grasping force control.
Fig. 5.2 presents an experimental setup. Two pairs of sEMG electrodes are attached on a subject’s forearm of the left arm. One channel is to extract sEMG signals
for grasping force estimation, and the other one acts as a reference signal for noise filtering. The subject will contract arm muscles when he/she is told or presented an object
with certain weight and force range of safe holding. Consequently, the sEMG signals
generated by muscle contraction will be detected by the sEMG acquisition module,
which output the intensity of sEMG signals to the following modules.
In the condition of NF, the subject will be asked to close eyes and complete grasps
only based on experience. Regarding the VF condition, the subject is allowed to watch
a real-time grasping animation and a force bar displayed via a virtual interface, so that
the subject can adjust the muscle contraction accordingly to try for successful grasps.
The principle of EF is similar to VF, but the subject receives force feedback according
to the electrical stimulation instead of a visual display. Different levels of electrotactile stimulation will be generated by the electrotactile stimulator and delivered to the
subject’s right arm via three pairs of electrodes. Thus, either of VF or EF will close
the loop of grasping force control for the rehabilitation platform.
The close-loop rehabilitation platform is realised by multiple functional modules
with the details introduced in the following sections.
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Figure 5.1: Platform construction

(b) Virtual environment

(a) Schematic diagram of the hand rehabilitation platform

5.2 Design of the Virtual Hand Rehabilitation Platform

Figure 5.2: Experimental setup

5.2 Design of the Virtual Hand Rehabilitation Platform
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5.2.2

Functional Module Description

The rehabilitation platform consists of an sEMG acquisition module, a virtual grasping
environment where a fingertip deformation model is implemented, and an electrotactile
stimulation module.
5.2.2.1

sEMG Acquisition Module

For myoelectric prosthesis users, the control of prostheses relys on the decoding of
their residule limbs’ sEMG signals, which are the electrical manifestation of the activity of muscle fibers and can be recorded by non-invasive electrodes attached on the
human skin. The analysis and interpretation of the sEMG signal can be applied for
hand motion recognition, control of smart prosthetic devices, and so on. To mimic
the prosthesis control process of an amputee, sEMG signals of the subjects’ arms are
adopted to control the virtual hand and provide an intuitive interaction experience for
subjects who conduct the virtual grasping.
In this study, a multi-channel sEMG acquisition system (Elonxi Ltd, UK) is utilised
to detect the sEMG signal generated from the subjects’ arms (Fang et al., 2015b)(Fang
et al., 2017) for the virtual hand control and force estimation. The employed sEMG acquisition device as shown in Fig. 5.3 has up to 16 channels for sEMG signal collection
which can be applied for gesture classification, neuromuscular disease diagnosis, etc.
The sEMG signals are sampled at a frequency of 1 kHz. After the integrated signal
processing, the sEMG acquisition module package and transmit the value of sEMG
intensity to the host-computer via a wireless module. In this study, two channels were
employed, because only the intensity of sEMG signal was needed and no complex
tasks like gesture recognition were involved.
5.2.2.2

Electrotactile Stimulation Module

The ETS system proposed in Chapter 4 is employed to provide force feedback in the rehabilitation platform. The ETS module can deliver different waveforms of stimulation,
while the symmetric biphasic square pulse is chosen as the output signal. In biphasic
waves, negative pulses can neutralize the charge accumulation on the skin, polarization effect caused by positive pulses and prevent the tissue damage (Baker et al., 1993).
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(a) Interface of the sEMG acquisition module

(b) Hardware of the sEMG acquisition module

Figure 5.3: sEMG acquisition module
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From the 16-channel’s outputs with adjustable parameters, three channels are used to
present 9 levels of force intensity. The coding scheme will be detailed in Section 5.3.3.
5.2.2.3

Virtual Grasping Environment

A visual environment of the rehabilitation platform as shown in Fig. 5.4 is designed
to conduct rehabilitation procedure with different feedback conditions by integrating
the sEMG module and the ETS module. It also provides visual feedback by displaying
a deformable virtual hand, a force bar and a deformation bar. A basic hand simulator
was applied in the virtual environment (UnityAssetStore, 2018). It was developed
into a human-like hand with deformable fingertips during grasping tasks. A ball with
adjustable weight and rigidity is set as a grasped object for the practice of fine force
control. A force bar shows the grasping force variation and three scales which are
the thresholds of contacting, lifting and breaking points, while the deformation bar
simultaneously presents the virtual fingertip’s deformation depth. The trail results are
displayed in the board of upper-left corner, while related statistics are listed in the right.

Figure 5.4: Virtual grasping environment
The hand pose, grasping force and the fingertip deformation of the virtual hand are
controlled based on the intensity of sEMG signals output from the sEMG acquisition
module in real time. With the continual increase of the grasping force, the fingertip
deformation started to change accordingly within a range of 0-5 mm as mentioned in
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Section 3.2.3. To mimic the human skin, when the fingertip skin was pressed to a
certain level, the fingertip did not deform further, although the contact force kept increasing. A two-hierarchical feedback comprising both grasping force and fingertip
deformation is applied. Specifically, the feedback strategy is realised in the form of visual feedback and integrated to the virtual platform. Grasping force estimation lies on
the basis of force prediction in (Yang et al., 2009), which utilises the sEMG signals to
fit the exerted force. The model was tuned by the locally captured data of ten subjects.
The deformation model of the virtual fingertip is designed according to the human
fingertip’s biomechanics investigated in Chapter 3, which proposed a in vivo dataset
of the human fingertip and a haptics model to predict the contacting force according to the fingertip deformation depth. The parameters of the haptics model needed
to be customised individually. However, in this study, the deformation depth of the
virtual fingertip needs to be calculated according to the virtual grasping force which
is estimated based on sEMG signals. Additionally, a generalised model with extensive suitability is also expected for the application of the rehabilitation system. Thus,
Gaussian mixture regression (GMR) is introduced to calculate the virtual fingertip’s
deformation.
GMR is a probabilistic regression method which can be applied based on the parameters of a Gaussian mixture model (GMM). GMM is a mixture of a sequence of
Gaussian distributions. It is a popular approach to data approximation and allows
for a proper trade-off between the variation of the training data and model complexity (Calinon et al., 2007). A D-dimension Gaussian distribution of a vector x =
(x1 , x2 , ..., xD )T is defined by Eq. 5.1.
T −1
1
1
p (x) = q
· e− 2 [(x−µ) Σ (x−µ)]
(2π)D |Σ|

(5.1)

where Σ and µ is the covariance matrix and the mean of the Gaussian distribution.
In this study, a GMM consists of K components of 2-dimension Gaussian distributions defined in Eq. 5.2 is used to characterise the variations and correlations across

N
the variables of the aforementioned dataset ξi = ξf,i , ξd,i i=1 . The dataset includes
N datapoints, and K is set to 3 given the feature of the dataset. ξf is the contacting
force, ξd is the deformation depth of the fingertip, ξf,i and ξd,i are the corresponding
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ith values.
p (ξ) =

K
X

ωk ·

k=1

T −1
1
1
p
· e− 2 [(ξ−µk ) Σk (ξ−µk )]
2π |Σk |

(5.2)

where ωk is the prior probability (weight) of the kth Gaussian component, and there is
PK
k=1 ωk = 1.
To estimate the parameters of the GMM by maximising the log-likelihood, the kmeans clustering method and the standard expectation-maximization (EM) algorithm
are employed for initialization and iteration. Consequently, the mean µ and the covariance matrix Σ of the kth Gaussian component are obtained as Eq. 5.3.
!

σf,k σf d,k
µk = µf,k µd,k , Σk =
σdf,k σd,k

(5.3)

Taking values of ξf as query data, the corresponding ξf values are estimated through
GMR. The conditional expectation µ
bd|f,k of ξd,k , given ξf , and the estimated conditional covariance σ
bd,k of ξd,k , given ξf , can be calculated by Eq. 5.4.

µ
bd|f,k = µd,k + σdt,k (σf,k )−1 ξf − µf,k
(5.4)
σ
bd|f,k = σd,k − σdf,k (σf,k )−1 σf d,k
The responsibility λk of the kth Gaussian component for the estimation of ξf and
ξd is defined as Eq. 5.5.

p ξf |k
(5.5)
λk = PK

k=1 p ξf |k
Based on Eq. 5.4 and Eq. 5.5, the conditional expectation µbd of ξd , given ξbf , and
the conditional covariance σbd of ξd , given ξbf , can be calculated by Eq. 5.6.
µ
bd =

K
X

λk ξbd,k

σ
bd =

k=1

K
X

λ2k σ
bd,k

(5.6)

k=1

Thus, µ
bd is viewed as the estimated value of the deformation of the virtual fingertip
ξd in the condition of the virtual contact force ξf .
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5.3

Experimental Setup and Methods

The experiment aims to evaluate the impact of electrotactile feedback on the rehabilitation process. Definitions of various virtual grasp results are given in this section.
Then, experimental setups of different feedback conditions are presented, followed by
a description of the experimental protocol and methods of data analysis.

5.3.1

Definition of Task Success and Failure

The fine control of different force levels was realised by setting different weights of
the objects from light, medium to heavy. Each object was set with certain grasping
threshold of lifting and breaking. Subjects needed to apply proper grasping forces to
hold each object according to its weight.
A successful grasp trail required the subject to maintain the grasping force between
the lifting and breaking points (safe holding range) for at least 2 s. Otherwise, it was
considered as a failed trail. If the grasping force kept below the lifting threshold for
more than 5 s, the subject failed because of a non-lift. If the force went beyond the
safe range for more than 300 ms, such as exceeding the breaking threshold or dropping
below the lifting threshold, the trail also failed because the object broke or dropped.

5.3.2

Visual Feedback Setup

The visual feedback (VF) was provided by the interface introduced in Section 5.2.2.3
and a typical illustration was shown in Fig. 5.4. At the beginning of each trial, the
virtual hand kept at an open pose. It began to close and touch the ball when the virtual
grasping force increased from a relaxed state to the contacting threshold. With the
increase of the grasping force, the object was lifted, held or broke subsequently. Despite the realised function of visual fingertip deformation in the virtual environment, a
more observable hint is desired for the purpose of user training. Thus, the hand-object
interaction is also provided numerically by the deformation bar.
Subjects were asked to practice and conduct successful grasps as many as possible. They received VF by observing the force bar and deformation bar which rose or
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dropped linearly to the virtual grasping force. Subjects could adjust their muscle contracting intensity to control the grasping force. After each trail, the system was set to
an initial state with the virtual hand open and subjects relaxed arms.

5.3.3

Electrotactile Feedback Setup

Multi-channel electrotactile feedback (EF) was provided by discriminable modes of
electrical stimulation in this study to feedback the virtual grasping force. Mixed coding scheme was employed by modulating multiple stimulation parameters, including
amplitude, frequency, pulse width and a combination with spacial coding. The stimulation modes were divided to 1-9 levels corresponding to the intensity of sEMG signals/grasping force from light to strong. They were delivered by three pairs of electrodes
attached on the subject’s right arm. Each pair of electrodes delivered three levels of
electrical stimulation from low intensity to high intensity. The stimulation parameters
were modulated individually according to the subject’s request before the experiment
to ensure a comfortable and identifiable perception of each stimulation level. A typical
coding scheme applied in the experiment will be provided in Section 5.4.1. During the
experiment, subjects could to control the grasping force according to the stimulation
levels by adjust their muscle contracting intensity.

5.3.4

Experimental Protocol

The experiment included three stages, preparation, training and testing. Before the
experiment, the experimental aim and procedure were explained to the subjects, and
then they signed the consent. Ten able-bodied subjects (24-29 years old) participated
in the experiment. The study was approved by the local ethical committee.
5.3.4.1

Preparation

The goal of preparation was to get subjects familiar with the rehabilitation system
and learn the coding scheme of the electrotactile stimulation. At the beginning, the
subject was comfortably seated on an armchair and wore two pairs of sEMG electrodes
and three pairs of eletrotactile stimulation electrodes on the left arm and right arm,
respectively.
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Firstly, the upper limit of sEMG signal intensity was set by asking the subject to
contract the left forearm muscles as much as possible for three times. Sixty percent of
the average intensity was regarded as the upper limit of the subject’s sEMG signal.
Secondly, the stimulation parameters of 9 electrotactile stimulation levels were determined. An initial setting was tested on the subject’s right arm. It was adjusted
according to the subject’s verbal feedback. If the subject reported any discomfort or
difficulty in distinguishing stimulation levels, the stimulation parameters would be reduced or increased accordingly until the subject could identify all the stimulation levels
without discomfort.
Finally, the subject had one minutes to experience the rehabilitation system and
conduct virtual grasps freely with simultaneously VF and EF.
5.3.4.2

Training and Testing

The training and testing process were conducted in three feedback conditions, which
included: a) feed-forward control with no feedback (NF); b) closed-loop control with
visual feedback (VF); c) closed-loop control with electrotactile feedback (EF).
• Feed-forward control with no feedback (NF)
During the training process, 3 objects of different weights were provided to a
subject for virtual grasping in a sequence of object 1 (light), object 2 (medium)
and object 3 (heavy). For each object, the subject had one minute to practice
grasping by observing the force bar via the visual interface. Then, the subject
was asked to close eyes and performed virtual grasping attempts based on practice experience. After each attempt, the subject was informed about the grasping
result, whether the object dropped, broke or successfully held, so that the subject
could adjust the arm contracting intensity of the arm in the next attempt. Finally,
the subject would learn the fine control of force for the object. After the subject
successfully grasped the object twice in a row, another object would be shown
to the subject. The total number of attempts for each object in training process
was recorded.
In the testing stage, the subject was asked to grasp each object for 10 times.
Different from the training process,the objects of different weights were presented randomly to the subjects during the testing stage. The experiment in the
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condition of NF was completed when the subject accomplish the training and
testing on all objects.
• Closed-loop control with visual feedback (VF)
The procedure in this feedback condition was similar with that of the NF
condition, but the subject was allowed to watch the visual interface. The subject could perform virtual grasping according to the force bar and observe the
grasping results by himself/herself.
• Closed-loop control with electrotactile feedback (EF)
Different from the other two conditions, a short preparation needed to be
conducted before the training with EF. The stimulation parameters determined
in the preparation stage were presented to the subject again. On one hand, it
would make sure that the subject could identify each stimulation level and was
happy with the settings. On the other hand, it would give the subject a second
chance to adjust the parameters if necessary. After the finalisation of the stimulation parameters, the researcher stimulated the subject with different stimulation
levels randomly and ask the subject to report the level numbers. The preparation
process was accomplished until the subject correctly answered all the stimulation
levels in a row.
The training and testing experiment with EF was similar with the experiment
with NF and VF, but the subject was asked to close eyes and could only tell the
grasping force according to the electrotactile stimulation levels.
The whole experiment for each subject lasted for about 2 hours. Subjects might experience muscle fatigue during the training and evaluation process due to the attempts
of contracting arm muscles and the electrotactile stimulation. To avoid discomfort and
the interference of muscle fatigue, subjects were free to take a rest at any time during
the experiment. For both training process and testing process, the attempt result (success/failure), grasping force and time consumption in each attempt for every object
were recoded for the evaluation of different feedback conditions.
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5.3.5

Data Analysis Criteria

The rehabilitation performance was evaluated by the following criteria. An initial data
processing such as the elimination of the maximum value and the minimum value was
conducted before the result analysis.
• Number of attempts (NoA)
The number of attempts is the number of grasping trials before the subject
successfully grasped an object twice in a row. This also includes the total number of attempts which were required during the training stage. The number of
attempts is used to evaluate how fast the subject could learn the fine control of
force in different feedback conditions, and how long the training process took.
• Duration of training (DoT)
The duration of training is the sum of each attempt’s duration time for each
object in the training process. As a complementary value to the number of
attempts, the duration of training also aims at the quickness of the training
progress.
• Duration of an attempt (DoaA)
The duration of an attempt is the average time consumed on each attempt
during the testing stage. It is used to evaluate the subject’s operation speed of
the virtual grasp.
• Success rate (SR)
The success rate is the percentage of the successful grasps (without slip or
breaking) during the testing stage. The success rate was to evaluate the rehabilitation performance.

5.4
5.4.1

Results
Stimulation Parameter Modulation

The transient upper limit of the sEMG signal’s intensity varied with individuals from
approximate 400 to 600. Considering that the subject was required to hold muscle
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contraction for several seconds, the long-lasting upper limits of subjects were also
tested, and they presented little difference with an average of 210.
In contrast, there was a significantly individual difference of the settings on electrotactile stimulation parameters because of a different sensitivity to electrical stimulation
among subjects. Table 5.1 demonstrates two typical coding schemes tested in the experiment. The values to the left of slashes belong to a subject who was sensitive to
electrotactile stimulations of lower intensity, while the bold values to the right of the
slashes belong to another subject who could recognise electrotactile stimulations of
higher intensity. The preparation and testing of suitable parameters cost about 30-40
minutes on each subject to ensure a comfortable and effortless perception of the 9
stimulation levels.
Table 5.1: Coding scheme of electrotactile feedback
Stimulation parameter

Amplitude (mA)

Frequency (Hz)

Pulse width (us)

Channel 1

Level 1
Level 2
Level 3

3/3
2/2
2/2

10 / 10
30 / 61
45 / 62

50 / 180
50 / 50
70 / 50

Channel 2

Level 4
Level 5
Level 6

2/3
2/2
3/2

10 / 10
25 / 60
35 / 61

40 / 180
40 / 50
60 / 45

Channel 3

Level 7
Level 8
Level 9

1/3
1/2
1/2

10 / 10
20 / 56
35 / 58

20 / 160
20 / 60
20 / 100

5.4.2

Number of Attempts

The average number of attempts (NoA) per object in different conditions are shown in
Figure. 5.5(a). When grasping the lightest object, the subjects’ learning performance
in different feedback conditions are similar. Across the objects, subjects spent comparable NoA in VF and EF conditions. However, it took approximately twice NoA to
grasp heavier object (medium, heavy) in NF condition compared with the NoAs of the
other two conditions. The overall average NoAs across conditions as shown in Figure.
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5.5(b) also indicate the same information that the VF and EF help to save about half
NoA compared with the training in NF condition.

5.4.3

Duration of Training and Duration of an Attempt

The average duration of training (DoT) as shown in Fig. 5.6 presents a similar trend
with the NoAs in Fig. 5.5(a). It is reasonable that the DoT is positively correlated with
the NoA. The DoT of three feedback conditions were similar when grasping the light
object. The VF and EF conditions spent less than 60% of the training time of the NF
condition when grasping the medium object and the heavy object. Additionally, the
VF and EF showed a more consistent performance than the NF condition given the
smaller standard deviations.
Fig. 5.7 presents the average duration of an attempt (DoaA) in different feedback
conditions during the testing process. The conditions with feedback (VF and EF) took
longer duration to accomplish one attempt than the condition of NF. The condition with
EF shows the longest DoaA and the largest standard deviation, while the condition with
NF shows the least.

5.4.4

Success Rate

The average SR across different objects and feedback conditions are shown in Fig.
5.8(a). It can be seen that the SR of both EF and VF outperforms that of NF. The SR
in EF condition is comparable with that in VF condition when grasping object 1 (light)
and object 2 (medium), and is even observably higher than the SR in the condition of
VF when grasping object 3 (heavy). Fig. 5.8(b) presents the overall average SR of
each condition. Grasping with EF shows the higherst SR, and the standard deviations
in different feedback conditions are comparable. It indicates that the percentage of
standard deviation out of the average SR in EF condition is lower than those of VF and
NF.
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5.5

Discussion

The numerical results acquired from the experiments on ten subjects indicate that both
VF and EF contribute to an improved training efficiency and grasp control performance. A plausible explanation is that the incorporation of a feedback module provides a reference for users to adjust their voluntary effort of grasp in comparison with
the open-loop control, and results in an improved hand grasp in virtual environment
for rehabilitation in terms of number of attempts, duration of training and success rate.
The average number of attempts is the trials required for a success of grasp in the
training process, which reflects the learning rate of the users when equipped with different feedback strategies. The absence of a proper feedback module brings about the
need of a large amount of attempts in training. The heavy training burden without a
proper feedback is also revealed by the duration of training when compared to settings
with the other two strategies adopted. Both VF and EF reduce the required trials by
half of the requirements in an open-loop control. Thus the burden of user training is
largely reduced, which potentially contributes to a favourable choice by users and the
rehabilitation therapists. For example, an average of 2.5 hours is demanded in the experiments for each subject, most of which is occupied by the training without feedback
modules. A replacement of the absent feedback module by either VF or EF is capable
of alleviating the time-consuming training burden.
It can be seen from the experiments that the average time of an attempt with feedback is longer than that of an open-loop control, although an improved efficiency is
provided by the incorporated feedback. This phenomenon is in accordance with the
intuitive understanding that users would conduct straightforward hand grasps without
adjustment of their force exertion, which in turn leads to an inferior adaptation to the
inevitable variation of muscle contraction during a maintained grasp. As a result, the
lack of such a process in conventional grasp control leads to a reduced delay yet with a
compromised performance. The increase of the average time of an attempt in a closedloop control is possibly due to the guided self-correcting process, which is perceptive
and involves the users’ voluntary effort in accommodating the dynamic difference between exerted grasp force and desired force. Moreover, despite the negligible delay
introduced by the self-correcting process, the usability of the control process is largely
improved together with the implicitly improved efficacy, which is partially reflected
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by a better success rate. A significant improvement of the success rate of grasping
3 objects is seen by an average increase of nearly 15% and 17% for the VF and EF,
respectively. The improved success rate is in line with supporting and shortening the
pathway to grasp control in real life. In summary, both VF and EF outperform the
open-loop control according to the numerical metrics of grasp evaluation in the whole
training and testing phases, while the visual one is more favoured. The force can be
controlled in a more stable and successful scheme, because of the continuous variation
of grasp force according to the numerical hints provided by VF.
Despite that the fact that VF shows a superior performance with the least number of attempts and the least duration of training among three candidate feedbacks
together with a relatively small sacrifice in the required duration of each attempt, it is
not practical to utilise the visual hints in clinical applications such as a force bar and a
deformation bar to indicate the real-time grasping force. Besides, the concentration of
users during their prosthesis and virtual hand manipulation is mostly confined to the
hand-object interaction without spare capacity left for the visual hint observation. As
a result, the application of VF is strongly restricted to a laboratory environment for its
non-perceptive nature. Regardless of some degraded metrics in comparison with VF,
the EF remains a promising and effective way to provide proper feedback, considering
its feasibility in reality and the comparable performance with VF. Let alone the clinical
feasibility, an even better success rate is observed on EF in the experiments, which is
possibly attributed to a more effective self-correcting process with the prioperception
of hand involved.
In this research, not only the average performance across multiple subjects is concerned, the variation that resides within grasping different objects is also depicted in
the experiment results. An intuitive conclusion is that the control of grasping a light
object is easier for the users with less training time required yet better success rate. An
exception is observed in the EF incorporated heavy object grasp. A better control of
grasping the heavy object instead of the medium weighted object is captured as shown
in Fig. 5.8(a). A potential cause of this result could be the perceptive nature of electrotactile stimulation rather than the numerical hint given by VF. The adjustment of hand
grasp force between a certain interval with quantitative feedback allows the control
without abrupt changes. A large grasp force tends to require more intense muscle contraction, which is not as stable as the light contraction to exert small grasp force. As
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a result, the prioperception based EF control of grasping a heavy object with a larger
force shows an improvement in terms of success rate.
In addition to the time-consuming process of user training, the testing of suitable
stimulation parameters in preparation stage cost quite long time of almost 1/3 of the
whole experiment duration, which is due to the large variation of individual of sensitivity to electrotactile stimulation. For example, during the experiment, it was found that
subjects seem to be much more sensitive to the change of frequency than amplitude
and pulse width. A modulation method is expected to simplify the preparation process
to save time. Besides, the intensity of perceived sensation is not linearly mapped to the
stimulation intensity. When the stimulation intensity exceeded a certain level, several
subjects reported a less intensive perception.

5.6

Summary

This chapter proposed the virtual hand rehabilitation platform which integrated the
sEMG acquisition module to extract the subject’s muscle contraction information, the
virtual grasping environment to simulate a hand grasping process and act as an operating interface of the platform, and the electrotactile stimulation module proposed in
Chapter 4. Based on this platform, the training and evaluation of hand grasping tasks
were conducted and compared in different conditions with no feedback, visual feedback, and electrotactile feedback. Experiment results confirmed that the electrotactile
feedback is feasible and effective in reducing the burden of user training and improving
the rehabilitation performance. Furthermore, the flexibility of the virtual environment
allows the expanding of the current platform into a broader spectrum of motor function
rehabilitation applications.
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Chapter 6
Conclusions and Future work
Electrotactile stimulation is a dominant tactile feedback method to restore the tactile
perception, i.e. “sense of touch”, for prosthesis users. This thesis focuses on the
implementation of electrotactile feedback in hand rehabilitation.
To investigate the mechanism of the human sensory system, a description of the
skin architecture and mechanoreceptors is provided to have a general view of the human tactile-related sensory system. When a physical contact deforms the skin surface,
it may activate the underlying mechanoreceptors and generate a corresponding tactile sensation. Given that most hand-object contacts happen on fingertips, a haptics
model of the relation between the contact force and the skin deformation is proposed
to further characterise the mechanical behaviour of the human fingertip. Based on
the human-side knowledge, an electrotactile stimulator is designed as an artificial tool
for tactile sensation restoration. Furthermore, a virtual hand rehabilitation platform is
established by integrating the haptics model, electrotactile stimulator and other functional modules. The feasibility and effectiveness of electrotactile stimulation on the
hand rehabilitation are investigated based on the platform.
This research aimed to provide a fundamental investigation of electrotactile feedback for clinical use and presented related theoretical model and experimental results
that may benefit the future practical implementation. The achievements for main chapters and the conclusions of the thesis are summarized in Section 6.1. Future research
topics are discussed in Section 6.2.
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6.1
6.1.1

Conclusions
Summary of the Results in Main Chapters

• Chapter 3: Probability-based Haptics Model
In this chapter, a probabilistic haptics model was proposed to characterise the
relation of the contact force and the fingertip deformation. Experiments were
conducted to collect the contact forces at discrete indentation depth (0, 0.5, 1,
..., 4.5, 5 mm) on the fingertip from ten subjects. There is a non-linear and
monotonically increasing relation between the contact force and the fingertip
deformation. The force dispersion extended with the increase of the indentation
depth. Despite the common features, individual differences can be observed in
the force variation range and slope. Based on the collected data, a haptics model,
which includes a prediction model to estimate the contact force according to the
fingertip indentation depth and a force-deformation distribution model based on
Gaussian distribution to characterise the force uncertainty, was established to describe the biomechanics of the human fingertip. The parameters of the haptics
model were regulated individually. Four common-used fitting methods, Fourier
series model, Gaussian distribution model, polynomial model and exponential
model were applied and compared for the estimation of parameters. After model
training, validating and testing, Fourier series model and exponential model were
chosen to fit Gaussian distribution’s mean and standard deviation which were the
expressions of force and depth, respectively. The former was also the prediction
model which output the most possible contact force under a certain indentation
depth, and the probabilistic force variation model could be obtained by introducing the fitted expressions of the mean and standard deviation into the Gaussian
distribution.
• Chapter 4: Design of the Electrotactile Stimulation System
In this chapter, a multi-channel electrotactile stimulation (ETS) system was designed for the provision of electrotactile feedback. A general theoretical background of an electrical stimulator’s design was introduced, including a typical
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design structure, output modes, and output waveforms. Then, a detailed description of the framework and main functional modules of the proposed ETS
system was given. The hardware of the ETS system was powered by a +12 V
DC battery, which was boosted to +120 V to ensure a stable and constant output. The micro controller unit (MCU) communicated with the host computer via
a Bluetooth module and decoded commands to control the output stimulation
pulses. The constant-current output mode was employed to ensure a stable current output regardless of load variation. The electrical stimulation output module (ESOM) consisted of the constant-current source circuit (CCSC) to generate
stimulation current, amplifying circuit (AC) to boost voltage to drive the CCSC,
and the bridge circuit (BC) to regulate biphasic square pulses whose timing sequence was controlled by the pulse width modulation (PWM) signals generated
by four timers. The stimulation parameters, including the amplitude, frequency
and pulse width, were adjusted by the ESOM. Output capability tests were conducted to test the stimulation waveforms and the output stability with the load
resistance variation. According to the preliminary tests, a short interval time (IT)
and a dead time (DT) were inserted among the PWM signals to prevent logic errors and reduce the pulse fluctuation. The optimised stimulator was capable to
output stable and comfortable stimulations with monophasic pulses, symmetric
biphasic square pulses, and asymmetric biphasic square pulses. The stimulation
current could maintain constant when it was less than 30 mA.
• Chapter 5: Evaluation of Electrotactile Feedback on a Virtual Hand Rehabilitation Platform
In this chapter, a virtual hand rehabilitation platform was established to conduct hand-related rehabilitation tasks and experiments. A graphical interface
was provided to act as an operating panel of the integral platform and display a
human-like hand which was driven by an sEMG acquisition module. The virtual hand was equipped with a deformable thumb due to a built-in deformation
model which was derived from the haptics model proposed in Chapter 3. An
object with adjustable weight and rigidity was set for the control of the virtual
grasping force which could be estimated by the subject’s sEMG signals generated by muscle contraction. The hand rehabilitation platform could be utilised
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for tasks with no feedback, visual feedback and electrotactile feedback. In the
condition with visual feedback, the deformable virtual hand, a force bar, a deformation bar and related statistics were presented to subjects as visual hints for
the grasping force control. As for the electrotactile feedback, the intensity of
the virtual grasping force was coded to 9 levels of electrical stimulation provided by the electrotactile stimulator designed in Chapter 4. Three stimulation
channels were employed and a mixed coding strategy was applied to the coding
scheme. In this condition, subjects could only rely on the identification of stimulation levels to modulate their muscle contraction. Grasping Experiments in
three feedback conditions were conducted on ten able-bodied subjects based on
the rehabilitation platform. Four criteria were adopted to evaluate the user training and testing grasp performance, including the number of attempts (NoA),
duration of an attempt (DoaA), duration of training (DoT) and success rate (SR).
Results showed that the NoA, DoT and SR of tasks with feedback observable
outperformed those with no feedback, while the DoaA of non-feedback condition was the shortest compared with the other two. Given the increase of SR, the
NoA and DoT of the visual feedback and electrotactile feedback conditions were
only half of those in the non-feedback condition which indicated a large reduction of the training time and training burden. The slight increase of DoaA with
feedback was in accordance with the intuitive understanding that it was a process
for subjects to adjust applied force based on some prompt information compared
with a straight-forward grasp without any feedback. The overall performance of
electrotactile feedback was comparable with visual feedback, although the visual feedback achieved a slightly better result. However, it was not practical to
utilise the visual hints, such as the force bar in reality and pay spare attention to
observe skin deformation. Thus, the electrotactile was evaluated to be a promising and effective way to provide tactile feedback, considering its feasibility in
reality and the comparable performance with visual feedback

6.1.2

Summary of the Conclusions

The main contributions of the thesis come from three aspects, proposing the biomechanical model of human fingertip, establishing the hardware and software platform
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for the implementation of electrotactile stimulation in practice, verifying the effectiveness of elelctrotactile feedback on rehabilitation duration reduction and performance
improvement.
For the first aspect, the haptics model was proposed to reflect the non-linear relation between the force and the fingertip deformation depth when the physical contact
happened. Different from previous studies, the force uncertainty/variation was also
characterised by introducing Gaussian distribution.
With regards to the system design, firstly, the multi-channel electrotactile stimulator was proposed as a prototype of portable electrotactile devices which can be
applied to not only prostheses but also a wide range of applications, such as virtual
reality, robotics and remote operation. The stimulator’s multiple output channels and
adjustable stimulation parameters enable the application of spatial coding and mixed
coding strategy and make it flexible to be applied for clinical use. The electrotactile stimulator also has an advantage of wireless communication mode via Bluetooth,
which makes it suitable to be worn and integrated with hand prostheses. Furthermore,
the stimulator with a stable output capability up to 30 mA can also be used for functional electrical stimulation which aims at motor recovery by activating the skeletal
muscle of the paralyzed patients to complete desired motions. Secondly, the extensible virtual hand rehabilitation platform was established to implement various feedback
modes and hand-related tasks. Its interactive and enjoyable display together with the
electrotactile feedback can provide an enriched training environment and encourage
the subject’s involvement. Additionally, not limited to the virtual grasp, the proposed
platform is a promising therapeutic tool to be utilised in a broader spectrum of motor
function rehabilitation applications because of the flexibility of virtual environments.
Finally, based on the above work, electrotactile feedback was evaluated and compared with visual feedback and no feedback in the virtual grasping task. Compared
with no feedback, electrotactile feedback was confirmed to be effective on reducing
the user training burden and shortening half of the rehabilitation duration with a comparable or even improved manipulating performance, despite a negligible delay in each
grasping attempt introduced by the self-correcting process. Regarding the visual feedback, visual hints, such as the force/deformation bar, are not practical in reality, despite
the fact that it shows a superior performance among three candidate feedbacks. Thus,
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electrotactile feedback is an effective way to provide tactile feedback in hand rehabilitation and hand prostheses, considering its satisfactory performance and feasibility in
practice.

6.2

Future Work

The description of electrotactile feedback and the presentation of related results in
the thesis indicate that the tactile feedback techniques, especially electrotactile stimulation, can benefit prosthesis users and has a wide range of potential applications.
However, there remain lots of open challenges and emerging topics in this area which
can be investigated in the future. This section presents a list of potential research topics
in this area.
The first direction of the future research is the theoretical extension of the current
work from the following areas.
• The proposed haptics model characterises the fingertip’s biomechanics under a
single-point load. To achieve a more comprehensive and deeper understanding
of the fingertip’s haptics-related behaviour, further studies can be expanded to
a multi-point model, a skin surface deformation model, or even a 3D fingertip
model. The achievements can be applied to a series of applications, such as the
artificial skin development and visual monitored environments for force measurement and prediction.
• It is found in the experiments that the modulation of suitable stimulation parameters for each subject is very time-consuming. On one hand, this is due to the
huge individual differences in the sensitivity to electrotactile stimulation. On
the other hand, how different stimulation parameters have an effect on the subject’s sensory system is still unclear. Thus, an investigation of the action mechanism of electrical stimulation parameters on the human neural system should
be considered in the future. Accordingly, a scientific modulation method will be
formulated.
The second direction of the future research is experimental research.
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• Electrotactile feedback is only employed for grasping force feedback in this research. However, other sensory/functional properties, such as the softness, texture and joint position, are also important clues for hand manipulation and can be
fed back by tactile stimulation. Thus, the proposed virtual platform can be further expanded into a multifunctional system covering a large spectrum of sensory/motor functional rehabilitation applications, by incorporating more constraint
properties in hand motion tasks.
• In this research, the proposed model, systems and methods were only tested on
able-bodied subjects, although the satisfactory results preliminarily verified the
feasibility and effectiveness of electrotactile feedback in hand rehabilitation. A
discrepancy of physiological conditions may lead to different performance between the able-bodied subjects and limb-impaired subjects. The difference between a virtual hand platform and the practical tests with a real hand prosthesis
will also bring new challenges. Thus, a further exploration of electrotactile feedback on targeted subjects with amputation or motor function impairment with
hand prostheses should be considered to validate its clinical usability.
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