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Abstract

A tactile glove sensory system of the haptic feedback stimulation system for the upper limb prostheses was developed in this work to
enable the patients of the upper limb amputation to recover the sense of touch and slippage. The system features six of a spot
piezoresistive force sensors of type Quantum tunnelling composites (QTC) with 10 mm diameter, in order to measure the contact pres-
sure between the hand and the objects. Five sensors were distributed on each fingertip and an extra sensor was mounted on the hand’s
palm to cover all the critical point and increase the probability of detecting the contact pressure. The tactile glove was fabricated from the
plastic glove equipping with a rigid foundation under each pressure sensor. The computer system was programmed to select the instant
greatest signal from the six sensors’ signals; in order to create a critical output signal that can be provided to the haptic feedback stimula-
tor. The touch and the slippage detection experimental tests have been done to examine the functionality of the tactile sensory glove for
detecting the touch, start of touch, end of touch grasp, and slippage. The testing results showed that the amputees were able to recover the

sensation of the contact pressure using a spot sensor tactile glove developed in this work.

Keywords: Tactile glove; Tactile prosthetic hand; upper limb prostheses; Haptic feedback stimulation system; Feeling recovering.

1. Introduction

The human hand is wonderful part of our bodies. It allows differ-
ent sizes of objects to be grasped and manipulated in an easy way.
The human hand has a huge number of mechanoreceptors locate
under the skin. The mechanoreceptors enable the human's hand to
provide the brain multi useful information about the objects and
the surrounding when grasping the objects or being in contact with
the surfaces [1]. The modern tactile prosthetic hand still unable to
handle all the functions or the tasks of the real hand [2]. In particu-
lar, tactile sensing is lacking in most upper limb prostheses de-
vices.

Many previous articles investigated how to design and develop the
tactile sensory system to help the amputees, which unfortunately
lost part or all of their upper limb, to recover the feeling by wear-
ing the haptic prosthetic hand. In general, the tactile sensory sys-
tem of the haptic upper limb prostheses can be classified depend-
ing on the previous works into five classes based on the function-
ality and the tasks of the tactile system itself. The five classes are
the pressure detection sensory system [3-13], slippage detection
sensory system [1, 14-23], the surface texture detection sensory
system [24-35], the material detection sensory system [36-39], and
the temperature detection sensory system [40, 41]. While other
articles challenged how to gather two or more of types of the tac-
tile sensors, in order to create hybrid sensory systems which have
the ability to measure multi types of information at the same op-
eration time [42-44], for example, the gathering pressure sensors
with vibration sensor in order to detect the contact pressure and
the surface texture at the same time [44].

Several of the tactile sensory system have been designed by utiliz-
ing piezoresistive sensors [4, 7-9], piezoelectret sensors [16], ca-
pacitive sensors [10], and Flexible Optical Shear Sensor [11-13],
in order to detect the contact pressure and the slippage in high
response and acceptable accuracy. The most important two kinds
of the spot force/pressure sensors usually used with the upper limb
prostheses are Quantum tunnelling composites (QTC) force sensor
[45, 46] and Force-sensitive resistor (FSR) force sensor [1, 3, 14,
15] because it have a specific features make it suitable for using as
a tactile sensory system like the small size, lightweight, and low
power consumption. While the BioTac tactile sensors [6, 27, 28,
47] and Piezoelectric perpendicular polyvinylidene difluoride
(PVDF) film sensors [26, 43, 48] which commonly used to fabri-
cate the tactile prosthetic hand have the ability to measure multi
types of surrounding parameters at the same time.

It must be mentioned that, the sensors” number and the setup loca-
tion of the prosthetic hand have not been fixed and determined in
previous researches. Some of the previous works considered fix-
ing one pressure sensor on one prosthetic’s fingertip was enough
to detect the contact pressure [4, 5, 10, 15-23], while another
group of previous researchers identified fingertips as critical areas,
therefore, they decided to place a pressure sensor on each fingertip
[6, 49-56]. On the other hand, several works covered all the pros-
thetic hand with the pressure sensors as can as possible, in order to
increase the probability to detect the normal forces applying on the
tactile prosthetic hand at any point over the hand [1, 3, 7-9, 14].
The main aim of this study is to design a spot sensor tactile glove
which has the ability to detect the contact pressure and the slip-
page at the same operation time. The tactile glove will be used in
further work as a sensory system of the haptic upper limb prosthe-
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ses, in order to help the amputees to recover the feeling of touch.
Six QTC force\pressure sensors with 10 mm diameter were fixed
at each of the five prosthetic’s fingertip and an additional sensor
was mounted in the palm of the prosthetic hand, in order to work
together at the same operational time and increase the probability
of detecting the contact pressure and the slippage. The pressure
sensors fixed on the rigid foundations to prevent the skin’s dis-
placement during grasping objects.

This paper is organized as follows. The classification of the tactile
sensory system, types of the pressure sensors and techniques, the
sensors’ number and the setup location depending on the previous
works in the field of the haptic upper limb prostheses are high-
lighted in the introduction section. The design conception and the
fabrication of the tactile glove are presented in the next two sec-
tions. Afterward, the interfacing between the pressure sensors and
the computer system, in addition to the method of connecting the
sensors, are illustrated using diagrams and graphics. Next, the
distribution of the evaluation experimental detection tests are pre-
sented and the evaluation’s results are analysed. Finally, the criti-
cal factors that affect the results are concluded and how future
work might improve the current tactile system is discussed.

2. Design Conception of Pressure Sensory
System

The haptic feedback stimulation system is classified into three
main parts in order to easily help the amputees to recover the sen-
sation of touch, grasp, and slippage. The first part is the sensory
system used to collect the contact pressure data from the surround-
ing. The second part is the feedback stimulation system that deliv-
ers the information about the touch, grasp, and slippage to ampu-
tees. Finally, the third part is the computer system used to process
the sensory system’s signals and manipulate the order for the
wearable haptic feedback device.

The main goal of designing the tactile pressure glove with the
ability of detection the contact pressure is to prepare a suitable and
functional tactile sensory system for developing a complete haptic
feedback stimulation system in the future work. The developed
haptic system should have the ability to detect the contact pressure
with six pressure sensors and provide the information to the pa-
tient’s brain by utilizing a single actuator feedback stimulation
device, as presented in Figure 1. Therefore, the computer system
should be programmed in an effective way in order to select the
largest pressure signal among the six signals of the pressure sen-
sors and transfer it to the single actuator feedback stimulation
device, which can be fixed on the residual limbs of the amputees.
In order to develop a functional tactile prosthetic hand, the tactile
sensor has to be flexible enough to coat the curving surfaces of the
prosthetic hand [57]. Also, the tactile force/pressure sensor should
be rigid and sensitive enough to measure the static and the dy-
namic forces applying on the prosthetic hand. The piezoresistive
force sensor is usesd to measure the touch and the grasp force
applying on the prosthetic hand. The piezoresistive force is then
utilized to detect the movement of the slipping objects [43].

In general, the piezoresistive force sensor was fabricated from a
semiconductor material, which has the ability to change its electri-
cal resistance when an effective force applied directly over it.
Based on the above acquaintance, the QTC with 10 mm diameter,
piezoresistive force sensor was chosen to develop a haptic feed-
back stimulation system because it has the ability to detect the
touch, grasp, and the object slippage at the same time, in order to
cover the critical points of the touch on the prosthetic hand like the
palm zone and five fingertips. Therefore, five QTC sensors were
fixed on each fingertip and an extra sensor was mounted on the
handball to increase the chance of capturing the force affecting the
hand, as shown in Figure 2.
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Fig. 1: Design conception of haptic feedback stimulation system
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Fig. 2: Design conception of pressure sensory system

3. The Fabrication of the Tactile Pressure
Glove

This study aims to develop a haptic feedback stimulation system,
which has the ability to help the amputees to recover the feeling
through their prosthetic hand by detecting the surrounding infor-
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mation and transferring it to the patients” brain. Therefore, testing R¢
the system with the healthy human hand is the first step of this  Vout "R R Vin 1)

research development.

The tactile glove wear by a healthy volunteer in this work fabri-
cated from a plastic glove, as shown in Figure 3. A rigid cover
shields the fingertips and the palm of the tactile glove, in order to
create a rigid foundation under the pressure sensors, similarly to
the rigidity of the robotic hand. Moreover, a rigid foundation re-
duces the impact of the pressure sensors in the flexibility of the
human’s skin.

A rigid cover was designed using the Solidwork program and
printed by a 3D printer of type Raise-3D-N2-Plus [58], using Ac-
rylonitrile Butadiene Styrene (ABS) material [59]. Six QTC pres-
sure sensors of SP200-10 series with 10 mm diameter and 0.1 N to
20N operating force range from Peratech [60] were distributed
over the hand, whit five were fixed on each fingertip and one was
mounted on the handball, in order to cover all the critical spots on
the hand. The connection wires of the six pressure sensors were
passed over the outside of the hand to protect it from the damage
when holding the objects.

The design of the tactile pressure glove has advantages of: (i) the
volunteer who wears the glove can move his hand and joints easily
because the glove is made from the elastic material; (ii) the rigid
cover of fingertips and the palm make the base of the pressure
sensors stiff enough to work with high accuracy; and (iii) the de-
sign of the tactile glove is suitable for different size of hand due to
its extensibility.
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Fig. 3: The fabrication of the tactile pressure glove

4. Interfacing the Pressure Sensors with the
Computer System

The interfacing computer system has a main function of connect-
ing the tactile sensory system with the computer. Arduino Mega
2560 microcontroller was used in this study as an interfacing de-
vice. Furthermore, Matlab Simulink program 2018a updated with
Simulink support package for Arduino hardware toolbox was util-
ized to process the signals.

The resistance of the QTC force sensor contrasts when the apply-
ing force on the sensor varies. At no load case, the resistance of
the QTC sensor will be greater than IMQ [61]. Therefore, it is
important to combine the resistor of the QTC force sensor (Rg)

with a static resistor to create a voltage divider. A voltage divider
connects the QTC force sensor to Arduino Mega 2560 is shown in
Figure 4. One branch of the proposed voltage divider is the QTC

sensor itself, and the other branch is a fixed resistor (R¢ ) with a
value of 2K-Ohm and the input voltage (V) of 5 V. Output volt-
age (Voyt ) can be expressed as:

The signal processing from the sensory system to the haptic feed-
back stimulation system is presented in Figures 5. Firstly, six dif-
ferent values of the pressure signals were designed to provide the
analog signals of the tactile sensory system to the computer sys-
tem through the Arduino microcontroller. The computer system
was programmed to compare the six pressure sensory signals by
three comparison layers, in order to choose the largest critical
signal because the haptic feedback stimulation system will be
designed with one actuator and work with only one signal pro-
vided from the sensory system. If the largest pressure signal is an
effective signal, the computer system will command the actuator
to excite the patient’s residual part according to the amount of the

critical signal. In other words, if the time dependent vectors l5(t),
R(t), M(t), I(t), T(t), and H(t) represent the pressure sensors
signals of the pinky fingertip, ring fingertip, middle fingertip,
index fingertip, thumb fingertip, and the handball, respectively.
Then the greatest signal output from the tactile sensory system

Vout(t) can be calculated as:

Vout(t) = Max(P(t),R(t), M (t), I (t), T (), H ()) 2
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Fig. 4: Connecting the QTC pressure sensor with the Arduino Mega

5. Tactile System Functionality Tests

The touch detection and the slippage detection tests have experi-
mentally examined, in order to prove the functionality and the
effectiveness of the tactile glove to detect the contact pressure
during the touch, grasp, start of touch, end of touch, and slippage.
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5.1. Touch Detection

The touch detection test was done in order to verify if the tactile
glove has the ability to detect any value of the contact force
applying on it. Firstly, the tactile glove was examined by touching
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Fig. 5: Matlab\Simulink model of the tactile sensory glove

different types of surfaces, in order to monitor the responses and
the performance of the pressure sensors during touching, the start
of touching, and the end of touching the surfaces.

After that, the handshake between two volunteers was chosen to
test the grasping performance of the tactile glove because many
countries use this short ritual frequently in the daily life. One vol-
unteer has to wear the tactile glove and grasp the hand of the other
volunteer with a brief up and down movement, as shown in Figure
6. The evaluation test must be repeated twice in order to verify
whether there is a matching between the two cases or not.

Fig. 6: Evaluation of touch detection experiment

5.2. Slippage Detection

A cylindrical pipe of 8 cm diameter equipping with steel hook
from its bottom side was used to evaluate the functionality of the
tactile glove to detect the slippage, as shown in Figure 7. The
hanging weight was attached to the pipe’s hook in order to in

crease the slipping load step by step until the slipping occurs. The
volunteer, who wears the tactile glove, was asked to grasp the
cylindrical pipe with a suitable grasping strength just to prevent
the slipping. After that, the hanging weight was increased gradual-
ly until the slipping occurs by 1 kg for each increase. It is expected
that the normal behavior of the volunteer is to gradually increase
the handgrip strength to overcome the increasing of the hanging
weight. In addition, it is expected that the slipping could happen
when the hanging load increases more than the ability of the vol-
unteer hand.
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Fig. 7: Evaluation of slippage detection experiment
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6. Experiment Results and Discussion

The behaviors of the six QTC pressure sensors during hand shak-
ing between the volunteers are shown in Figure 8. The handshake
was repeated twice within 16 sec. Figures 8.A-F represent the
responses of the pinky, ring, middle, index, thumb, and handball
pressure sensors, respectively, while the largest instant-output
signal of the tactile glove is displayed in Figure 8.G.

The results showed that all the pressure sensors respond with dif-

On the other hand, Figure 9 exhibits that, when the load increased
to 6 kg at 30 sec, the analog signals of the pressure sensors de-
crease rapidly to zero. This behavior indicates that the object was
slipped down from the hand and there is no contact force applying
on the six QTC pressure sensors. The tactile glove of this work
presented a normal behavior with grasping objects and slippage
detection, which similar to the behavior of the tactile sensory sys-
tems that presented in the previous works [1, 15, 23].
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Fig. 8: The responses of the pressure sensors when the volunteers shook
hands

The responses of the six QTC pressure sensors when the hanging
weight increases gradually and the time of the slipping object are
presented in Figure 9. The total experimental time is 35 sec, dur-
ing it the hanging weight increases by 1 kg for each 5 sec until it
reaches to 5 kg as the maximum amount of load within the capa-
bility of the volunteer while wearing the tactile glove, see Figure
9.A. The values of the pressure sensors’ responses approach zero
in the period from 0 to 5 sec because the volunteer did not grasp
the cylindrical pipe yet. It is easy to note that, the six QTC sensors
showed good responses at each time when the load increased.
Additionally, the responses showed that the amount of the meas-
ured signals increased with the cumulative of the hanging weight
because the volunteer increases the grasping force on the object at
each time when the weight increases, in order to prevent the slip-

page.

between the tactile glove and the objects during contact. Several

significant points can be deduced through this study, which are

summarized as follows:

e The QTC pressure sensors with 10 mm diameter and the tactile
glove was suitable to be utilized as the sensory system with the
haptic prosthetic hand to detect the contact pressure and pre-
vent the slippage.

e The evaluation tests proved the functionality of the tactile
gloves design and the good distribution of the sensors over the
hand because all the pressure sensors respond during hand-
shake and grasping the cylindrical pipe, which means, all the
sensors were in contact with the objects.

e Using a specific number of spot pressure sensors distributing
over the hand especially at the critical points like the fingertips
and the palm compensate using the tactile data glove with fab-
ric-based sensors.

e The volunteer was only capable to carry the load up to 5 kg
during the slippage detection test due to the low friction be-



68

International Journal of Engineering & Technology

tween the tactile glove and the objects. Therefore, this point
has to improve.

e The tactile glove has the ability to detect the increase in the
grasping force due to the increase in the hanging weight.
Therefore, the tactile glove has the ability to feedback the slip-
ping information to the user of the prosthetic hand in order to
control the applying grasping force and prevent slipping the
objects.

The design of tactile glove is the first step for designing a com-
plete haptic feedback stimulation system to enable the amputees to
restore sensing their surrounding while they wear their own haptic
upper limb prostheses. Therefore in future work, the haptic feed-
back stimulator will be designed in order to provide the useful
information about the contact pressure and the slippage to the
amputees’ brain with high response, acceptable accuracy, low
noise and power consumption, and without any brain's confusing.

List of abbreviations and symbols:

QTC : Quantum tunnelling composites.

FSR : Force-sensing resistor sensor.

PVDF . Perpendicular polyvinylidene difluoride.
ABS : Acrylonitrile Butadiene Styrene.
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