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Recent advancements in sensing technology have led to developments of lighter and
smaller control systems for prosthetic and biomedical applications. In this paper, we
develop a bio-inspired sensory system for a master-slave force-sensing robotic hand
which allows accurate control and provides a natural sense of touch to humanoid
robotic hand, based on force information derived from a smart glove equipped with
force sensing resistors. The slave robotic hand is fabricated using three-dimensional
(8D) printing technology, with servo motors to actuate the hand components. A glove
with miniaturized flexible sensors attached serves as the master robotic hand, providing
movement and force signals for the slave to emulate. The signals from the force sensors
are used to moderate the movement of the slave hand’s fingers, so allowing delicate
objects to be handled without the risk of breakage. We show that this is a practical and
versatile method to improve robotic handling, and that with careful selection and tuning,
it is possible to track the master hand’s applied force to within 0.1 Newtons. The success
of this approach will pave the way for the development of novel control systems using
low-cost bio-inspired strain and force sensors for prosthetics applications.

Keywords: miniaterized strain sensor, humanoid robot, master-slave control system, wearable sensors,
smart glove

INTRODUCTION

In recent years, autonomous robots have begun performing various complex tasks previously
undertaken only by humans. Although robots powered by artificial intelligence have become
more advanced, in dynamic environments with unpredictable events such as interactions with
moving obstacles and variable-shaped objects, human input is often necessary to provide extra
information for the robots. As noted by Billard and Kragic, there is still considerable advancement
in dexterous manipulation required to achieve useful capability in robotic handling techniques
(Billard and Kragic, 2019). Therefore, master-slave robotic systems still have an important role to
enhance the capabilities of both humans and robots in performing tasks in unknown and dangerous
environments (Hashtrudi-Zaad and Salcudean, 2001; Aliaga et al., 2004; Tadakuma et al., 2005). Lee
et al. note the challenges associated with artificial intelligence (AI) techniques for control of robotic
equipment, which adds weight to utility of the approach of a simple human-assisted robotic system
(Lee et al., 2019).

Master-slave manipulation has been extensively utilized in minimally invasive surgeries (MIS)
(Li et al, 2012; Hwang et al., 2019), rehabilitation (Li et al, 2010), hazardous environments
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(Lee et al,, 2012) including space (Karam et al, 2018; Liu
et al., 2019), and agriculture. Various studies have detailed the
design of master-slave robotic systems where surgeons’ hand
motions are mimicked to facilitate complex surgery with minimal
invasive action (Wang et al., 2010). In such master-slave robotic
systems, the surgeon controls a console with high precision and
reliability (Sang et al., 2011). In particular, Da Vinci, by Intuitive
Surgical (Guthart and Salisbury, 2000) is a surgical master-slave
robotic system capable of highly dexterous movement, designed
to improve the clinical outcomes of patients by using precise
robotic control to minimize the trauma from surgical procedures.
Recently, various types of surface-mountable, miniaturized and
low-cost strain (Kottapalli et al., 2012; Xu et al., 2013; Sengupta
et al, 2017; Khan et al,, 2018) and pressure (Asadnia et al,
2015; Vujaklija and Farina, 2018) sensors have been utilized,
allowing accurate sensing and control capability for robotic
systems. The systems primarily rely on position control, or force
or torque feedback from actuator systems. Such systems are in
high demand for sensitive processes such as MIS, where freedom
of operation of the surgical instruments is limited (Hwang et al.,
2019). Using accurate control systems such as those mentioned
above, or a robotic proxy for the human arm, would allow
performing delicate tasks ranging from surgery, bomb defusing,
or holding fragile objects.

Three-dimensional (3D) printing technology has initiated a
revolution in the manufacturing industry because of the high
level of customization not possible previously (Hagihghi et al.,
2020; Moshizi et al., 2020). 3D printing has been commonly
used to manufacture customized products including exoskeletons
for rehabilitation purposes (Cabibihan et al., 2008; Syed et al.,
2017), customized robots (Kim et al., 2005; Chang et al., 2009;
Gao et al.,, 2016) development of soft actuators and sensors (Lee
et al., 2008), biomechanics (Wang et al.,, 2014; Mukhopadhyay,
2015) and bionic devices (Asadnia et al., 2015, 2016; Nag et al.,
2018b). Mick et al. built a 3D printed robotic arm to test human-
robot control strategies, usable for teleoperation (Mick et al,
2019). Manufacturing of robotic systems has been significantly
advanced through the use of 3D printing technologies. This has
meant that the challenges to the development of new generations
of robotic systems are now in the domain of advanced sensing
and control systems.

Master-slave robotic systems based on tactile sensors have
frequently been used for indirect manipulation of objects (Hwang
et al,, 2019). In addition to the speed and position information
required for a master-slave system, force and vibration have
also been used to improve the performance and realism of the
system (Konyo, 2016). When grasping, touching, and gripping,
human hands rely on tactile feedback from nerve endings.
In order to mimic the human sense of touch, various force-
sensing methods have been developed to control grasping force,
which is essential for robots in physical contact with humans
(Cabibihan et al., 2008) or the environment. Flexible sensors
based on polymer materials have been developed for use on
various curved surfaces (Kim et al., 2005; Chang et al., 2009;
Khan et al., 2018). In polymer-based sensors, resistive and
capacitive sensing mechanisms are frequently used due to their
characteristics of good sensitivity, high response time and low

power consumption (Gao et al., 2016). Capacitive sensing is
known to be very sensitive and is widely used in applications
where high-resolution is required (Lee et al., 2008; Wang et al.,
2014). Resistive sensing elements can be realized as sensor arrays
with good sensitivity and a reliable response (Mukhopadhyay,
2015). More recently, 3D printing and laser-cutting technologies
have been used to develop flexible strain sensors for robotic
hand development (Nag et al., 2018b). Our group has developed
various types of microelectromechanical systems (MEMS) strain
(Khan et al.,, 2018), pressure (Asadnia et al., 2015), and flow
(Kottapalli et al., 2015; Asadnia et al., 2016) sensors promising
for use in robotic applications.

Force sensing resistors (FSRs) play a crucial role in human-
robot interactions (Argall and Billard, 2010). An FSR consists
of two polymer membranes made of a flexible substrate with
a printed semi-conductor, paired with a flexible substrate with
printed interdigitating electrodes. When a force is applied to the
active surface, the device experiences a change in the resistance
that approximately follows an inverse power-law characteristic.
When the active surface is pressed down, the material deforms
and pushes against the bottom conductive film, allowing a small
electrical current (varying with the applied pressure) to flow. This
characteristic suggests the FSR as a promising candidate to mimic
the sense of touch of human skin.

E-skin has in recent years progressed significantly in the
emulation of characteristics of human skin, which allows for
placement of sensors such as the BioTac and force sensors using
embedded microfluidic channels on a robotic hand (Vogt et al.,
2013). These sensors can measure the effort being applied to
pick up objects and judge the required amount of pressure
or force. There have also been advances in developing an
e-skin that uses a range of pressure and temperature sensors
in an integrated device. Dahiya and Ravinder emphasize the
importance of touch for sensing multiple parameters, critical
for applications as varied as social robotics, throught to
Factory 4.0 (Dahiya, 2019). In addition to sensing pressure and
temperature, such devices can discriminate between different
types of materials, and also perceive air or water movement over
the sensor by means of convective heat transfer (Zhao and Zhu,
2017).

The primacy of touch sensing was shown by Taunyazov et al.,
in their experiments using multimodal sensing techniques to
discriminate between various surface types (Taunyazov et al,
2019).

In this paper, we develop a master-slave robotic hand system
with a good sense of its environment, able to pick up delicate
objects. We aim to shed light on the usage of force resistive
sensors in prosthetics, MIS processes, and other fields where
robotic hands could be useful. We implement a simple, low cost
open loop system capable of picking up arbitrary objects and
generating data for basic robots operating with a repetitive task.
Using off-the-shelf, components and available technologies, we
implement a novel implementation of a robotic hand. The result
is a well-developed bespoke control system to suit the equipment
available and the application.

The section Fabrication of the Slave Robotic Hand System
of this paper describes the technology and processes involved
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FIGURE 1 | A schematic of the proposed master-slave robot. Tactile sensors
are attached to both glove and bionic hand. The controller sends the force
command to the bionic hand (slave) based on the signal from the
glove-mounted tactile sensors.

in developing the robotic hand system, The section Discussion
and Results provides a details of the results achieved in the
testing of the hand’s performance when handling objects, and
the Conclusion summarizes our work and suggests promising
avenues for further study.

FABRICATION OF THE SLAVE ROBOTIC
HAND SYSTEM

In past years, there have been significant advancements in the
area of flexible sensors and electronic skin (e-skin). Control
systems such as the wearable device designed and discussed in
Dhillon and Horch (2005) are able to measure the positions of
each joint in the human arm accurately, but due to the size and
structure of the analog design are only effective to the wrist.
For accurate measurement of the joint positions of the hand,
another control input method such as optical or inertial systems
(compared in van den Noort et al., 2016), or the data glove with
force sensing capability developed in Fahn and Sun (2005), are
required. Direct control by the nervous system of both force
and position without the usual feedback is achievable in the case
of amputation patients using neural control sensors mounted
to peripheral nerve stumps as discussed in Dhillon and Horch
(2005), and is shown to increase the successful integration of
artificial limbs.

Figure 1 illustrates the arrangement of the master-slave
robotic hand system proposed in this study. Flexible tactile
sensors on the master hand provide force information that the
robotic hand will attempt to match with the force measured
on the slave hand sensors as it grasps an object. Force
sensors utilizing the Piezoresistive effect represent an advance
in methods available to convert mechanical force into an
electrical signal for use in systems such as robotics (Nag et al.,
2018a). Here we discuss different types of flexible sensors
that could be used in conjunction with a robotic hand to
measure and identify the forces required for picking up and
holding objects.

Force Sensing Resistors (FSR)

FSR sensors have been developed in various forms, as shown
in Figure 2. These sensors are suitable for detecting forces of
differing magnitudes but are not on their own suitable for
precision measurements. The sensors can be supplied with active
surfaces of different sizes and shapes. The FSR sensors have
several advantages over comparable sensing techniques, such as
small size, low cost, and excellent shock resistance (Florez and
Velasquez, 2010).

A voltage divider can be used to convert the resistance
change in the FSR to a change in voltage. The decrease in
resistance across the FSR results in a change of voltage at the
junction of the voltage divider, which can then be measured with
conventional analog instrumentation. An appropriate selection
of static resistor in the voltage divider is essential to ensure
proper resolution and sensing range (Asadnia et al., 2013). For
most applications, the static resistor will be toward the center of
sensing range of FSR. Interlink FSR sensors have been utilized for
a range of products due to their robustness and ability to detect
widely varying forces at high frequencies (Saadeh and Trabia,
2012).

Design of Master-Slave Robotic Hand

In this study, a robotic hand was 3D printed and then equipped
with Robotis Dynamixel AX-12A servos, in order to gain a
qualitative understanding of how the sensors can be used
when gripping an object and to suggest improvements to the
system. Preliminary tests were performed to develop a better
understanding of the sensors and their response to different
forces. This was performed by connecting each sensor to a simple
voltage divider, and applying a force to each sensor in turn, then
recording the resistance and estimated applied force.

A single FSR sensor was used with the AX-12A Gripper that
set the gripper at a specific force as calculated from the force vs.
resistance graph for the FSR sensors. A proportional controller
was used to make the action as smooth as possible and tests
were carried out using varying gripping forces to determine
its capabilities.

Initially, the tests were conducted on each of the hand’s fingers
to find the limits of their movements, to ensure that we were
operating the servos within safe limits. Following this, the sensors
were attached to the fingers and experiments were conducted
various gripping objects. Similar tests were performed with a
Dynamixel gripper by adjusting gain and delay values to improve
the control of the hand. Objects with different weights and shapes
such as a plastic cup and a screwdriver were tested with the
robotic hand to evaluate its performance when gripping the
various items.

Our primary work was on the interface between the robotic
hand and the objects being picked up, so the robustness,
responsiveness, and durability of the FSR sensors were important
factors. In order to estimate the required amount of feedback,
different sized sensors were tested to find the required active area
on the slave robotic hand. Flexible epoxy was used to mount the
FSR sensors on a smart glove, then a human finger inserted into
the glove. As the finger was flexed, we measured the bend as
detected by the sensor and applied it as an input to a controller
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FIGURE 2 | Different forms of Force Sensing Resistors (A) circle-shaped FSR, (B) square-shaped FSR, and (C) strip-shaped FSR.

TABLE 1 | Resistance response from rudimentary pressure application.

Sensor Slight load Medium load
Interlink 0.5 inch 60 k2 5kQ
Interlink small 70 k2 7 kQ
Interlink square 16 kQ 2 kQ
FlexiForce circle 15 MQ 1.2 MQ

which moved a robotic finger correspondingly. The smaller FSR
sensors used had sensitivity in the range of up to 10N whereas the
larger sensors can handle forces up to 100N.

After testing a range of sensors, it was found that the 0.5”
FSR (SF-SEN-09375) sensors were the most suitable for our
application, as their size allows them to be fitted to the tip of
the finger on the glove or on the end of a robotic finger, and
they provide sufficient contact area to sense an object, while not
restricting movement.

Three different Flex sensors and two different sized static
resistors with the resistance of 3.3 and 47 k2 were tested, in
order to characterize the sensory system. Table 1 indicates the
experimental results of testing different types of FSRs by varying
the amounts of force. This table shows that for the 0.5” and
small Interlink FSR sensors, static resistors of ~60 and 70 kQ
are needed, while a lower value resistor is required for the
Square FSR.

A second test was developed using an FSR sensor, a flex sensor,
and a small servo. The flex sensor was connected via a voltage
divider, and a small servo was used to simulate the robotic finger
movement between 0 and 180 degrees. The FSR sensor was used
to simulate the robotic finger making contact with an object.
When the FSR sensor was pressed, the servomotors move in small
movements to simulate gripping the object with varying amounts
of force. The electrical schematic for this system used in these
experiments is shown in Figure 3.

To eliminate erratic movement, a modified proportional
controller was used such that the controller would take the error
difference between the two corresponding sensors on the robotic
hand and the smart glove, and when the output of the smart glove
sensor was greater than the robotic hand sensor’s output, it closed
the gripper until it met an object and the signal on the robotic
hand sensor increased to match the value on the glove sensor.

The circuit used for the experiments with the control loop
can be characterized by the basic equation for a proportional
loop control:

F, 1

T Fp ltkpk

Where Fa is the force applied by the slave, F, is force setpoint
from the user glove, k, is adjustable controller gain constant, and
ks the system gain.

As can be seen by inspection, the accuracy of force matching
is determined by the system gain. Maximizing this system gain
results in maximum development of the system response, and
hence the minimum difference between the force sensed from
the glove, and the force applied to the slave hand object. Due to
non-linearities and delays in the system, the useful k;, values are
limited by the onset of hunting and instability.

We expect that the system timing and accuracy could be
improved through the use of a more complex control algorithm,
which could select between different control loop parameters,
depending on whether the force sensors were in contact with an
object or not. A proportional-integral controller may improve
accuracy, but likely at the expense of response time and the
simplicity of our current system.

This can be seen from the Supplementary Video 1. To find
the appropriate pressure values for the proportional controller,
experiments were conducted with the AX-12A servo while the
sensors were mounted inside the gripper. The test sequence
waited for 2 s, then simulated a user force of 2 Newtons (N). The
gripper would then close on the object and try to match the 2N
by adjusting the force exerted on the object. After a further 8s
the gripper would release. Different pressure values ranging from
0.02 to 0.08 kPa were tried for different simulated forces of 0.5,
2.0,and 3.0 N.

The initial code available for the Dynamixel Smart Shield
controlling the AX-12 Servos had a limited position resolution
of 1° rotation of the servo. It was found that this was inadequate
for the fine movement needed to adjust the varying amount
of force applied to the FSR sensors. We modified the control
hardware to directly write to the servos from the Arduino
microcontroller in order to bypass the above limitation. This
required a minor modification to the communications wiring to

Frontiers in Mechanical Engineering | www.frontiersin.org

October 2020 | Volume 6 | Article 550328


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Belford et al.

Bioinspired Sensors for Humanoid Robot

49499944444 A A A A A s
a§§§§§§ggmmznx:sz%;m:xa%;%%s;s:gsssssszam
cetebaeny
85338
ARDUINO-MEGA
gg Saze,
=X co
2, REAEE o eogmanzail cuni2088
S << ILLLCLCLCLTANMTNORDOAA~OOO00
S 24 < < << | <] < <] < o o [ e | &fe
Ly b = ”m 1
4872V = Zzzmg ge282
vjovoou
PINKY
MG 946R
BEIS
VHE
eng 12 Robotic Hand Force Sensors
PINKY AING MIDDLE INDEX THUME
o o] o] R [
e o - ) _ ]
VH IR
B
GNO 3.3k v E ‘ ‘
MIDDLE m
MG 946R
AN
Sig AN
V48 —\\V\
GNO —\\V\/
W
e AV
AN,
SIg P>
VH [
GNO o~ o~ ~ ~ —
~N o~ ~N o~ ~N o~ N - ~N -
THUMB
MG 046R PINKY RING MIDDLE INDEX THUMB
Sig e
b V4 Users Glove Force Sensors
GNO [*
FIGURE 3 | Electrical schematic of the circuit used in the experiments.

adapt the Arduino’s standard RS-232 communications to half-
duplex configuration. This modification allowed for a quicker
response time of the servo as well as a finer position resolution
corresponding to better than 0.3° rotation.

3D Printing the Robotic Hand

3D printing technology has been widely employed in developing
bionic robotic hands (Vujaklija and Farina, 2018). Two well-
known 3D printed robotic hands are the InMoov Robotic hand
by Gael Langevin (2014) and the Ada Robotic hand by Open
Bionics (Introducing the Hero Arm). The InMoov robotic hand
was initially designed as a way to visualize hand gestures and
subsequently grew into a fully functioning robotic hand. It
features individually movable fingers that operate via tendons
connected to five servos located in the forearm of the model.
The model has extra hinge points on each of the little finger
and ring finger to better resemble a human hand’s grip. The
configuration of the servo system with two tendons for each
finger means one tendon is tightened to close the finger, and
the other is tightened to open it. This has the advantage that
the tendons are only functional in tension, allowing the 3D

printing process to be relatively simple, as it only needs one
type of Acrylonitrile butadiene styrene (ABS) filament and does
not need to use a flexible filament which could be difficult to
print. The Ada Robotic Hand is a fully 3D printable robotic hand
developed by Open Bionics (Bionics), derived from the Dextrus
robotic hand developed by the Open Hand project (Gibbard,
2013) and now continued by Open Bionics. The Ada Hand is
operated by five linear actuators and is printed using standard
ABS filament for the main components and Ninjaflex filament
for the hinges. It operates from a custom PCB board based on the
AVR ATMega 2560 microcontroller by Microchip Technology.
This robotic hand uses linear actuators to move the fingers rather
than rotational servos. The advantage of this robotic hand is that
there is no slack in any tendons; therefore, the actuators can be
located in the palm of the hand rather than the forearm. An
example of a master-slave robotic hand based on position sensors
can be seen in Karam et al. (2018).

For this study, the 3D printed InMoov Open Source prosthetic
hand was chosen. The design allowed us flexibility in the choice
of operating mechanism, with the servos located in the arm.
Light nylon fishing line was used to form the tendons, as
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FIGURE 4 | (a) Diagram showing joints of the fingers (Reprinted with permission from Wheatland et al., 2015), (b) 3D printed InMoov robotic hand showing varying

they will always be in tension. This saves space and allows a
simple way for the force to be transmitted through bends in
the structure. The hand was printed by an Omni3D Factory 3D
printer using standard 1.75mm ABS filament with 20% infill,
three shells, and no support. The finger components were glued
together and each of the holes for the hinges on each of the
fingers was drilled out to 3 mm for the outside and 3.2 mm for
the inside. Three millimeter filament was then used to make
the hinges.

Braided fishing line was used for the tendons as it is low
stretch and high strength. The line was threaded through the
corresponding holes for each finger. The fishing line was then
tied off at the tip of each finger before the final fingertip cover
was glued on. Four twisted pair cable pairs were used to connect
each of the sensors which were placed the hands’ fingertips. The
twisted-pair cables were also threaded through their respective
holes and exited at the base of the fingers. The wires were
not threaded through the actual fingers as they would have
impaired the bending of fingers and interfered with the fishing
line tendons.

Due to space restrictions, we could not mount the AX-12A
servos within the space available is the cavity of the InMoov arm.
So five TowerPro MG946R servos were mounted on a servo bed
in the forearm of the hand and the five servo pulleys attached
to the servos with screws. The fishing line was then threaded
through the servo pulleys and tied off taut, while the servos were
in the neutral position and each of the fingers was in an open
and flat orientation. The caps for each of fingers were then hot
glued onto each of the corresponding fingers, the FSR sensors
soldered onto the ends of the cabling at the ends of the fingers,
and then attached to the tips of the fingers. The Arduino code
was modified for control of the TowerPro servos, as these are
controlled using Pulse width modulation (PWM), rather than the
serial communications used by the Dynamixel devices. This used
the standard Arduino Servo library. The extent of movement for
each of the fingers was then established, so that appropriate range
of motion for the servo could be set.

Five FSR sensors were placed on the fingertips of a leather
glove, and those sensors and the sensors on the slave hand were
connected to voltage divider circuits with 3.3 k € resistors, which
were then in turn connected to analog input pins on the Arduino.
The final attachment for the sensors to the slave hand fingertips
was made using hook and loop material (Velcro) attached to the
tip and back of the sensors. This allowed for interchanging of
sensors and to trial different locations on the fingertip to achieve
maximum contact with the objects being picked up. The sensors
were then connected to an identical voltage divider as that for
the user’s glove with the FSR sensor. Figure 4 shows the different
joints in a biological finger and the developed InMoov robotic
hand with different finger movements.

The 3D printed hand was assembled with the MG946R servos
acting as actuators and braided fishing line as tendons. The
original design had the thumb closing to the palm instead of
to the fingers when gripping an object. This was later corrected
by fabricating and fitting an adjustable thumb whose angle of
movement could be changed to allow different objects to be
picked up. The position of the force sensors on the fingertips
was critical to correct operation, as it needs to directly meet the
surface of the object being picked up.

Another problem with the use of the proportional controller
with the MG946R servos was that when the proportional gain
(kp) value was excessive, as mentioned above the controller
would overcompensate the position command sent to the servo,
which resulted in instability of the finger position. This meant
that the fingers would not settle on the object and would
oscillate back and forth instead of gripping it effectively. On the
other hand, when the kp value was lowered to below 0.01, the
fingers would not start moving until there was a relatively large
difference (typically 0.5N) between the master and slave sensors.

A further significant problem was the correct positioning of
sensors on the fingertips, and how the whole finger articulated.
With the exception of the thumb, there were three hinges on
each of the fingers, and one servo to control each finger, so
they each folded inward differently depending on the stiffness
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of each of the hinges, as shown in Figure 4b. For example, if
the metacarpophalangeal (MCP) joint as shown in Figure 4a was
tighter than the proximal interphalangeal (PIP) joint and distal
interphalangeal (DIP) joint, then a command to close the finger
results in a first movement of curling the finger (red line in
Figure 4b), whereas if the PIP and DIP joints were stiffer than
the MCP joint, the finger would bend from its base first (blue line
in Figure 4b. This presented a problem, as different actions were
required for holding different shaped objects. The “initially curl”
behavior was a problem when gripping a larger round object such
as a cup or bottle, because the sensor would not hit the surface
of the object orthogonally and the finger would push the object
away. The “initially-bend” behavior was much more suited to
picking up most objects as the sensor would hit the surface, and
valid reading of the force being applied could then be obtained.

The control code was modified to suit the MG946R servos,
as they had different characteristics and control methods from
that of the AX-12A devices used for the robotic gripper. The
Arduino standard servo library has a resolution of only 1° of
rotation, which was too coarse for the positioning accuracy
required for our experiment. To improve the resolution, we
tested the Arduino “writeMicroseconds” function to determine
if a better resolution was possible for the servos’ movement.
WriteMicroseconds is a command that specifies a PWM
“on-time” cycle in microseconds to the servo (This would
normally be in the range of 1,000 for fully counterclockwise and
2,000 for fully clockwise, with 1,500 as the neutral position).
This allows a resolution of 0.18 ° in the command signal. While
servos typically have a deadband of 5 ps, for the MG946R
this is 1 ps, allowing the system to correctly respond to the
more accurate command signal. The code was modified to test
whether this could improve the ability of the robotic fingers
to reach the required force without instability. The control
algorithm shown in Figure5 processes the input signals to
control the output to the slave hand in a number of steps. The
input force signals from both the master and the slave fingers
are read, scaled and linearized to provide the system with a
good representation of the actual force on the sensors. Then
the output to the slave servo is adjusted so as to more closely
match that of the master. If there is no force on either, the
finger will open. Finally the loop will wait for a delay time to
provide the required sample period for the system, then repeat
the process.

DISCUSSION AND RESULTS

Two different objects were initially picked up using the master-
slave robotic hand, as shown in Figure 6. The first object was
very lightweight (9 g) plastic cup (Figure 6a). For the initial test,
instead of measuring the force from the master hands’ glove,
we applied a steady force setpoint of 0.5N for the slave hand
to match. Following this, a target setpoint obtained from force
sensors on the master hand was used to dictate the force used
to pick up a plastic cup. The second object tested was a heavier
item (screwdriver with a weight of 320 g) (Figure 6b) with a large
handle. The testing protocol was the same as for the cup, i.e., a
fixed 0.5 N setpoint for a set time, and a test with force derived
from the sensors on the master glove. The master-slave robot
showed outstanding performance in handling heavy and delicate
objects by relying on the force sensors. Details have been further
discussed in below sections.

Grip Testing 1—Cup

The first experiment simulated a steady force of 0.5N on the
thumb and index finger, to which the robotic hand would then
respond, gripping a plastic cup. The actions were trialed with
different proportional gain values to test which value resulted in
better grip and response. The user’s force for the thumb and the
index finger were both set to 0.5N. As illustrated in Figure 7, kp
values higher 0.03 made the system unstable with the index finger
and thumb not being able to settle at a suitable force while trying
to grip a cup at 0.5N.

Various timing modifications were also trialed to improve the
system’s stability. The response of the control loop was slowed
by increasing the sample period as a qualitative test to determine
if slowing the system down improved its performance. These
results are shown in Figure 7.

From these results, it can be seen how with the set force
of 0.5N for a duration of 8s, and with kp set to 0.015, the
index finger and thumb both respond to the force sensors and
grip the cup successfully. Increasing the gain to 0.03 resulted in
instability (Figures 7C,D. After testing a range of kp values, we
found it possible to maintain a force within 0.1 N of the force
signal setpoint. In order to deal with the lag in movement of
the robot fingers in response to positioning commands, we then
introduced a delay of 60 ms on top of the execution time of the
control program of 40 ms. This increased the effective sample
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time of the system to 100ms, allowing the signal from each
sensor to stabilize. Next, the robotic hand was used as part of
a master-slave system in order to test the system’s performance
in gripping a plastic cup. The user’s glove gripped the plastic
cup between the index finger and thumb, while the robotic hand
was positioned near an identical cup. As shown in Figures 7A,B,
the force on the robotic hand closely followed the force signal
from the user’s glove. The robotic hand has a maximum force
of circa 1.5N (corresponding to the maximum force output of
the servo). In some instances, the servo reached the extent of
its allowed movement, and in others, we could not achieve the
required force due to the fishing line and 3D printed structure
stretching and/or deforming under load. The graphs show that
when gripping at different forces (as would be common when
holding an item like a cup), the robotic hand was able to follow
the force required with a reasonable response. The procedure was
repeated with the robotic hand around the cup while the user’s
glove was used to generate the force target for the robotic hand.

The user picked up a plastic cup with the index finger and thumb,
and the robotic hand did the same with an identical cup, and the
results were recorded.

Grip Testing 2—Screwdriver

The next experiment was to pick up a heavier item such as a
screwdriver (weight 320 g). The screwdriver needs to be gripped
by all of the fingers, with all of the force sensors contacting the
surface of the screwdriver. Initially, the hand was tested with
a set force of 0.5N with different values of kp, as shown in
Figure 8. These graphs show that the servos took some time
to stabilize but gripped the screwdriver well. The glove was
then used to pick a similar object, measuring the required force,
while the screwdriver was placed in the robotic hand’s grip. The
control loop was also tested with different kp values. A modified
proportional controller was developed in the code, comparing the
two analog signals coming from each of the sensors, with the aim
of reducing the speed of the gripper as the readings from the two
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FIGURE 8 | Gripping screwdriver with force setpoint derived from user’s glove. (A) Index finger, (B) middle finger, (C) ring finger, (D) little finger, and (E) thumb.

sensors converged. The difference between the two analog signals
was taken as the error, then multiplied by an arbitrary kp value.
The error value was used to adjust the servo position command in
the corresponding direction. Limits were used to keep the gripper
inside the bounds of its range. The tests were done at set force
commands of 0.5, 2.0, and 3.0N, using a range of kp values.
The results were promising with the apparatus have a settling
time of 0.5s in most cases and a steady-state error of <0.25N in
most cases. The results are shown in Figure 8. The experiment
was successful as the robotic hand could hold the screwdriver
firmly without dropping it. This again demonstrated that the
system can apply a force closely tracking the force measured by
the user’s glove.

The thumb was also found to have an important role in how
well the hand held objects. Originally the thumb movement was
to fold to directly into the palm and not toward the fingers,
resulting in a lack of ability to grip round objects effectively, as the
sensor on the thumb did not press against the object being held.
When the thumb’s action was altered so that it closed toward the
other fingers in a more natural manner, the sensor would touch
the surface of the object and allow reasonable control of the force
exerted by the thumb. These results indicate the potential for this

approach to be extended to other systems requiring fine control
of force, in fields as diverse as surgery, bomb disposal, and others.

CONCLUSION

In this paper, we developed a master-slave robotic hand based
on force-sensing resistive sensors. A 3D model of a bionic hand
was designed, and 3D printed to function as a slave robotic hand.
The hand was fitted with servo actuators (serving as an analog
of human muscles) connected to nylon fishing line (serving as
the tendons) to move the fingers. A specially fitted out glove
with flexible sensors attached was used as a master hand, which
measured force signals for the slave to follow. The motion of the
slave robotic hand was controlled by the master hand using the
signal from the force sensors attached to both master and slave
hands. With careful adjustment of the mechanical structure and
the dynamics of the control system, the robotic hand was able
to grasp objects of different sizes and shapes. Using two types
of actuator, we achieved steady control exerting a fixed force on
a selection of objects. The system proved quite sensitive to the
geometry of the hand structure and to the tuning of the control
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loops. As the system has a relatively low data rate requirement
between the master and the slave hand, it shows good potential
for eventual use in remote master-slave applications as diverse as
remote surgery, or explosives disposal.
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