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ABSTRACT 
 This study has investigated and surveyed tactile pressure sensors, such as strain gauge, piezocapacitive, 
piezoelectric, piezoresistive, and pressure conductive rubber, according to robotic applications of these sensors. These 
tactile pressure sensors have been broadly used for robotic grasping operations. Moreover, through these tactile pressure 
sensors, the information on physical contacts and the external environment of robotic hand are reported and discovered. In 
this study, common piezoresistive pressure sensors (force-sensing resistor) have achieved favorable results in gripping an 
object; these results support that the piezoresistive technique is an appropriate approach for robotic implementations. 
Furthermore, two illustrative empirical findings have been performed using both rigid and pliable robotic claw surfaces. 
Experimental results have shown the correlation between input force and output voltage as well as the response of pressure 
sensor with different robotic claw resiliencies. 
 
Keywords: robotics, piezoresistive, gripping manipulator, pliable and rigid surfaces, robotic claw resilience. 
 
INTRODUCTION 
 People’s daily activities could be achieved using 
the hand, which can execute difficult tasks at various 
angles and with high complexity. The human hand is 
created with tremendous structure and exact capability to 
maneuver motions and manipulate grasping tasks correctly 
[1–4]. However, the human hand still has some limitations 
to execute other tasks, such as dangerous or sophisticated 
operations in military and medical applications. In 
addition, errors have a high probability to occur in 
repetitive and maintenance tasks because the human hand 
is restricted by limited human ability.  
 Thus, in recent years, significant efforts have 
been devoted to improve robotic manipulators, such as 
robotic hand or robotic claw. Currently, robotic hands 
begin as indispensable, especially because robotic hands 
have been broadly implemented in significant applications 
[5], [6]. In addition, robotic hand is widely used in 
automotive manufacturing industries for functions such as 
picking and placing, sorting, packaging, and palletizing, as 
well as in assembly and material handling production lines 
that require human hand substitution [7–9]. 
 The most important issue in robotic hand 
applications is that robotic hands require distributed tactile 
pressure sensors that enable robotic hands to recognize the 
external environment. The primary emphasis placed on 
tactile sensors widely used in robotic hand applications is 
to measure the physical interaction that occurs through the 
contact points between the pressure sensor and a subjected 
object. These tactile pressure sensors are designed and 
implemented based on different principle actions and 
materials, such as strain gauge, piezocapacitive, 
piezoelectric, pressure conductive rubber, and 
piezoresistive pressure sensors [10–14]. Researchers have 
focused on the comprehension of tactile sensor 
characteristics, and different useful illustrative 
applications have been performed in various fields in Refs. 
[15–17].   

BACKGROUND STUDY 
 Robotic hand is considered a mechatronic 
instrument that can do some activities that are impossible 
for humans. Robotic hand is widely used in manufacturing 
and dangerous nuclear industries, as well as in precise 
applications such as military or medical implementations. 
In addition, repetitive and maintenance tasks could be 
achieved with high performance accuracy. Consequently, 
evolving robotic hand is required to cover a wide range of 
tasks and to provide robotic hand with special types of 
sensors that can measure the grasping force for a particular 
object. Grasping objects could be achieved using the 
dexterous robotic hand presented in Ref. [18], which is 
illustrated with the ability to grasp both soft and hard 
objects. In Refs. [19], [20], gripping operation has been 
implemented by robotic hands that use special types of 
tactile sensors, which employ physical properties and 
events through contact with objects. Many tactile sensors 
have been developed, and the sensor hardware has evolved 
to achieve certain gripping tasks. Moreover, to accomplish 
the gripping mechanism using robotic hand, some efforts 
have been expended in developing tactile pressure sensor 
structures, such as in Refs. [21], [22]. In most recent 
studies, advanced robotic manipulations have used tactile 
pressure sensors implemented in different applications. 
The main interesting issue in advanced robotic 
manipulation tasks is that robotic hand is required to be 
equipped with distributed tactile pressure sensors that can 
continuously provide information about the magnitude and 
direction of forces at all contact points between the 
sensing area and a subjected object. Numerous studies 
have reported the proposed method that uses tactile sensor 
information through physical contact between the sensor 
and an object to detect both pressure force and hardness of 
the object [23]. In addition, several studies have 
documented that tactile pressure sensors have been utilized 
successfully in different design concepts and action 
principles. These tactile sensors have presented the 
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process of determining physical features with the 
environment [24],[25], measuring applied forces exerted 
over an object and the art in tactile sensing and 
investigating trends [26–28]. 
 Robotic hands have recently applied sensitive 
skin by using tactile pressure conductive rubber to perform 
a wide area of soft sensor skin that covers the whole body 
of robots. In addition, numerous authors have reported 
both analyses of trends using electrically conductive fabric 
and strings and conductive mechanism based on pressure 
sensitivity [29–33]. Furthermore, other devices have been 
designed to detect changes in resistance between a 
conductive rubber layer and have implemented contact 
electrodes [34]. 
 An applied force to a piezoelectric material 
generates an electrical potential difference; this response is 
reversible. When the potential difference is supplied 
across two terminals of a piezoelectric material, the 
material strains. The piezoelectric phenomena could exist 
in “smart materials” with electrical crystalline structure. 
The generated voltage from a piezoelectric material can be 
calculated from the following equation: (V = Sv × P × D), 
where V is the voltage generated, Sv is the volt sensitivity 
of the material (volt × meters/Newton), P is the pressure 
(N/m2), and D is the thickness of the material (meters).  
 Strain gauge sensors exhibit a change in 
resistivity with strain. Strain gauges are frequently used in 
mechanical strain. Resistance increases when the material 
is stretched. One of the main obstacles is that strain gauge 
is highly susceptible to humidity and is very sensitive to 
temperature changes. Thus, Wheatstone bridge approaches 
are used to overcome this weakness. Although the 
mechanical nature of the strain gauge could not be 
recovered if the gauge is overloaded, the strain gauge can 
be used for a long time [35].  
 Capacitive tactile sensors comprise of two 
parallel plates, where a dielectric material is sandwiched. 
Capacitance can be expressed as C = (Aε0εr)/d, where C is 
the capacitance, A is the overlapping area of the two 
plates, ε0 is the permittivity of free space, εr is the relative 
permittivity of the dielectric material, and d is the distance 
between the two plates. The applied force changes the 
distance between the two plates; thereafter, electrical 
charges are generated [36], [37]. 
 One of the well-known tactile pressure sensors is 
piezoresistive tactile pressure sensor, which has been 
widely used in robotic gripping implementations, such as 
gripping an object with different weights and shapes [38]–
[41]. A key aspect of pressure sensor is the ability to 
indicate the touch situation or continuous pressure force 
that occurs between a subjected object and the pressure 
sensor. This indication occurs according to the change in 
sensor resistance corresponding with applied force. Thus, 
piezoresistive pressure sensor is considered an appropriate 
approach for gripping operations in robotic hands. The 
tactile pressure techniques that have been explained above 
are presented in Table-1. In Table-1, the merits and 
demerits of tactile pressure sensors are reviewed. 
 

Table-1. Merits and demerits of different types of tactile 
pressure sensors [13]. 

 

 
 

Pressure sensor structure and principle action 
 Force-sensing resistor (FSR) is a polymer thick 
film device that can indicate decrease in resistance with an 
increasing applied force to the active sensing area. The 
force sensitivity of FSR is appropriate for human touch 
control of electronic implementations. FSR is based on the 
piezoresistive sensing technology. FSR can be fabricated 
in different shapes and sizes to achieve sensing force 
purposes. Some features of this sensor, such as highly thin, 
linearity, low hysteresis and drift, and a wide range of 
temperature sensitivity, can be vital in providing accurate 
results in detection contact or continuous touch between 
two objects. Piezoresistive sensors can indicate changes in 
electrical resistance when mechanical stress is applied. 
Thus, this device is considered an appropriate approach for 
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robotic hands in gripping operations. In Ref. [42], the 
structure of pressure sensor comprises two layers of 
substrate; these layers contain printed semi-conductor 
components as the active area. As shown in Figure-1, the 
spacer adhesive layer is sandwiched between two substrate 
layers. The piezoresistance can be expressed as R in 
equation (1). 
 

         (1) 
 

 
 

 
 

Figure-1. The construction of pressure sensor (FSR). 
 
EXPERIMENTAL SETUP 
 
Schematic diagram of the pressure sensor 
 To integrate the FSR sensor into an application, 
force-to-voltage circuit can be implemented to incorporate 
the output voltage with input force. Calibration is the 
approach to express the output into appropriate 
engineering units, such as Newton. The proposed circuit in 
this study is shown in Figure 2. This circuit is derived 
through a −5 V DC excitation voltage. An inverting 
operational amplifier (op-amp) has wired the pressure 
sensor with feedback reference resistance (RF). The 
purpose of supplying the pressure sensor with a negative 
input voltage is to ensure that high sensitivity occurs, and 
the pressure sensor output connects to the inverting input 
terminal of the op-amp to obtain a positive output voltage. 
The output voltage is changed based on the change in 
pressure sensor resistance. In addition, the pressure sensor 
sensitivity could be adjusted by both changing the RF 
and/or deriving the excitation voltage. The pressure sensor 
output voltage is expressed in equation (2). 
 

 
 

Figure-2. Schematic diagram of the proposed circuit. 
 

       (2) 
 

  
 
Pressure sensor conditioning and calibration 
 Gripping an object successfully and measuring 
the weight of the object is considered one of the main 
goals of this study. To achieve accurate output results 
from the pressure sensor, an essential step should be 
applied before calibrating and testing the sensor. This step 
is called exercising or conditioning the sensor, which helps 
diminish the effect of drift and hysteresis. The 
conditioning step is applied for new sensors and for 
sensors that have not been used for a long time. To 
perform this step, 110% of the maximum test weight is 
placed on the sensing area of the pressure sensor, and 5 s 
is needed to allow the sensor to stabilize the output 
resistance; this procedure is repeated 4 or 5 times. As 
shown in Figure-3, known calibration weights are used for 
the conditioning step. In this study, given that the 
calibration weights are larger than the sensing area, this 
step should use a puck. A puck is a piece of rigid material 
that is smaller than the sensing area of the pressure sensor. 
A puck helps ensure that the testing load path goes 
through the pressure sensor sensing area. Afterward, for 
calibration, 1/4 of the weight of the object is placed on the 
sensing area for about 5 s to obtain the best reading. The 
result is recorded, and the weight is removed. This 
procedure is repeated several times through the same 
process, but the weight of the object is increased gradually 
every single time until reaching the maximum weight. 
Finally, 6–7 sets of results have been recorded as curves 
on a graph. According to the principle action of the 
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pressure sensor, two curves can be obtained from the 
analog readout circuit. Resistance/conductance (1/R) 
versus force and voltage versus force. The correlation 
between the input force and the output voltage is 
proportional, whereas the correlation is inversely 
proportional between the input force and the output 
resistance. The output resistance decreases when the 
pressure force is increased on the pressure sensor sensing 
area, and the resistance is very high in case no load exists. 
The experimental results and discussion of these curves 
are illustrated in this study. 
 

 
Figure-3. Experimental setup of pressure sensor. 

 
Proposed robotic hand model 
 In this study, the proposed work focuses on 
designing and implementing a robotic hand model to grip 
an object with different weights. In Figure-4, this robotic 
hand model is featured with simple traits. The proposed 
robotic hand model is designed and implemented to 
accomplish the crucial aim of an object gripping that 
measures and calculates the response of the pressure 
sensor from contact points with the gripped object. 
 

 
 

Figure-4. Proposed robotic hand model. 

Where 1 denotes PCB, MCU, and power supply; 
2 denotes IR sensor; 3 denotes pressure sensors; 4 denotes 
DC servo motor; and 5 denotes the proposed robotic hand 
structure. 

 A robotic hand has been designed and assembled 
in specific dimensions (100 mm × 205 mm × 215 mm). 
The robotic hand model consists of only one claw, and the 
maximum open dimension is 60 mm. This claw can be 
moved by using a DC servo motor within only one degree 
of freedom in the X-axis. The robotic hand can hold a 
weight of up to 3.187 N. In this study, a flat rectangular 
object is taken as a gripping sample. As shown in Figure-
5, the weight and dimensions of this object are 0.4118 N 
and 84 mm × 130 mm, respectively. Definitely, the 
dimensions of the object should be larger than the claw of 
the robotic hand model to ensure that the object covers the 
entire sensing area of the pressure sensor attached to the 
claw. 
 Two piezoresistive pressure sensors (FSR) are 
used at both sides of the robotic claw to measure the 
continuous gripping force produced between the robotic 
hand and an object. This sensor works with diverse force 
ranges; with respect to the proposed design, the force 
range is 0–111 N. The sensing area of FSR is 25.4 mm in 
diameter, and the thickness is 0.203 mm. Furthermore, IR 
sensor is important in the motion of a robotic hand, given 
that IR is used to detect the existence of an object between 
the two robotic hand claws to provide the system with 
automatic robotic motion. 
 The selected microcontroller unit (MCU) is 
Arduino Uno R3. This MCU has been chosen with respect 
to the following purposes: analog-to-digital converter, 
motor driver, pulse width modulation signals, digital in/out 
pins, analog input pins, low cost, and excellent 
compatibility with external components. The integrated 
circuit that has been implemented in MCU is an 
ATmega328. Moreover, the PCB in this study has been 
designed and implemented utilizing electronic components 
with high-quality performance and low power cost. As 
shown in Figure-6, these circuits are used to obtain 
experimental works that grip an object safely. 
 

 
 

Figure-5. Sample object for experiment. 
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Figure-6. Printed circuit board and microcontroller are 
used for the experiment. 

 
RESULTS AND DISCUSSION 
 The experimental results have reported the 
response of the pressure sensor resistance when the 
pressure force is changed. As shown in Figure-7, the graph 
presents the inverse correlation between the resistance in 
mega ohm and the pressure force in N. The resistance 
value is very high at no load case. This value decreases 
dramatically when the pressure force is 0.4118 N, and this 
point indicates that the object is gripped successfully. The 
resistance continuously decreases when the pressure force 
increases every step. Hence, the weight of the object 
increases gradually until reaching the full range of the 
proposed robotic hand ability. The conductance (1/R) 
curve is more linear than the resistance curve; thus, the 
conductance curve has been calculated for calibration and 
analysis. The linearity regression of the conductance curve 
is the inverse of the resistance curve, and this regression is 
important to calculate the residual of the curve. This 
residual value calculates the accuracy of the collected data. 

 

 
 

Figure-7. Resistance/conductance versus a series of 
weights. 

 
 In the first part of the experiment, as shown in 
Figure-4, pressure sensors have been attached on rigid 
robotic claws. The proportional correlation between the 
input pressure force (N) and the output volt (V) is 
presented in Figure-8. In this graph, each black point is 
considered an individual gripping task that grips the object 

with different weights. In the first gripping operation, the 
weight of the object is 0.4118 N, and the output voltage is 
0.21 V. the resistance value dramatically decreases and 
reaches 25 megaohm approximately. After that, the weight 
gradually increases in each individual gripping operation 
until it covers the entire gripping ability. In this approach, 
the measured voltage of the pressure sensor continuous to 
increase and the resistance value decreases. The gripping 
operation procedures of the proposed robotic hand model 
are summarized as concise and comprehensible. After 
initializing the system, the robotic hand opens, and the 
prepared robotic fingers are moved to the initial position. 
Thereafter, the IR sensor monitors the distance sensing 
space between the fingers, and the DC servo motor 
commences to move when the IR sensor declares the 
inception point. The moment the proposed object touches 
the pressure sensors, the output signals are indicated 
through an analog readout circuit. This contact situation is 
recorded as the initial physical interaction. Thenceforth, 
the process can measure the pressure value and analyze the 
data to calculate the object weight that enables the control 
system to adjust the gripping force based on the estimated 
object weight. 

In the second part of this experiment, the first part 
is repeated using a pliable robotic claw surface. In this 
study, as shown in Figure-9(a), the pliable surface is 
designed and implemented as a resilient surface. This 
pliable surface is called pillow and is mounted on the 
robotic claw, as shown in Figure-9(b). The pressure sensor 
is then attached to a pillow. Hence, the pressure sensor is 
sandwiched between the pillow and the object during the 
gripping operation. This pillow has been utilized for 
pressure sensor and object to ensure that the whole ability 
of the pressure sensor is already used and to prove that the 
rigid claw surface used in the first part of the experiment is 
the sensitive-enough surface in the proposed robotic hand 
model. As shown in Figure-10, the output voltage red line 
is reduced after the pressure force is increased to more 
than 2.206 N. This obvious regression curve indicates that 
the pressure sensor does not respond to the applied force, 
which is more than 2.206 N. 
 

 
 

Figure-8. Output voltage over a series of weights before 
using pillows on the robotic hand claws model. 
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(b) Robotic claws with pillows 

 

Figure-9. (a) The selected pillows for experiment, (b) the 
pillows have been attached on the claws of robotic hand 

model. 
 

 
 

Figure-10. Output voltage regression curve over a series 
of weights after using pillows on the robotic hand claws 

model. 
 
CONCLUSIONS 
 Various types of tactile pressure sensors are 
considered as appropriate techniques for robotic grasping 
tasks. These tactile sensors have been widely used 
according to the robotic fields of the sensors, such as strain 
gauge, piezocapacitive, piezoelectric, piezoresistive, and 
pressure conductive rubber. This study illustrates 

practically that piezoresistive pressure sensor is effective 
for gripping applications. In addition, the gripping mission 
investigates both pliable and rigid robotic claw model 
surface. The experimental results are emphasized in the 
second part of the experiment. In Figure-11, the residual 
value (R² = 0.9253) calculated from the linearity data of 
the first part of the experiment is better than the second 
residual value (S·R² = 0.7756) calculated from the second 
part of the experiment. For calculation and analysis, the 
first R² is more acceptable than the second S·R²; thus a 
slight change occurs between R² and S·R² of around 
0.1497, which is inadmissible for calculation and 
analytical purposes. Basically, R² indicates how accurate 
the measured voltage is. Table-2 shows the experimental 
results between the first and second parts of the 
experiment. 
 

 
 

Figure-11. Output voltage over a series of weights for 
both robotic claws with pillows and without pillows. 

 
Table-2. Experimental results between the two methods 

based on the proposed robotic hand model. 
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