
Development of Direct Printed Flexible Tactile Sensors 233

https://doi.org/10.21289/KSIC.2017.20.3.233

Development of Direct Printed Flexible Tactile Sensors

Ju-Kyoung Lee1, Kyung-Chang Lee2, Hyun-Hee Kim2*

<Abstract>

This paper proposes a structure of direct-printed flexible tactile-sensor. These 

flexible tactile sensors are based on pressure-sensing materials that allow pressure to 

be measured according to resistance change that in turn results from changes in 

material size because of compressive force. The sensing material consists of a mixture 

of multi walled carbon nanotubes (MWCNTs) and TangoPlus, which gives it flexibility 

and elasticity. The tactile sensors used in this study were designed in the form of 

array structures composed of many lines so that single pressure points can be 

measured. To evaluate the performance of the flexible tactile sensor, we used specially 

designed signal-processing electronics and tactile sensors to experimentally verify the 

sensors’ linearity. To test object grasp, tactile sensors were attached to the surface of 

the fingers of grippers with three degrees of freedom to measure the pressure changes 

that occur during object grasp. The results of these experiments indicate that the 

flexible tactile sensor-based robotic gripper can grasp objects and hold them in a 

stable manner. 
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1. Introduction

Studies aiming to mimic human sensory 

organs have been popular over the last 

decade and, as a result, diverse sensors have 

been developed and are now used in several 

applications[1]. Although sensors that mimic 

human vision and auditory and olfactory 

senses have been developed and put into 

practical use, research into tactile sensors is 

still in its early stages. Two major reasons for 

this are that tactile sensors should have 

properties similar to those of human skin, 

and that complicated signal processing is 

required to detect pressure and other tactile 

sensations. Therefore, the development of 

tactile sensors requires not only research into 

the intrinsic characteristics and performance 

of sensors but also into signal-processing 

technologies to quantify and reprocess the 

output signals.

Tactile sensors are useful in a wide range 

of areas such as for artificial skin, medical 

robots, robotics for prosthetic arms, and 

intelligent robots[2]. In particular, tactile 

sensors are essential for robotic grasping 

systems[3-4]. Although existing systems can 

grasp a known object with constant force, 

many systems are not able to grasp objects 

that are not known a priori, which limits the 

flexibility of these automated systems[5]. 

However, by using feedback from tactile 

sensors that play the role of human skin, 

damages that occur when an object is 

grasped and the associated defect rates can 

be reduced, thereby leading to the stable 

robotic grasp of random objects [6].

Recently, many studies have appeared that 

discuss the development and application of 

various tactile sensors [7]. These include 

studies of capacitive pressure sensors, which 

were used to skilfully grasp objects, or 

optical three-axis tactile sensors that were 

incorporated in a robotic hand [8-9]. In 

other work, numerous strain gages were 

inserted into silicone rubber to form a tactile 

sensor for use with robot grippers. However, 

these approaches have certain drawbacks, 

such as the difficulty for sensors to cover 

large areas and insufficiently flexible sensors, 

which prevent them from being attached to 

a curved surface.

In this paper, we present a preliminary 

analysis of the performance of a flexible 

tactile sensor. The sensor uses lines of 

multi-walled carbon nanotubes (MWCNTs) 

sandwiched between two polymer layers. The 

sensor is fabricated by three-dimensional (3D) 

printing technology. Section 2 of this paper 

explains the sensor structure and the sensor 

fabrication procedure. Section 3 presents 

implementation of direct-printed flexible 

tactile sensors and presents performance 

evaluation for direct-printed flexible tactile 

sensor properties in section 4. Finally, the 

conclusions of this research are presented in 

Section 5.
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2. Fabricating sensors by direct 

printing technology

2.1 Direct-printed flexible tactile 

sensors

Humans perform many tasks by using the 

tactile sensations felt through the skin. 

Through receptors in the skin, we measure 

physical quantities such as force, temperature, 

and texture. In particular, gathering 

information generated when we come into 

contact with external objects is one of the 

most important characteristics of human 

sensory organs. Tactile sensors are made by 

imitating human skin and, as such, should 

satisfy the following three conditions: First, 

the sensor elements that play the role of 

receptors should be arranged densely and 

with uniform spacing. Second, their elasticity 

and flexibility should be similar to those of 

human skin. Finally, the sensors should have 

the resilience necessary to restore their state 

after deforming by pressure [10].

To satisfy these conditions, tactile sensors 

based on diverse technologies are studied 

[11-12]. Representative technologies include 

sensors based on silicon 

microelectromechanical systems (MEMS), 

polymer MEMS-based sensors, nanostructured- 

material-based sensors, and, finally, tactile 

sensors based on pressure-sensing materials. 

Silicon-based tactile sensors offer the 

advantage of high spatial resolution of sensor 

elements but have the shortcoming of 

insufficient elasticity and flexibility due to 

their fragility. Polymer-based sensors can be 

fixed to curved surfaces, because they are 

flexible as they are made in the form of 

films. However, their disadvantages are system 

complexity and low sensitivity. Although 

nanostructured-material-based sensors are in 

the limelight at the moment because of their 

excellent performance, they cannot be 

implemented over large areas and require 

high performance for signal processing[13]. 

Pressure-sensing materials have excellent 

characteristics for tactile sensors because they 

have the resilience and flexibility similar to 

that of human skin and offer the advantage 

that they can be fixed to curved surfaces. 

Their disadvantage, however, is low sensitivity 

to minute pressure [14].

2.2 Mixture of pressure-sensing 

material 

The pressure-sensing material is made of 

MWCNTs, which are conductive, and 

TangoPlus, a hardening material, by using a 

hybrid additive manufacturing technology [15]. 

The detailed manufacturing process of the 

materials responsible for pressure sensing is 

divided into the following five stages [16]:

(a) Add 0.5 wt% of MWCNTs and 1.5 wt% 

of sodium dodecyl sulfate (SDS) into 

dimethylformamide (DMF), which is an 

organic solvent, and disperse them by 

using an ultrasonic–magnetic agitator to 
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form a solution

(b) Disperse the prepared MWCNTs 

solution and TangoPlus by using the 

same ultrasonic–magnetic agitator

(c) Because residual solvent can affect 

sensor characteristics, maintain the 

solution at approximately 100 ℃ for 

24 h while stirring with a magnetic 

agitator to remove the DMF

(d) After the residual solvent is removed, 

filter the solution (150μm pore size) to 

remove any agglomerations of MWCNTs 

that may have formed during synthesis

(e) By using a vacuum pump, remove all 

air bubbles that remain in the 

synthesized solution

MWCNTs offer high conductivity to the 

extent that they can be used as pressure-sensing 

materials for tactile sensor even if not mixed 

into solution with SDS by using DMF. However, 

upon applying external pressure, MWCNTs 

agglomerate together, and the agglomerates 

harden[17]. To prevent this, SDS is added, as 

shown in Figure 1, to maintain the entire 

mixed solution in a semisolid state. In 

addition, TangoPlus is added to give elasticity 

to the semisolid solution. In addition, an 

ultrasonic–magnetic agitator is used in a 

series of processes to minimize agglomeration 

of MWCNTs and to uniformly disperse them. 

Any remaining agglomerated MWCNTs are 

removed by filtering [18].

2.3 Fabrication of direct-printed 

flexible tactile sensor element

In this study, we fabricate direct-printed 

flexible tactile sensor elements by using a 

mixture of MWCNTs and TangoPlus as 

pressure-sensing material. Two MWCNT layers 

are sandwiched around an insulating layer, 

and the entire sensor element is surrounded 

by a material hardened using an ultraviolet 

(UV). The detailed hybrid additive 

Fig. 1 Schematic illustration of fabrication process of MWCNT layer: 0.5 wt% MWCNTs + 1.5 wt% 

SDS solvent [19]
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manufacturing process for the sensor element 

is divided into the following five stages:

(a) Pour the liquid-phase hardening 

material into a flat rectangular metal 

mold and irradiate it with a UV lamp 

to construct the lower sheet. Material 

thickness should be 1 mm

(b) Spray the pressure-sensing material 

(MWCNTs + TangoPlus mixture) in the 

desired form onto the hardened lower 

sheet

(c) Pour the liquid-phase insulating material 

into the mold and harden the material 

using the UV lamp. Material thickness 

should be 0.5 mm

(d) Spray the same pressure-sensing 

material as in step (b) to form the 

sensing area of the sensor element and 

harden the material using the UV lamp

(e) Pour in the same hardening material as 

used for the lower sheet to form a flat 

top sheet and irradiate it with the UV 

lamp to construct the lower part. 

Material thickness should be 1 mm [i.e., 

the same as for step (a)]

Figure 2 shows a schematic illustration of 

the architecture of the direct-printed flexible 

tactile sensor element and Figure 3 shows 

photographs of an actual tactile sensor 

element manufactured by the process given 

above. The sensor element consists of five 

layers. The TangoPlus, which constitutes the 

Fig. 2 Schematic illustration for architecture of direct-printed flexible tactile sensor element

Fig. 3 Photograph of the direct-printed flexible tactile sensor element
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surface of the sensor element, preserves the 

shape of the sensor element and gives the 

sensor element elasticity similar to that of 

human skin[20]. Although the sensor elements 

that correspond to the second and fourth 

layers are not physically connected to each 

other, they are designed to form a structure 

capable of generating output signals from the 

micro current generated by the insulating 

layer when pressure is applied [21].

Although the tactile sensor elements used 

in our previous studies have excellent signal 

sensitivity, they do not respond in real time 

to environmental changes because their 

resistance vary at the rate at which the 

pressure vary. In addition, their resistance 

decreases gradually after the first application 

of pressure. The flexible tactile sensor 

elements used in the present study, however, 

can measure pressure more accurately and 

stably and can measure pressure point by 

point instead of line by line [22-23].

3. Implementation of direct-printed 

flexible tactile sensors

The tactile sensor based on the 

pressure-sensing material requires filters to 

compensate for the impedance of the sensor 

element and remove noise generated by 

changes in pressure. In addition, such a 

sensor would require a signal-amplification 

circuit to amplify the small output signals. 

Figure 4 shows the architecture of such a 

signal-processing module. The system is 

essentially divided into an analog- and a 

digital-signal-processing part. The analog- 

signal-processing part removes noise owing 

to the high impedance and the stabilizing 

signals. To remove the noise, we configure 

an integrating circuit based on resistors and 

condensers[24]. However, although this circuit 

removes noise, the system will still have high 

impedance. To reduce the impedance, we 

configure a voltage-follower circuit that will 

not affect the signal magnitude. Finally, to 

efficiently process the output signals coming 

from the sensor, a differential amplifier 

circuit is configured such that the circuit 

passes the output signals. To remain within 

the allowable range of the microcontroller 

(MCU), the magnification of the differential 

amplifier is set to approximately fivefold. The 

layout of the analog-signal processing circuit 

is illustrated in Figure 5.

Sensor signals that pass the analog-signal- 

processing circuit are digitized by the 12-bit 

analog-to-digital converter (ADC) input pin of 

the MCU and finally processed through digital 

filters. The ADC input pin of the 

signal-processing module consists of a total 

of 8 pins and measures signals at 40-ms 

intervals. In addition, an interface based on 

external communication is designed to 

conveniently monitor output-signal identification 

and control robot grippers. 

Figure 6 shows the final signal- processing 

module. The MCU that controls main operations 

is designed by using dsPIC chips and it controls 
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the amplification of sensor signals by tuning 

variable resistances. Communication between 

monitoring and sub- controller are ensured by 

two communication interfaces.

4. Performance evaluation for direct- 

printed flexible tactile sensor 

properties

To determine the characteristics of the 

sensor, an experimental device, as shown in 

Figure 7, was configured with an electrically 

driven test stand (i.e., a motorized test stand), 

a signal-processing module, and a monitoring 

system. First, pressure was applied to the 

tactile sensor through the electrically driven 

test stand and a force gage was installed on 

the test stand to measure the force at the 

given time. Since the force gage outputs nine 

measured values per second, the outputs of 

the controller were also set to be generated 

at the same intervals. The output voltage of 

the sensor passing through the integrating 

Fig. 4 Architecture of signal-processing module Fig. 5 Circuit of analog-signal-processing module

Fig. 6 Photograph of analog-signal-processing 

module for direct-printed flexible tactile 

sensor

Fig. 7 Test-bed configuration for experiment.
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circuit and the amplifying circuit of the 

signal-processing board was measured by the 

ADC pin of the main controller and the 

input signals were reprocessed by the digital 

filter in the main controller. The experimental 

device was configured such that processed 

data was transmitted to the monitoring 

equipment through RS232 communication.

To stably grasp objects of diverse shapes 

and weights, the performance of the grasping 

device should be verified by analysing the 

signals from the tactile sensor. In this section, 

we discuss how the tactile sensor’s output 

signals were measured as a function of 

pressure and we analyse the linearity of the 

flexible tactile sensor. A pressure gage was 

installed on the test stand to apply diverse 

levels of pressure to the tactile sensor. 

Because the test stand can be turned on, off, 

or controlled only manually, the targeted 

pressure can be obtained detecting.

Therefore, to experimentally determine the 

sensor characteristics, pressures close to 10, 

20, and 30 N were applied to the tactile 

sensor instead of accurate pressures of 10, 20, 

and 30 N, respectively. Figure 8 shows the 

output signals from the tactile sensor as a 

function. In the figure, the dotted lines 

indicate the magnitude of the applied 

pressures (N) and the solid lines indicate the 

output voltages of the sensors (mV) as a 

function of pressure. Forces 10, 20, and 30 N 

were successively applied to create pressure 

on the sensor. As seen in Figure 8, when 

pressure was initially applied, we verify that 

the output voltage was increased. But, when 

pressure was eliminated, the output voltages 

of point 1, 2, and 3 are different. This is 

because the characteristics of the sensor 

element change as a function of elasticity 

and resilience of the sensor element. The 

magnitude of the output signal decreased 

gradually when the initial pressure ceased. 

Considering these characteristics, the 

experiment involving grasping objects was 

conducted after applying the initial pressure 

(see Section 4).

A second experiment was conducted to 

Fig. 8 Characterization of flexible tactile sensor for 

various pressures.

Fig. 9 Linearity error of direct-printed flexible 

tactile sensor. 
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determine if the flexible tactile sensor is 

linear. We evaluated the output signals by 

using the change in voltage in the section 

where pressure rises as shown in Figure 9. 

The linearity error was calculated by using 

linear regression method as follows:

max



max

× 

  max min   (1)

     

Where max
 is the linearity error and   is 

the full scale operating range.   is the 

difference between sensor output voltage, 

 and linear regression,  . 

In the figure, as m in  was 0 mV and max  

was 11 mV approximately, we know that   

was 11 mV. When the force magnitude is 

15.9 N, we verify that the largest difference 

is 0.4466 mV. Based on equation, we verify 

that the linearity error is 4.06%.

5. Summary and conclusions

We developed a robotic grasping system 

that can stably grasp objects by using 

direct-printed flexible tactile sensors based on 

a pressure-sensing material. Experiments with 

the system demonstrate the performance of 

the sensors. In addition, to process the 

sensor signals, we designed and fabricated 

signal processing boards consisting of analog 

signal filters and amplifying circuits, which 

was used to analyse signals generated by 

pressure on the sensors. With this apparatus, 

the linearity of the sensors was characterized 

experimentally. 

Although tactile sensors may find 

applications in diverse field, they have been 

most recently in the limelight for robotic 

grasping systems. In the present study, we 

determined that tactile sensors based on 

pressure-sensing material can be used to 

create stable grasping systems by industrial 

robots and other diverse machines that use 

grippers. In future work, sensor signal 

processing allowing the sensing of pressure 

over large areas and the measurement of 

horizontal forces, temperature, and object 

texture should be developed. In addition, 

diverse studies are still required to develop 

robotic-gripper control algorithms that exploit 

sensor feedback.
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