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Abstract— Artificial robot skins capable of multi-modal tactile 

feedback are anticipated to revolutionize how robots perceive their 

immediate surroundings and how they collaborate with humans 

on tasks more complicated and dynamic than currently possible. 

Efforts to develop tactile skins must tackle significant hurdles 

related to flexibility, robustness, and scalability of sensors. In this 

paper, a flexible tactile sensor array is developed to address these 

hurdles via a novel sensor geometry and thermal compensation 

technique. This tactile skin relies on a polymeric piezoresistive 

array of strain gauges with a novel star-shaped geometry. Due to 

their radial symmetry, the proposed strain gauges exhibit a biaxial 

response to local strain-stress loading, avoiding “blind spots” in 

the vicinity of individual tactels. The sensors are fabricated using 

gold electrodes and piezoresistive polymers (PEDOT:PSS) micro-

patterned on a flexible polyimide substrate enclosed in a compliant 

silicone matrix. The sensor is first modeled using multiphysics 

finite elements software to guide design choices for a variety of 

geometric parameters under various load profiles and locations 

with respect to the gauge’s center. A novel homogeneous thermal 

compensation technique is proposed which packages the sensors 

on the opposite sides of a flexible carrier. This thermal 

compensation technique achieves a 10-fold attenuation in 

temperature drifts, as well as a double sensitivity in term of strain 

measurement. After numerical modeling, a 4x4 tactile array with 

the optimal geometry obtained through simulation was fabricated 

and interfaced to a custom-made electronic data acquisition 

system. Samples were tested using an automated dynamic force 

experimental testbed. The tactile skin array was experimentally 

characterized in terms of force sensitivity, spatial response, 

dynamic bandwidth, and temperature drift. The array exhibits 

sensitivity of 1125 nV/N in the range of 0-0.5 N, sensitivity of 412 

nV/N in the range of 0.5-2.3 N, hysteresis of 11.13%, dynamic 

bandwidth of 1.49 Hz, and temperature sensitivity of  6 nV/°C, 

averaged among individual sensors. 

 
Index Terms—Artificial robot skin, tactile sensing, strain gauge, 

piezoresistive, thermal compensation, PEDOT:PSS, multiphysics 

finite-element analysis, microfabrication, physical human-robot 

interaction. 

 

I. INTRODUCTION 

UMANS depend on the sense of touch to feel tactile 

stimuli around them and to perceive their immediate 

environment. The sense of touch complements the sense of 

sight by collecting data unobtainable through vision such as 

surface roughness and temperature. Therefore, the mimicry of 
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tactile sensing capability in humans has held great interest 

among researchers in the field of robotics, for applications in 

human-robot interaction and healthcare delivery [1-10]. As 

robots proliferate in household and industrial environments, an 

artificial skin capable of providing human-like tactile sensory 

perception can facilitate their safe and autonomous operation in 

increasingly closer proximity with humans [11].  

Scientific literature spanning the last 3 decades depicts 

various endeavors of endowing robotic systems with tactile 

sensing capability [12] using various sensing technologies [13, 

14]. For instance, Lumelsky and colleagues developed a multi-

modal artificial skin for a robotic manipulator using a covering 

of infra-red sensing elements to facilitate physical human-robot 

interaction (pHRI) [15]. Mittendorfer and Cheng covered a 

HEP-2 robot as well as a KUKA manipulator with a modular 

electronic skin capable of sensing tactile variables such as force 

and temperature, as well as proximity and acceleration [16]. 

Schmitz and colleagues installed artificial skin patches, with 

distributed capacitive pressure sensing capability, on a variety 

of humanoid robots to endow them with tactile sensing ability 

[17]. Lepora and colleagues placed pressure-sensitive tactile 

units on an iCub’s palm and studied various tactile and position 
resolutions by overlapping the sensing elements [18]. Mukai 

and colleagues utilized piezoresistive semi-conductor pressure 

sensing elements placed on various body locations of a 

humanoid robot to provide tactile feedback during complicated 

tasks such as lifting a human with the robot’s arms [19]. Asfour 

and colleagues equipped a humanoid robot with force-sensitive 

pads, mounted on its shoulders and arms, to enable tactile 

perception and human-robot interaction [20]. Iwata and Sugano 

covered a humanoid robot’s hands, arms, and trunk with 
distributed force sensing units and achieved large-area tactile 

sensing [21]. Cannata and colleagues introduced a network of 

modular tactile skin units with force-sensing capability based 

on capacitive transduction technology, and deployed it on a 

humanoid robot’s upper arm [22]. Yet, despite enormous 

progress in the fabrication and utilization of robot skins [5, 10, 

12, 15-27], the current tactile sensing technology continues to 

face limitations related to reliability and scalability. For 

comprehensive reviews of the extant literature in this domain, 

refer to [15, 28-31]. 

A multitude of technologies have been used to develop tactile 

feedback systems [13, 14]. However, recent efforts have been 

mainly concentrated on silicon-based sensors [31-38]. Silicon 
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demonstrates large piezoresistive coefficients [39] and is 

supported by well-developed processing technologies, 

rendering it an attractive choice of material. Silicon-based 

sensors are, in general, constructed on wafers and then diced 

and incorporated within tiny modules along with 

microelectronic integrated circuits. Such processing technique, 

however, does not easily lend itself to applications where large-

area tactile monitoring is required. Furthermore, tactile sensing 

requires that the sensor network be flexibly installed in intimate 

contact with non-planar surfaces of robots in order to avoid 

“blind spots.” Brittle and rigid nature of silicon-based sensors 

is incompatible with this requirement and limits its application 

as a substrate of continuously flexible artificial skins. Although 

silicon can be made more flexible through complicated, costly 

processes, such as reducing its thickness [31], comes at the cost 

of decreasing robustness to physical impacts. This is a serious 

drawback as tactile sensors function through physical contact 

with the environment. Flexible sensor arrays capable of 

covering a large non-planar area can afford transformational 

opportunities for tactile sensing technology. One approach to 

develop such artificial skins is to fabricate a distributed array of 

individual tactile sensors (e.g., strain gauges) incorporated on a 

flexible substrate, enabling measurement of contact location 

and load [14]. For example, Kim and colleagues created a 

flexible array of strain gauges each of which capable of 

measuring normal forces ranging from 0-1 N [40]. Similarly, 

Choi utilized micromachining technology to fabricate a 

distributed array of strain gauges on a flexible film that enabled 

placement of the sensor array on a curved surface [41]. The 

sensors demonstrated a force measurement capability in the 

range of 0-0.8 N. 

Most tactile sensors suffer from inherent temperature-

induced drifts which negatively influence the repeatability of 

measurements [28]. Therefore, a major challenge is to 

deconvolute pressure-induced signals from temperature drifts. 

A number of research groups have addressed this challenge via 

heterogeneous integration of pressure- and temperature-sensing 

elements in order to compensate for temperature contributions 

to the sensors’ outputs [24, 42]. For instance, Yang and 

colleagues used a discrete temperature sensor chip per tactile 

sensor, on the back of the flexible substrate, so as to 

discriminate between temperature and force outputs [43]. Graz 

and colleagues developed a large-area artificial skin with tactile 

cells each of which including a temperature sensor and a 

pressure sensor side by side, and differentiated the outputs 

under simultaneous stimulations [44]. This approach, although 

effective, requires a large number of temperature sensing 

elements and a dedicated scanning and data collection circuitry. 

Furthermore, design and fabrication of the additional 

temperature sensors on the same substrate as well as their 

calibration and data processing bring about challenges in terms 

of spatial density, wiring interconnects, computational 

intensity, and, hence, scaling. In this study, a novel and 

effective thermal compensation technique is proposed by 

homogeneous integration of strain sensing elements with 

opposing sensitivity to strain and identical sensitivity to thermal 

stimulus. The proposed technique, as explained in detail in 

section III, achieves a 10-fold reduction in temperature 

sensitivity over a 50 °C temperature range, and also affords a 

double sensitivity in term of strain measurement. 

Strain gauges are sensing elements that are used to measure 

strain at a single point on a surface, and produce variations in 

their electrical properties, such as resistance or capacitance. 

These variations are then correlated to the experienced strain by 

a coefficient known as the gauge factor [45]. A single strain 

gauge is capable of sensing strain effectively along a single 

direction at a given point. This uni-directional functionality 

necessitates the usage of multiple strain gauges to measure 

strain on a two-dimensional plane at the same point. To 

precisely evaluate loads that act in a biaxial strain state at a 

given point on the surface, a number of strain gauges are 

positioned in certain geometrical configurations, such as 

rectangular and triangular strain gauge rosettes [46]. In the 

context of artificial electronic skins based on strain gauge 

architecture, Engel and colleagues implemented an array of 

strain gauges in a lattice format in order to measure strains 

along both horizontal and vertical axes [42]. Yang and 

colleagues used an array of tactile elements each of which 

containing multiple strain gauges in a rosette arrangement in 

order to monitor strain across a surface [47]. In this paper, we 

propose a novel star-shaped strain gauge which demonstrates a 

symmetric biaxial response thanks to its radial symmetry, and 

hence, does not experience “blind spots” in its vicinity. Such 

biaxial sensitivity obviates the necessity of using multiple strain 

gauges at each point, immensely facilitating the scalability of 

large-area, spatially-dense tactile arrays. 

We extend the single gauge design to an artificial robot skin 

prototype consisting of a 4x4 array of homogeneously 

temperature-compensated, piezoresistive strain gauges. The 

gauges were composed of a gold micro-patterned star-shaped 

structure and an organic piezoresistive layer fabricated on a 

continuous, flexible polyimide thin film. The array of strain 

gauges were subsequently encapsulated inside a flexible 

polymer matrix, and interfaced with a custom-made electronic 

data acquisition system. The piezoresistive material used in 

these sensors was Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate), or PEDOT:PSS in short, which is a 

flexible, organic piezoresistive polymer [48]. In this paper, we 

patterned PEDOT:PSS on the sensor array via a novel wet lift-

off photolithographic technique which allows batch fabrication 

of the tactile arrays, facilitating scalability of production. Prior 

to fabrication, a parametric finite-element analysis (FEA) of the 

sensors was performed in the COMSOL® Multiphysics 

software in order to find the optimal sensor geometry. In the 

numerical analyses, varying forces and application locations 

with respect to the sensor’s center were simulated. Ultimately, 
automated characterization procedures were performed to 

evaluate the sensors’ behavior in terms of dynamic force-to-

strain characteristics, temperature sensitivity, spatial 

sensitivity, and dynamic bandwidth. 

The experimental data demonstrated a close agreement with 

the simulation trends obtained from FE modeling in terms of 

biaxial sensitivity and circular symmetry. According to the 

empirical data collected in the range of 0-50 °C, the proposed 

thermal compensation technique attenuated the drifts caused by 

temperature variations to 10% of the drifts when no 

compensation was employed. The sensor array exhibits a 

repeatable behavior in the range of 0-2.3 N with a sensitivity of 

1125 nV/N in the range of 0-0.5 N, sensitivity of 412 nV/N in 

the range of 0.5-2.3 N, hysteresis of 11.13%, dynamic 
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bandwidth of 1.49 Hz, and temperature sensitivity of  6 nV/°C, 

averaged among individual sensors. These performance metrics 

make the developed robot skin suitable to future pHRI 

applications where humans push and pull to guide robots using 

programming by demonstration. 

The remainder of this paper is organized as follows. Section 

II presents the proposed strain gauge structure and numerical 

modelling. Section III describes the procedure for the 

fabrication of sensor array, PEDOT:PSS formulation, thermal 

compensation, and packaging. The data acquisition system and 

experimental setup are outlined in section IV. Section V 

presents the characterization and experimental results, and, 

finally, section VI discusses the results and concludes the paper. 

II. TACTEL DESIGN AND MODELING 

The tactel sensor proposed in this study is based on a star-

shaped strain gauge that is micro-fabricated on a flexible 

polyimide film (i.e., Kapton), a thin piezoresistive layer atop 

(i.e., PEDOT:PSS), and a protective layer covering the array 

(Fig. 1). The piezoresistive layer and the gold structure form a 

conductive medium with a variable electrical resistance which 

is a function of surface deformations caused by external load. 

To simulate the proposed sensor, a 3-D CAD model of the 

star-shaped structure was first imported into the COMSOL® 

simulation environment and put on top of a Kapton layer. Next, 

a PEDOT:PSS layer was added uniformly on top and in 

between the gold electrodes. Finally, a Kapton covering was 

defined on top of the piezoresistive material which in reality 

protects the sensor from environmental effects such as 

humidity. Layers of the proposed strain gauge structure are 

depicted in Fig. 2. 

 

 
In order to reduce simulation time and avoid convergence 

issues, simplified models of the sensor structure with only 4, 6, 

and 12 spokes were analyzed in COMSOL®. Fig. 3 depicts the 

simplified model with 12 spokes. Other geometric parameters 

of the sensor (e.g., spokes’ length, spokes’ width, and spacing 
between polarities) were kept realistic. Material properties of 

the artificial robot skin components, and the model’s 
dimensions are specified in Tables I and II, respectively. 

Furthermore, PEDOT:PSS was simulated by modification of a 

p-doped silicon piezoresistive material with a longitudinal 

piezoresistive coefficient of -0.511 nPa-1, transversal 

piezoresistive coefficient of 0.345 nPa-1, and density of 1011 

kg/m3 [49]. Ultimately, the sensor was placed on a soft 

membrane which allows for sensor deformation when external 

load is applied. 

 
In order to understand the relation between the number of 

spokes and the gauge’s sensitivity, varying forces in the range 

of 0-5 N were applied on top of the sensors with 4, 6, and 12 

spokes. A typical displacement graph of the skin surface is 

depicted in Fig. 4. Percent changes in the electrical resistance 

of the strain gauges are shown in Fig. 5. According to this 

figure, higher numbers of spokes lead to sensors with larger 

sensitivities. The actual sensor, hence, was fabricated with the 

largest number of spokes (i.e., 67) allowed by the spatial density 

of the tactel and sensor array (Fig. 1).  
Fig. 2.  Various layers of the proposed star-shaped strain gauge 

 
Fig. 3.  FEA simulation environment with a simplified sensor structure. 

TABLE I 

MATERIAL PROPERTIES OF ARTIFICIAL SKIN COMPONENTS 

Material 
Young’s 

Modulus [GPa] 
Poisson’s 

Ratio 
Density [kg/m3] 

Gold 70 0.44 19300 

Polyimide 2.5 0.34 1420 

Membrane 0. 0015 0.47 1100 

 
TABLE II 

SIMULATION MODEL’S DIMENSIONS 

Component Length [mm] Width [mm] Height [μm] 

Gold structure 4.34 4.34 1 

Polyimide 2000 2000 100 
Membrane 2000 2000 4000 

PEDOT:PSS 1.8 1.4 1 

Indenter 4.34 4.34 - 

 

 
Fig. 1.  Proposed star-shaped strain gauges fabricated on a flexible polyimide 

substrate (top), and magnified radial spokes (bottom). 
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the gauge’s sensitivity on average is negligible. The effect of 

spoke width, however, is not uniform across other factors. For 

instance, for constant spoke length of 1.0 mm and spacing of 10 

μm, the relative change for the two levels of spoke width is high 

(i.e., 0.2959% vs. 0.3412%). Hence, the effect of width depends 

on level of other factors, and, as such, must be carefully studied 

case by case. 

The obtained optimal values were used to fabricate strain 

gauge arrays in the following section. In addition, although 

having different sensitivities, all geometric specifications result 

in strain gauges with similar biaxial trends in their Gaussian-

shaped response illustrated in Fig. 6. In general, the existence 

of blind spots depends on the spatial sensitivity of individual 

sensors and the array density, as well as the amplitude of 

applied load. According to the radial spatial sensitivity of 

fabricated gauges (due to the star-shaped geometry), gauges 

were organized in a 4x4 matrix layout with a lateral center-to-

center distance of 10.0 mm (Fig. 9). In this scenario, with the 

overlapping sensitivity of such spatially-dense sensor matrix, 

the skin array avoids blind spots for applied forces as small as 

150 mN on any location of the skin surface. Forces with smaller 

amplitudes may remain undetected if applied far away from 

sensors’ center points. 

III. FABRICATION OF TACTILE SKIN ARRAY 

A. Fabrication of electrodes  

The strain gauge sensors proposed in this paper were 

implemented by fabricating piezoresistive microstructures on a 

polyimide substrate (Kapton with 50 μm thickness) through 

photolithographic techniques. At first, a Kapton sheet with an 

appropriate size was obtained and cleaned with solvent (i.e., 

Acetone and Isopropyl alcohol) and adhered to a carrier wafer 

coated with photoresist (i.e., MicroChem SPR-220-3.0) using a 

brayer and cleanroom wipe while at a temperature of 90 ºC. The 

Kapton surface was then exposed to O2 plasma (Technics RIE 

- 300mT, 30 SCCM, 75 Watts RF, 45 Seconds) to remove any 

contaminants and particles. Next, to pattern the electrodes and 

traces, the wafer was covered with a bi-layer resist (MicroChem 

LOR 10-B and SPR-220-3.0), hard-baked at 115 ºC for one 

minute, and transferred to a mask aligner where it was exposed 

for 11 seconds. Upon exposure, the stack underwent another 

baking step at 115 ºC for one minute and was cleaned through 

reactive ion etching (RIE) process with the previously 

mentioned recipe. Next, 300 nm thick gold was directly 

deposited on the patterned substrate using a conventional 

sputter deposition system. Such direct deposition of gold with 

DC sputtering produced great adhesion to the polyimide 

substrate without any cracks. The stack was then placed into a 

sonicated lift-off bath of Acetone for at least 15 minutes to 

reveal the sensor features and dissolve the resist interface 

holding the freshly patterned Kapton sheet to the Si carrier 

wafer. Subsequently, the Kapton was removed from the wafer 

and rinsed with solvent before further processing. The substrate 

with the gold star-shaped structure was then laminated onto a 

new wafer through identical aforementioned steps and cleaned 

with O2 RIE. Next, the stack was coated with a thin layer of 

resist, followed by hard-baking, exposure in a mask aligner, 

 
Fig. 9. 4x4 sensor array with signal routing and interconnection patterned as 

Zero-Insertion Force (ZIF) contact pads. 

 
Fig. 10. Microfabrication process including patterning gold structures on 

polyimide substrate followed by depositing PEDOT:PSS.  
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post-exposure-baking, and cleaning in an RIE process. The 

microfabrication process is outlined in Fig. 10. 

B. Development and deposition of PEDOT:PSS 

The choice of material as a base for our pressure-sensing 

array in this study was PEDOT:PSS obtained from Sigma-

Aldrich, USA, which is an organic piezoresistive material with 

high gauge factor and flexible nature [48]. In this study, we 

employed a spin-coating depositing method and wet lift-off to 

pattern PEDOT:PSS on the strain gauge structures, which 

enables cost-effective, batch processing of large-area arrays, 

promoting manufacturing scalability. Alternatively, this 

material can also be 3D printed, but current dispensing 

technologies, especially at comparable costs in volume 

production, face challenges in printing resolution, layer 

thickness, and deposition uniformity [50, 51]. Furthermore, ink 

development for inkjet/jetting applications is in general more 

complex and have more factors to consider [52-54]. Ink-jettable 

and other regular forms of PEDOT:PSS obtained from 

commercial chemical manufacturers cannot be used directly for 

the spinning process and, hence, must undergo a pre-

conditioning step to fit this deposition method by increasing its 

wettability. Therefore, in order to uniformly spin-coat 

PEDOT:PSS on the substrate and gold structures, we prepared 

a colloid of %0.8 PEDOT:PSS with Methanol solvent in a one-

to-one volume ratio. This ratio was selected as it provided a 

desirable viscosity, low surface tension, and uniform coating. 

The colloid was sonicated for 15 minutes to obtain a consistent 

mixture. Upon sonication, the wafer was spin-coated with the 

PEDOT:PSS mixture at 2000 rpm for 45 seconds only on 

openings over the star-shaped structures, and then left to dry in 

a vacuum oven. Following this step, the stack underwent a wet 

lift-off process in an Acetone bath to remove the resist and leave 

the piezoresistive pattern exactly over the star-shaped 

structures. PEDOT:PSS exhibited extremely well adhesion to 

polyimide. As such, there was no concern about it lifting-off 

from the substrate during wet processing. The thickness of the 

PEDOT:PSS film was 135 nm on average as measured by an 

atomic force microscope (Asylum Research MF3D). Finally, 

the substrate was transferred to a convection oven to remove 

excess moisture and was sealed with a Kapton tape covering to 

avoid moisture permeation and contaminant adsorption. This 

was accomplished simply by hand lamination and treatment in 

vacuum. Finally, sensor arrays were manually diced for 

subsequent use. Total completed thickness of sensors was 125 

microns. 

C. Lamination of sensors for thermal compensation 

Temperature drift of sensors in the context of artificial 

electronic skin has been traditionally addressed via 

heterogeneous integration of temperature sensing elements with 

tactile sensors [24, 42-44]. In the current study, a novel thermal 

compensation technique is proposed via homogeneous 

integration of merely force-sensing elements (i.e., strain 

gauges). In this technique, two identical sensor arrays were 

pasted back to back such that every strain gauge was paired with 

an identical sensor exactly on the other side. Different layers of 

such double-sided sensor pair is illustrated in Fig. 11. 

 
To sense the strain exerted on the sensor pair, the two sensors 

were arranged as a Wheatstone half bridge as depicted in Fig. 

12. Since the sensors are laminated on the opposite side of each 

other, in a back-to-back configuration, they experience 

opposing strains (i.e., compression vs. tension) when load is 

applied on the pair (Fig. 12). On the other hand, because both 

are located at the same spot, they experience identical ambient 

temperature and, thus, identical thermal responses (i.e., 

electrical resistance variation) are induced. In Fig. 12, R1 and 

R2 are the resistance of the paired strain gauges, VE is the 

excitation voltage, and VO is the output voltage of the half 

bridge. Since R1 and R2 are functions of both strain, ε, and 

temperature, T, the output voltage can be formulated as VO =  R1(ε,T) VE R1(ε,T)+R2(ε,T)                (2) 

Variations in the output voltage caused by thermal stimuli is dVOdT = ∂VO∂R1 dR1dT + ∂VO∂R2 dR2dT                (3) dVOdT = R2 VE(R1+R2)2 dR1dT − R1 VE(R1+R2)2 dR2dT            (4) dVOdT = VE(R1+R2)2  (R2 dR1dT − R1 dR2dT )           (5) 

As temperature fluctuations produce similar responses in both 

sensors, and the sensors’ resistances at rest are theoretically 

identical, the second term in (5) approaches zero, rendering VO 

invariable to thermal effects. Similarly, variations in the output 

voltage due to strain is: dVOdε = ∂VO∂R1 dR1dε + ∂VO∂R2 dR2dε                (6) dVOdε = R2 VE(R1+R2)2 dR1dε − R1 VE(R1+R2)2 dR2dε            (7) dVOdε = VE(R1+R2)2  (R2 dR1dε − R1 dR2dε )           (8) 

Since the sensors’ responses caused by pressure applied on top 
of the sensor pair demonstrate opposing directions (i.e., one’s 
electrical resistance increases while the other one decreases), 

the second term in (8) is twice as large as compared to a single 

sensor’s response, producing a double sensitivity to local 

geometric deformations. dVOdε ≃ VER1+R2 dR1dε                   (9) 

 
Fig. 11.  Various layers of temperature-compensated tactel encapsulated 

within a silicone membrane. 
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the double-sided sensors show a temperature sensitivity of 6 

nV/°C which is a 10-fold reduction to temperature stimulations 

as compared to single-sided sensors. Although there is still a 

drift in the double-sided sensors’ output, which is due to slight 
dissimilarity between the paired gauges, this sensitivity can be 

further damped by the usage of sensors with matched 

temperature sensitivity. 

The experimental results confirmed the effectiveness of the 

thermal compensation technique, which utilized a paired-sensor 

setting with a differential arrangement, enabling simultaneous 

enhancement in thermal compensation (i.e., 10 fold) and strain 

sensitivity (i.e., 2 fold). These enhancements are in par with, or 

better than, previously-reported studies in the literature similar 

to the configuration and methodology utilized in the present 

paper. For example, Lee and colleagues [58] used a temperature 

sensor and a micro-heater to keep temperature of their proposed 

piezoresistor at a constant value. As a result, they achieved 

approximately 4-fold attenuation in temperature drifts, 

although the measurement sensitivity was also reduced by 28% 

as compared to the configuration without thermal compensation 

(i.e., temperature control). Aryafar and colleagues [59] 

proposed a novel passive technique for thermal compensation 

of a piezoresistive pressure sensor, which achieved temperature 

insensitivity via the usage of resistors with negative 

temperature coefficient built in the sensor. Similarly, Engel and 

colleagues [60] fabricated metal strain gauges, which covered 

an extended length of underlying beams, leading to a 36% 

sensitivity enhancement in terms of gauge factor and strain 

measurement. Mohammad and colleagues [61] proposed 

piezoresistive stain sensors with enhanced strain sensitivity by 

introduction of geometric features in the sensor’s carrier (e.g., 

slots and trenches). Similarly, Zhang [62] proposed metal strain 

gauges embedded in a flexible silicone matrix, and 

demonstrated 80% strain sensitivity enhancement by 

introduction of surface epidermal ridges on the membrane. For 

a comprehensive review of the literature on sensitivity 

enhancement and thermal compensation techniques refer to 

[63].  

VI. CONCLUSION 

In this study, we addressed issues regarding scalability of 

tactile skins in the context where the ultimate goal is to cover 

large-area robot surfaces. Specifically, a flexible robot skin was 

fabricated which consisted of an array of piezoresistive 

polymeric strain gauges micro-patterned on a flexible 

polyimide, and encased inside a compliant encapsulant. The 

strain gauges featured a biaxial symmetric response, avoiding 

insensitive regions in their vicinity thanks to their novel star-

shaped geometry. The proposed gauge structure was first 

modeled in COMSOL® Multiphysics software in order to 

investigate a variety of geometry specifications under various 

stress-strain profiles and different loading locations with 

respect to the gauge’s location. The finite-element simulations 

suggested that longer spokes and smaller spacing tend to 

achieve larger sensitivities on average. 

Following simulation, gauges with the optimal structure 

parameters along with the interconnection terminals were 

printed onto a polyimide film using photolithographic 

processes. Subsequently, PEDOT:PSS, a piezoresistive 

polymer, was lithographically-patterned on top of the strain 

gauges via spin-coating and wet loft-off. In this investigation, a 

novel thermal compensation technique was proposed by 

homogeneous integration of strain gauges on the opposite sides 

of a flexible carrier. The temperature-compensated sensor not 

only gained a 10-fold attenuation in temperature sensitivity, but 

also featured a double sensitivity in terms of strain 

measurement. Upon lamination, in order to provide mechanical 

compliance and robustness against collision, a multi-step 

casting process was utilized to mold silicone polymer all around 

the sensor array. 

A custom-made data acquisition system was developed 

based on precision electronic components and interfaced with 

the fabricated tactile array for signal conditioning and 

digitalization as well as transmission of data. For empirical 

validation of the developed robot skin, an automated testbed 

was implemented which was capable of scanning the array, 

applying controlled load on desired locations on the robot skin’s 
surface, and collection of time-sensitive characterization data. 

The robot skin’s behavior was investigated in terms of 

characteristic curve, hysteresis, spatial sensitivity, temperature 

sensitivity, and bandwidth. Furthermore, the empirical data 

were found to be in close agreement with the simulation trends 

obtained from FEA modeling in terms of biaxial sensitivity and 

circular symmetry. The FEA model enables future parametric 

studies of sensor structure, material properties, and package 

dimension in order to guide future design choices. In future 

work, comprehensive cyclic stability and fatigue tests, as well 

as analytical and empirical analysis of effect of layer thickness 

on the sensor’s performance will be performed. Furthermore, 

the robot skin samples developed in this study will be used in 

future human-robot interaction and healthcare applications. 
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