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Chapter 5 

 

 

Aluminium-Polyethylene Terephthalate Sensor 

 

 

Abstract This chapter explains the fabrication and implementation of 

the second type of sensor prototype developed from Aluminium and 

Polyethylene Terephthalate (PET). Metallized PET films were laser 

ablated in a single-step process to develop the sensor patches. These 

sensors were then employed for tactile sensing purposes.  

 

 Introduction 

 

This chapter explains the fabrication and implementation of the 

second type of novel sensor patches that were formed from 

Aluminium (Al) and Polyethylene Terephthalate (PET). One distinct 

advantage of these sensor patches is their fabrication from a single 

raw material. Due to this reason, these sensor patches behave 

differently in terms of performances in comparison to other sensors. 

This also helped in curbing the complexity during the fabrication 

process of the sensor prototypes and thus, decreasing the overall cost 

of fabrication. PET is one of the commonly preferred polymers that is 

used to develop substrates of flexible sensors for different 

applications like strain (Lee et al. 2012; Singh et al. 2012) and 

pressure (Akiyama et al. 2006; Wang et al. 2015) sensing. Some of 

the advantages of using the metalized version of this polymer are the 

absence of any post-processing steps, high mechanical flexibility and 

smooth cut edges (Cutting PET with CO2 laser  ; Laser cutting and 

engraving of PET).  

 

 Fabrication of the Sensor Patches  

 

The use of aluminum as the conductive material has certain 

advantages which makes it a viable option for the electrode material 

(De La Escosura-Muñiz et al. 2015). Some of them are high resistance 



 

    

to corrosion, high electrical and thermal conductivity, and mechanical 

flexibility (Aluminium - Advantages and Properties of Aluminium). 

Similar to the first type (CNT-PDMS) of sensors, laser cutting 

technique was used to develop the electrodes of these sensor patches. 

Followed by the fabrication and characterization of the sensor 

patches, they were deployed for tactile sensing for low pressure. The 

reasons for considering PET as a substrate material are its high clarity, 

high recyclability, good chemical resistance, and high impact 

resistance, and it has a good resistance towards moisture. This gives 

PET an edge over other polymer materials for developing devices that 

can be employed for sensing physiological parameters. CO2 laser 

cutting (Radovanovic and Madic 2011) is a popular technique for 

developing flexible sensing prototypes on a large scale. Some of its 

advantages are easy to sample preparation and formation of very thin 

and flexible products. It also omits the requirement of any mask or 

template for designing the electrodes, unlike photolithography 

(Sundaramurthy et al. 2006) or screen printing (Ito et al. 2007). Laser 

cutting of polymers (Lippert 2004) (Wagner 2000) has been done 

previously as a result of its reduced cost of fabrication and complicacy 

in comparison to other techniques.  

 

 

Figure 0.1 Schematic of the electrode design. 



 

    

 

Figure 0.2 Laser ablation to form electrodes. 

 

 

Figure 0.3 Fabrication steps of the sensor patch: (1) Raw material 

used for fabrication. (2) The raw material is attached to a glass 

substrate for support. (3) The laser beam is shone on the sample. (4) 

Interdigitated Al electrodes are formed on PET. (5) Patch is detached 

from the glass substrate. 

 

CorelDraw X7 software was considered for designing the 

schematic of the interdigital electrodes as shown in Figure 5.1. The 

interdigital distance obtained for this sensor patch was optimized to 

150 microns. The laser ablation process done on the PET film that 



 

    

was attached to the glass substrate is shown in Figure 5.2. The glass 

substrate was fixed to the laser platform with tapes (3MTMVHBTM) on 

the sides to restrict its movement during the ablation process. A 

schematic of the individual steps of fabrication of the sensor patches 

is shown in Figure 5.3. The processing material was attached to a glass 

substrate for its support before laser ablation. Metallized PET films 

(HO-107) were used for fabrication purposes, with Al present on one 

side of the film. The differences between the electrode and the 

substrate side were based on the higher electrical conductivity and 

higher smoothness of Al than the PET side. The sample was then 

placed inside the laser system (Universal Laser Systems) to develop 

the interdigital electrodes on the Al side. After the laser ablation 

process, the sensor patch was peeled off the glass substrate. A total of 

24 fingers were present in each sensor patch with each one having a 

length of 41 microns and a width of 1.2 mm. The pitch between two 

electrodes of the same polarity was 300 microns. The thicknesses of 

the PET substrate were around 500 microns, and Al electrodes were 

around 300 microns. The sensing area of the patch was fixed at 44 

mm2.  

 

The properties of the laser cutting system like power, speed, 

frequency, and z-axis were optimized in order to develop the 

electrodes of the sensor patches. The optimization was done via a 

series of experiments where different values were considered for the 

laser properties as shown in equation (5.1). Each parameter was 

altered as a function of the other three parameters until all the 

parameters were optimized. The values considered for the three 

parameters are given below.  

 

𝒇 (𝒑) → 𝒇 (𝒔) → 𝒇 (𝒛 − 𝒂𝒙𝒊𝒔) (5.1) 

 

p = 18, 21, 24, 27, 30; s = 20, 30, 40, 50, 60; z-axis = 1, 1.1, 1.2, 1.3, 

1.4.  

 

where p defines the power in watts, s defines the speed in mm/min, z-

axis defines the distance of the laser nozzle above the sample material 

in mm.  

 



 

    

 

 

Figure 0.4 Microscopic image of a single line of the electrode. 

 

 

Figure 0.5 Front and rear views of the sensor patch. 



 

    

 

Figure 0.6 Zoomed-in SEM image of the top view of the (a) edges 

(b) electrode lines of the fabricated sensor. 

 

Power- 21%, speed- 30%, and z-axis- 1.20 mm were the final 

values for which the best electrode line was obtained. These values 

were fixed during the entire fabrication process of the sensor patches. 

The width of each electrode line cut by the laser beam was fixed to 41 

microns as shown in Figure 5.4. The image was taken using a Zeiss 

confocal microscope.  

The front and rear views of the developed sensor patches are 

shown in Figure 5.5. The top-view SEM images of the electrode lines 

and their edges of the sensor patches are shown in Figure 5.6. The 

smooth surfaces shown in the figure are the substrate PET film, and 

the corresponding rough surfaces are the Al electrodes. The uneven 

cavities shown in the electrode lines were caused due to the 



 

    

simultaneous molding and demoulding process of the aluminum part 

of the thin film due to the heat generated by the laser. It is seen from 

the images that the electrode lines are symmetrical and mostly 

perpendicular to the substrate whereas the edges at the cross-section 

are quite smooth. Therefore, no post-processing steps were required 

to remove any sharp or uneven edges for using the patches for 

biosensing purposes. 

 

 Frequency Response and Stress-Strain Measurements 

 

The sensor patches were then characterized to determine the 

optimal frequency for further experiments. A HIOKI IM 3536 

LCR High TESTER was used to test the sensor patches. A frequency-

dependent peak-to-peak voltage (Vin) of 1 V was applied as the input 

signal to the sensor. The frequency was swept between 1 kHz and 100 

kHz to determine the operating frequency. Figures 5.7 and 5.8 depict 

the response of the sensor patches in terms of impedance and phase 

angle with respect to the defined frequency range. The operating 

frequency for the test sensor patch was fixed as 305 kHz.  

  

 

Figure 0.7 Impedance behavior of the sensor patch as a function of 

frequency. 



 

    

 

Figure 0.8 Phase angle of the sensor patch as a function of 

frequency. 

 

 

Figure 0.9 Equivalent circuit to determine the response from an 

interdigital sensor. 



 

    

 

 Figure 5.9 depicts the equivalent circuit for the sensor operation. 

Vsense is the voltage supplied across the series resistor to determine the 

current through the sensor. Rsense and Csense are the real and imaginary 

parts of the sensor patches respectively.  

 

Figure 5.10 shows the experimental setup used for analyzing the 

relationship between the forces applied to the sensor patch with 

respect to the displacement caused on the patch from its reference 

position. Elongative and compressive stresses were exerted in the 

horizontal direction of the sensor patch which was perpendicular to 

the electrode fingers whose responses are shown in Figure 5.11. The 

sensor patches were clamped and moved in the vertical direction 

depending on the direction of the force. The elongated stress was 

applied by fixing one end of the sensor and pulling it upwards from 

the other direction to the highest point (breaking point).  

 

 

Figure 0.10 Experimental set-up for characterization of the sensor. 



 

    

 

 

Figure 0.11 Force-displacement relation for the sensor. 

 The compressive stress was applied by referencing the highest 

point (breaking point) as the reference and moving downwards until 

the patch reached its normal position (reference point for the 

elongative force). The breaking points obtained for the tensile and 

compressive stresses are (388.7 μm, 420 mN) and (-510 μm, -250 

mN) respectively. 

 

 Tactile Sensing 

Tactile sensing (Capek et al. 1988) is one of the recently growing 

sensing fields (Cutkosky et al. 2008; Dargahi and Najarian 2005; 

Yang et al. 2008), spanning different applications in everyday life like 

elevators, automobiles, strain gauges, etc. The current sensing 

technologies available for tactile measurements have certain 

disadvantages like high cost (Engel et al. 2005; Ramuz et al. 2012; 

Takei et al. 2010; Ying et al. 2012), complicated operation (Li et al. 

2008; Schwartz et al. 2013; Yeo et al. 2013) or have been tested only 

in artificial intelligence (Dahiya et al. 2011; Dahiya et al. 2010). Some 

of the sensors have high threshold pressure (kPa) (Dargahi and 

Najarian 2005; Jeong et al. 2015) causing it unavailable for low-



 

    

pressure measurements. Thus, it is a state-of-the-art to develop novel 

tactile sensors which have a low cost of fabrication, a simple operating 

principle with high-performance efficiency and sensitivity. The 

testing was done manually to determine the responses of the 

developed sensor patches for low-pressure applications. High 

sensitivity and repeatability were two of the merits observed in the 

developed patches. These patches hold high potential to be used as 

cheap sensing devices on a large scale which can replace the currently 

used commercial devices for tactile sensing.  

 

 

Figure 0.12 Schematic for the experimental setup for tactile sensing. 

 

 

Figure 0.13 Response of the sensor for a pressure of 51.2 Pa of the 

index finger. 



 

    

Figures 5.13-5.18 show the sensor responses for the different 

forces applied to them. An oscillatory response was obtained to 

validate the repeatability of the results upon exertion of manual 

pressure. In order to test the sensor patches for tactile sensing, forces 

of different magnitudes were applied manually over the sensing area 

of the patch to determine their sensitivity. The sensor signals were 

studied using a HIOKI 3532-50 LCR High TESTER that was 

considered to study its characterization. The LCR device was 

interfaced with a computer using an RS-232C interface device to 

obtain the experimental data. Figure 5.12 depicts the schematic 

diagram of the experimental setup.  The frequency of operation for 

the following experiments was fixed at 305 kHz. The index finger, 

thumb, and palm were used to exert manual pressure on the sensing 

area. These two particular fingers and the palm were considered for 

experimentation due to the reliability of these portions of the hand for 

sensing purposes on commercial tactile sensors (Kawasaki et al. 2002; 

Shimojo et al. 2004).  

 

 

Figure 0.14 Response of the sensor for a pressure of 66.8 Pa of the 

index finger.   

 



 

    

 

Figure 0.15 Response of the sensor for a pressure of 51.2 Pa of the 

thumb.   

 

Figure 0.16 Response of the sensor for a pressure of 66.8 Pa of the 

thumb.   

 



 

    

 
Figure 0.17 Response of the sensor for a pressure of 245 Pa of the 

palm. 

 

 

Figure 0.18 Response of the sensor for a pressure of 289.54 Pa of 

the palm. 



 

    

Phase angle was the measured parameter to determine the change 

in sensor responses against time. Initially, the values of the phase 

angle of the patch at no pressure condition were around -90°. When 

pressure was applied at the sensing area, the sensor patches responded 

with an increase in the phase angle. Two different forces of 2.25 mN 

and 2.94 mN were exerted by the index finger (Figures 5.13, 5.14) 

and thumb (Figures 5.15, 5.16). These forces were measured by using 

a digital force gauges (DFX-II) to the patch. The pressure exerted on 

the patch was calculated by dividing the force applied to the sensing 

area of the patch (0.36 cm2). Different pressures were exerted on the 

sensor patch to determine its corresponding responses. The pressures 

applied to the sensor patches as shown in the figures (Figure 5.13 – 

5.18) was considerably lesser in comparison to a normal finger 

pressure ranging between 540 Pa to 400 kPa (Park et al. 2015; 

Saccomandi et al. 2014). This can be considered as a soft touch on the 

patch by the finger.  

Figures 5.17 and 5.18 show the responses of the sensor patches 

upon exertion of pressure from the palm. Table 7.1 shows the different 

pressure values exerted on the sensor patch along with their 

corresponding repeatability on the sensor output. It is seen that the 

repeatability of the sensor output ceases when the applied pressure 

exceeds beyond a limit. The reason behind this phenomenon could be 

attributed to the breaking point of the sensor. The sensitivity of the 

sensors for the defined range of pressure can be calculated from 

equation (5.2).  

 

𝐒𝐞𝐧𝐬𝐢𝐭𝐢𝐯𝐢𝐭𝐲 

=  
𝑪𝒉𝒂𝒏𝒈𝒆 𝒐𝒇 𝒑𝒉𝒂𝒔𝒆 𝒂𝒏𝒈𝒍𝒆 

𝑪𝒉𝒂𝒏𝒈𝒆 𝒊𝒏 𝒑𝒓𝒆𝒔𝒔𝒖𝒓𝒆
 

 

(5.2) 

𝑺𝒑 =  
∆𝜱

∆𝒑
 

(5.3) 

 

where Sp defines the pressure sensitivity, ∆Φ defines the change in 

phase angle, ∆p defines the change in pressure applied on the sensor.  

 



 

    

Table 0.1 Different pressure values exerted on the sensor along with 

the repeatability of the output. 

Pressure (Pa) Finger used for pressure Repeatability  

51.2 Index Yes 

66.8 Index Yes 

51.2 Thumb Yes 

66.8 Thumb Yes 

245 Palm No 

289.54 Palm No 

 

 

Figure 0.19 Sensitivity values for different pressures for the index 

finger, thumb and palm. 

The sensitivity curves for the exerted pressure with the two 

fingers and the palm are shown in Figure 5.19. There is not much 



 

    

difference in the readings with respect to the applied pressure by the 

palm from that with the fingers. This shows the consistency in their 

responses irrespective of the pressure is exerted on it. 

 

 Chapter Summary 

 

This chapter described the fabrication and implementation of a 

novel sensor prototype developed from metallized polymeric films. 

Laser ablation was done on the aluminum side of the commercial PET 

films to develop interdigitated electrodes. Experimental results for 

tactile sensing were done manually to analyze the responses of the 

sensor patch to human touch. The response to the pressures from two 

different fingers and the palm were tested was determined in terms of 

phase angle with time. It is seen from the results that the patches were 

capable of responding well to very faint pressures (in Pa). The 

utilization of these low cost, easily fabricated patches would help to 

replace the existing tactile sensors for those used in prosthetic limbs, 

robotic grippers, and pressure sensors. The repeatability of the sensor 

responses was observed for the applied pressures. The next step will 

be to employ these sensors for specific applications to validate their 

functionality for real-time applications.  
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