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Nanostructured polymeric composites are promising for the fabrication of piezoresistive devices, as they 

show a huge variation of the electrical resistance when subjected to a mechanical deformation. Quantum 

Tunneling Composites feature a conduction mechanism occurring between the metallic filler, copper 

particles, embedded in a polydimethylsiloxane (PDMS) insulating matrix, mechanism enhanced by the 10 

spiky morphology of the particles. PEDOT:PSS electrodes are patterned on either sides of the composite 

by means of inkjet printing, a technology which allows one-step fabrication processes. The adhesion and 

spreading of conductive printed ink drops are controlled and enhanced by pre-treating the samples 

surfaces in atmospheric pressure plasma customized system. Due to an extremely high metal to polymer 

ratio, resulting in different surface and dielectric properties of the composite, known plasma conditions 15 

are not suitable to allow control of the spreading. The optimal plasma conditions for the ink/surface 

compatibility are found using a quantitative comparison, based on image analysis and numerical 

interpretation of adhesion / roughness properties, such as bulging and spread. 

Introduction 

Tactile sensing technology can be defined as the ability to 20 

transduce a given property of an object through physical contact 

with a sensing device.[1] Nowadays, a number of techniques are 

available for the transduction of interface contact pressure or 

force between objects, which are described in several literature 

reviews on tactile sensing research. Most of these devices 25 

originate from biomedical and humanoid robot applications.[1-5] 

Among all possible working principles, only few promising 

technologies are capable to fulfill the requirement of these 

sensors for various applications. Currently, the most frequently 

used are the capacitive and resistive sensors. The former is based 30 

on the change of capacitance between two parallel plates due to a 

deformation induced externally, whilst the latter is based on the 

resistance change of a piezoresistive layer when a deformation is 

applied. 

Moreover, biomedical and robotic tactile sensors usually need to 35 

be flexible and adapt to the curvature of the hosting structures, 

and stretchable to cover joint and moving parts in order to 

measure the interaction force correctly.[6]  

In previous experimental works we have reported various novel 

piezoresistive composites based on nanostructured metal fillers 40 

dispersed in a silicone matrix as functional material for tactile 

devices, where the achieved wide variation of piezoresistance was 

ascribed to the quantum tunneling conduction induced by the 

spiky particles covered by nanometric tips.[7,8] In the un-

deformed condition the composite material shows an insulating 45 

behavior, while after applying a strain the electrical conductivity 

exponentially increases.[9,10] In these composites, conductive 

particles are separated from each other by a thin gap of insulating 

polymer representing the tunneling barrier. By applying a 

deformation to the sample, the thickness of the tunneling barrier 50 

is reduced, thus increasing the probability of tunneling 

phenomena and resulting in a huge reduction of the bulk 

electrical resistance.   

Concerning the electrodes deposition technique, the literature 

reports several technologies and materials for flexible composites 55 

and rubber-based functional materials.[11-13] Direct metal 

deposition allows the fabrication of very conductive electrodes 

and it ensures very low contact resistance values, yet it suffers 

from a stiffness mismatch between the metallic electrodes and the 

polymer composite functional material. The differences in Young 60 

module and elongation at brake could induce the formation of a 

crack in the stiff electrode material during the stretching or 

bending of the device, consequently compromising electrical 

conduction. Moreover, the bonding force between the polymeric-

based functional material and the metalized electrode film might 65 

result too weak to ensure a good adhesion, and peeling off / 

detachment effects may occur.[14-16] Due to an extremely high 

metal to polymer ratio, resulting in different surface and dielectric 

properties of the composite, known plasma conditions are not 

suitable to allow control of the spreading. To overcome these 70 

problems, this work reports the optimization of direct printing of 

polymeric electrodes on the surface of plasma-treated composite 

materials.  

Inkjet printing (IjP) is a versatile manufacturing technique for the 

direct deposition of electrical contacts on a variety of 75 

substrates.[17] Several reviews on new applications of IjP 

technology report the use of conductive inks based on metallic 

nanoparticles, which can either be dispersed in a carrier, or 

generated in-situ by chemical reaction.[18] Nanoparticle-based 

inks normally feature extremely high conductivities but require 80 

rather high temperatures for sinterization.[19,20] Another 
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possibility is represented by polymeric inks filled with graphene, 

but these are not yet suitable for practical applications as they 

feature high resistivities or require anyway thermal 

sintering.[21,22] More recently, inks based on conductive 

polymers were also developed.[23] These are predominantly 5 

indicated for the fabrication of electrical patterns on substrates 

that cannot undergo thermal treatments, which are required in 

most inks based on metallic nanoparticles. In particular, inks 

based on poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS) were developed for this 10 

purpose because of the good solubility and ease of processing, 

and can be used as transparent, conductive coatings with high 

ductility.[24]  

The adhesion of the printed drops to the substrate is influenced 

not only by the rheological characteristics of the printed fluid, 15 

which can be adjusted before and during the printing process, but 

also by the physical and chemical properties of the substrate 

surface. PEDOT:PSS patterns show poor adhesion properties and 

imprecise geometry reproduction when printed on highly 

hydrophobic substrates such as polydimethylsiloxane (PDMS). 20 

Liquid spread is influenced by fluid properties such as surface 

tension and viscosity, and by the relative surface energy and 

roughness of the substrate. It is therefore possible to limit and 

tune the ink drops spread by carefully modifying the surface 

energy of the substrate.[25] Moreover, surface morphology and 25 

modification can impact heavily on the way in which sessile 

drops deposit on a substrate, by enhancing or limiting their 

coalescence.[26] 

Surface modification techniques, such as wet chemical treatment, 

low pressure plasma treatment, and UV irradiation have been 30 

widely applied to different substrates to enhance their adhesion 

properties and their applicability in functionalization processes in 

general.[27,28] Among them, low pressure plasma treatments 

have been strongly exploited because they have proven to be an 

effective way to modify the surface of polymers. Many properties 35 

and functionalities can be obtained by plasma treatment, 

depending on the application: plasma can be used to tailor the 

surface wettability, improve barrier characteristics, adhesion, dye-

ability, printability, oleophobicity.[29] Chemical surface 

modification is initiated by the radical reaction of plasma species 40 

and the most external layers of the substrate surface, which 

occurs without modification of the bulk properties. In comparison 

to traditional low pressure plasma treatments, requiring high 

vacuum equipment, or wet chemical treatments, which often 

involve the use of non-environmentally friendly chemicals and 45 

methods, plasmas operating at atmospheric pressure (APPs) offer 

an interesting alternative because of in-line process capabilities, 

relatively low costs, possible high throughput and low 

requirements on personal and environmental safety. In addition, 

non-thermal APPs usually work at temperatures in the range of 50 

50–200°C, so they can be safely employed for polymer 

modification. Several types of APPs operating in the regime of a 

non-thermodynamic equilibrium exist. Typical APP systems are 

corona discharges and Dielectric Barrier Discharges 

(DBD).[29,30] With the purpose of achieving a uniform surface 55 

treatment, plasmas homogeneous in time and space are desirable, 

although they are not always achievable with traditional corona 

discharges and DBDs. For instance, large plasmas were obtained 

using a series of individual discharges to form a larger array, or 

using the DBD homogeneous mode, also called Atmospheric 60 

Pressure Glow discharge (APG).[31,32] This mode is 

characterized by the absence of streamers and by the presence of 

a uniform glow which is highly reminiscent of a low pressure 

glow discharge. Its selective characteristics can be adapted to a 

variety of treatments for various shapes and type of substrates.   65 

In this work, an APP was tested for the modification of the 

surface of highly hydrophobic PDMS-based composite materials, 

containing a high volume fraction of metallic particles, whose 

presence causes a strong interaction of the material with the APP 

metallic electrodes. This procedure allowed the optimization of 70 

the surface properties of the composites for the deposition of 

PEDOT-PSS electrodes by inkjet printing. 

Experimental 

Piezoresistive Nanocomposite Preparation. 

The piezoresistive composite material was fabricated from bi-75 

component polydimethylsiloxane (Dow Corning Corporation - 

SYLGARD 184) and nanostructured copper particles 

(POMETON Ltd. - LT10) presenting spiky tips on the surface 

with a technological process flow already described in previous 

works.[7,8] The powder was dispersed in the PDMS base and 80 

then, after the addition of the PDMS curing agent, the blend was 

gently mixed in order to prevent the tip smoothing and disruption. 

The resulting paste was poured in PMMA moulds, outgassed in 

vacuum and cured in oven at 70ºC for three hours.  

A sketch of the whole technological process starting from the 85 

preparation of the piezoresistive material up to the electrodes 

deposition is presented in Figure 1. 

 

 
 90 

Figure 1. Sketch of the technological process for the preparation 

of the piezoresistive composite. a) Component mixing, b) 

composite pouring, c) demolding after curing step, d) plasma 

treatment, e) inkjet printing and f) composite with 

PEDOT:PSS lines. 95 

 

Atmospheric Plasma System. 

The samples surfaces were treated using a DBD APP system 

(manufactured by ARIOLI S.p.A., Italy). The plasma discharge 

was lit applying a RF bias, in the 30-50 kHz frequency range, 100 

between a metallic planar electrode, covered by a polymeric 

dielectric layer, and a plasma process tool. Two different types of 

plasma process tools were used, the first consisting of a set of 

stainless steel cylindrical electrodes of 30 cm in length and the 

second consisting of a set of ceramic electrodes of square cross 105 

section of the same length (detailed in Figure 2a). The power 

applied to the plasma process tool was in the range 400-550 W 

and 500-1100 W for the stainless steel and the ceramic 

electrodes, respectively. Using the stainless steel tool, the 

maximum RF power that could be applied was limited by the 110 

interference between metallic particles dispersed in the PDMS 

sample and the metal electrodes. This effect was reduced using 
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the ceramic tool, allowing the application of high RF power to the 

samples. An Ar flow of 10 l/min was injected near the electrodes 

in order to displace the air and fill with Ar gas the plasma 

volume, thus allowing a better control of the process atmosphere 

and improving the homogeneity of the plasma streamers. The 5 

treatments were applied moving the plasma process tool, at a 

speed of 83 mm/s, in direction parallel to the samples, which 

were located on the planar dielectric layer. The vertical distance 

between the planar dielectric layer and the plasma process tool 

was varied in the range 1.8-2.3 mm, depending on the sample 10 

thickness. Due to the possibility of moving the multi-electrodes 

tool back and forth, different numbers of passes have been tested. 

The energy per unit area applied to the samples, calculated as P n 

/ (v l) where P is the power, n the number of passes, v the speed 

and l the electrodes length, resulted in the range 80-110 kJ m-2 for 15 

the metal tool and 100-220 kJ m-2 for the ceramic tool. 

 

 
 

Figure 2. a) detail scheme of the ceramic multi-electrode tool, 20 

where the high voltage connector (1), the insulation (2) and the 

tube used to inject vaporized species (3) are evidenced; b) picture 

of the active APP Ar glowing discharge by ceramic multi-

electrode. 

 25 

Contact Angle Measurements. 

The effect of the surface plasma treatment has been investigated 

by means of Optical Contact Angle (OCA) measurements, with 

an OCAH 200 instrument (DataPhysics Instruments GmbH), 

equipped with CCD camera and automatic dosing system of the 30 

liquid. Deionized water MilliQ grade (H2O) and diiodomethane 

(CH2I2 – Sigma Aldrich) were used as liquids (droplet volume = 

1.5 µl), for the analysis according to sessile droplet method in 

static mode. Datasets of liquid surface tension and 

dispersive/polar contributions for water and diiodomethane are 35 

γH2O= 72.8 mN where  γd = 21.8 mN/m and  γp
 =51.0 mN/m and 

γCH2I2 = 50.8 mN/m where γd = 48.5 mN/m and γp  = 2.3 

mN/m.[33,34] Drop profiles were fitted through the Young–

Laplace method, and contact angles between fitted function and 

base line were calculated by the SCA20 software.[35] Standard 40 

deviation was calculated for each kind of sample on a data set of 

at least three droplets for each liquid. Surface free energy of both 

bare and plasma treated surfaces was determined through the 

Owens and Wendt method [36], according to details reported 

Supporting Information.  45 

In order to calculate these parameters, the contact angle of at least 

two liquids on the unknown solid was determined (water and 

diiodomethane in the present case). 

 

Inkjet Printing Deposition of Electrodes. 50 

PEDOT:PSS commercial ink (CleviosTM from Heraeus Precious 

Metals GmbH, Germany) was used as received. The ink was 

inserted into a 3 ml reservoir and loaded to the IjP system 

(JETLAB 4-XL from Microfab, US). The system is equipped 

with independent heaters for the printing nozzle and the substrate. 55 

Printing tests were achieved through piezoelectric nozzles made 

in quartz, with diameter of 80 µm, with a vibration frequency set 

to 500 Hz. The dimension and speed of ink drops were controlled 

by a horizontal camera located onto the x-y stage for direct drop 

observation. Jetting parameters were set as follows, using an 60 

asymmetrical pulse: first rise time 3 µs, dwell time 8 µs, fall time 

8 µs, echo time 15 µs, second rise time 3 µs, idle voltage 3 V, 

dwell voltage 35 V, echo voltage -35 V. The nozzle was heated to 

a temperature of 40°C in order to obtain the correct value of ink 

viscosity suitable for printing. Tracks with length of 20 mm were 65 

printed, varying the resolution of the spotted ink droplets from 75 

to 400 points per line (ppl), and varying the number of 

subsequent passes between 1 and 10, and let dry in air. 

 

Morphological Characterizations. 70 

Morphological characterization of untreated and plasma treated 

surface of PDMS/Cu composites was performed by means of 

Field Effect Scanning Electron Microscopy (FESEM, ZEISS 

Dual Beam Auriga). Track widths were measured and track 

morphology determined under different printing parameter 75 

settings and various surface treatment using conventional optical 

microscopy (ZEISS AXIO). Optical microscope image analysis 

was performed using proprietary routines written in Matlab® M-

script. 

 80 

Electrical Characterization. 

Functional characterization was performed on printed tracks 

using standard 2-point micro-contact setup at room temperature, 

in DC regime, using a Keithley 2635A multimeter.[37, 38] Each 

sample has been measured in the same conditions three times, in 85 

order to get sufficient data and process experimental points, 

computing the average and standard deviation. 

 

Results and Discussion 

Contact Angle Analysis. 90 

The surface of bare Cu micro particles-PDMS composite 

samples, 1 mm thick, has been treated by means of an 

atmospheric pressure plasma customized system, in order to 

enhance controlled spreading of ink droplets and promote their 

coalescence. This was expected to improve the surface adhesion 95 

of the printed ink and ensure the continuity of conductivity for 

the device. Several process parameters permutations have been 

tested for both types of electrode (metallic and ceramic), 

including RF Power and number of passes, in order to achieve a 

homogeneous discharge, approaching the condition of an 100 

atmospheric glow discharge on the exposed area and a quasi-

permanent effect of treatment. Table 1 reports Contact Angle 

analysis data (contact angle of both selected liquids and surface 

free energy, together with dispersive and polar contribution) for 

the optimized process described in the experimental section, for 105 

the maximum applied RF Power (1100 W) and 5 passes, by 

employing the ceramic multi-electrode tool and by measuring the 

samples before and after plasma process, both soon after the 

treatment and after a 2 h aging. 

 110 

Table 1. Water and diiodomethane Optical Contact Angle (OCA)  

values and Surface Energy (SE) values divided in the polar and 

dispersive contributions of untreated, treated and aged Cu 
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microparticles-PDMS composites. 

 

 

Samples 
OCA 

PEDOT 

[°] 

OCA 

H2O 

[°] 

OCA 

CH2I2 

[°] 

Surface 

Energy 

[mN/m] 

Dispersive 

Component 

[mN/m] 

Polar 

Component 

[mN/m] 

Cu-

PDMS 
50±1 122±4 90±1 13.0 13.0 0.0 

Cu-

PDMS 

after Ar-

plasma 

22±1 16±1 45±2 70.0 22.2 47.8 

Cu-

PDMS 

after 2h 

ageing 

post-

plasma 

28±1 29±4 49±1 64.0 21.4 42.6 

 

Cu-PDMS composite shows the typical water contact angle of 5 

bare PDMS, about 120°, suggesting that the metallic 

microparticles are confined in the bulk and do not affect surface 

properties. Moreover, the surface energy of the sample is very 

low (13 mN/m), due also to the scarce interaction with 

diiodomethane, as reported for pure PDMS in [39]. The polar 10 

component of diiodomethane surface tension cannot be ignored, 

so preventing its spreading on the highly non-polar PDMS 

surface. A higher wettability could be reached only with non- 

polar liquids such as hexadecane (polar component of surface 

tension is equal to 0 mN/m). The samples measured just after the 15 

plasma process show an abrupt decrease of water contact angle 

(down to 16°) and an increase of surface energy (up to 70 mN/m) 

typical of highly hydrophilic substrates. Both polar and dispersive 

components result strongly modified by the treatment, owing to 

strong oxidation of the surface as Ar plasma is activated in 20 

atmospheric air (the former), and structural changes in PDMS 

polymeric surface chains (the latter), ascribable to physical 

ablation performed by the discharge.[40] The increased 

roughness and thereby surface area, even though not visible to the 

naked eye, could  improve the wettability by a quite non-polar 25 

liquid such as diiodomethane, if compared with the poor 

spreading obtained on the untreated smooth substrate.[41] 

Since surface energy may not be the only reason for improved 

adhesion of the PEDOT ink after solvent evaporation, although it 

does certainly affect its wettability when the ink is still in the 30 

liquid phase, we also performed en evaluation of the surface 

roughness before the plasma processing, after the treatment and 

on aged samples. The images shown in Figure 3 were used for the 

roughness evaluation, adapting them to run on a Matlab® routine 

previously developed to analyze particles and grains.[42-44] 35 

Results, reported in Table 2, indicate that roughness is doubled by 

the plasma treatment and is not affected by aging, since it 

produces a physical modification of the composite. 

 

Table 2. Roughness of untreated, treated and aged Cu 40 

microparticles-PDMS composites, estimated according to a 

numerical algorithm based on FESEM images (Figure 3). 

 

 Cu-PDMS 
Cu-PDMS after Ar-

plasma 

Cu-PDMS after 

2h ageing post-

plasma 

Roughness 

[nm] 
383±300 716±120 716±120 

 

 45 

The permanence of the effect of the plasma treatment was studied 

by performing the aging experiments. The contact angle analyses 

were repeated on the samples left for 2h in open air. Table 1 

shows that contact angles measured with standard liquids are 

slightly affected by aging, resulting in a little decrease of surface 50 

energy (64 mN/m). Among the several attempted processes, only 

one (ceramic multi-electrode tool, power =1100 W, 5 passes) 

allowed to achieve a non-trivial goal, such as a quite good 

compromise among surface spreading enhancement, limited 

advantageous modification of surface roughness and permanence 55 

of produced effects for a time long enough to allow the inkjet 

printing without the need of a multi-step implant. Considering 

that PEDOT:PSS ink has a surface tension of 62 mN/m (reported 

in CleviosTM datasheet), a contact angle similar to water is 

expected.  60 

It is worth noticing that the ink shows a lower contact angle than 

water on the bare Cu-PDMS composite, due to the presence of 

organic components that make it more compatible with the 

hydrophobic untreated polymeric surface. As expected, the 

plasma treatment produced a similar effect to both water and ink, 65 

thus it can be inferred that the treatment acted on the aqueous 

component of the ink. The PEDOT:PSS wetting of 

polymeric/metallic composite can be considered stable within 2h 

after the plasma modification. A longer storage time is known to 

lead to the recovery of surface hydrophobic properties of pristine 70 

PDMS, even after an oxygen plasma treatment under 

vacuum.[45] In the following paragraphs, it is demonstrated that 

the decrease of about 20° in contact angle, i.e. 6 mN/m in Surface 

Energy, allows to achieve the desirable spreading of ink drops, 

promoting the liquid coalescence and its adhesion helped by the 75 

improved wettability of the surface. The fulfilment of these 

requirements is needed for the production of functional printed 

electrodes. 

The best results of surface modification using the metallic 

electrode tool have been obtained with the 4 passes process at 80 

550 W. The values of contact angle for water and diiodomethane 

are comparable. However, the use of this setup lead to a less 

homogenous discharge due to the formation of separated arcs. 

This possibly caused the motion of Cu microparticle clusters 

towards the surface, which resulted in removal of material and 85 

creation of holes and cracks on the surface of the composite. The 

result of this plasma treatment was clearly observed by FESEM 

analysis and a topography view is shown in Figure 3a. This 

phenomenon induces a modification of bulk composition, in 

terms of micro-particles distribution, that may negatively affect 90 

the piezoelectric device performance inducing the formation of 

electrically non-homogeneous clusters on the sample surface. 

These phenomena are considerably reduced when using the 

ceramic tool, which limits particles removal and surface damage, 

as visible in Figure 3b and 3c. 95 

 

 
 

Figure 3. FESEM analysis of the composite surface after plasma 
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treatment with a) metallic tool at 550 W (a deep damage of the 

surface, consistent with the appearance of erosion, is visible) and 

b,c) ceramic tool at 1100 W. In c) the inkjet printed PEDOT:PSS 

lines are visible. The scale bars correspond to 20 µm. 

Analysis of Inkjet Printed Electrodes on top of the composite. 5 

Figure 4 shows a chromatically enhanced optical microscope 

image collection of PEDOT:PSS patterns printed on PDMS/Cu 

composites before and after plasma treatment performed with the 

metallic tool. In particular, an array of straight lines is analyzed, 

composed by a number of droplets with density comprised in the 10 

range 100 – 400 points per line (ppl). The analysis of untreated 

surfaces confirms the poor wettability of the bare composite 

surface. On the other hand, it is possible to notice that a bulging 

is induced on the liquid ink printed on the treated surfaces.[46] 

This consists in a hydrodynamic instability producing regions that 15 

accumulate liquid subtracting it from other depleted regions, 

where the printed line is thinned and in some cases even 

interrupted. This phenomenon is more evident for the most 

energetic treatment (550 W for 4 passes) and for the pattern 

printed at high resolution (400 ppl).  20 

The bulging phenomenon may be controllable when the APP 

treatment is performed by multi-electrode ceramic tool, with 

plasma powers up to 1100 W. In the next paragraph an operative 

procedure to correlate an engineering parameter (plasma 

hardness, defined further in the text) with post-printing features, 25 

such as good adhesion, bulging, etc. will be presented. We will 

see that a low hardness plasma treatment leads to a very low 

wetting, while a high one leads to high bulging. 

 
 30 

 

Figure 4. Collection of optical microscope images showing the 

surface of inkjet-printed tracks on top of PDMS/Cu composites. 

First row: untreated surfaces, 3 (a), 5 (b) and 10 (c) passes, 

printed tracks of nominal width 1 mm. Second row: printed tracks 35 

of nominal width 100 µm, after APP treatment with metallic tool 

at 400 W 3 passes, at 100 (d), 200 (e) and 400 (f) ppl. Third row: 

printed tracks of nominal width 100 µm, after APP treatment with 

metallic tool at 550 W 4 passes, at 100 (g), 200 (h) and 400 (i) 

ppl. 40 

 

The information content of each microscope image has been 

extracted by means of numerically assisted image analysis (IA) 

procedure, as evidenced in the composite Figure 5, where the first 

row sketches an example of processing of a sample image, while 45 

the second row contains data extracted from all the images taken 

on samples treated at 400 W, metallic electrode. In particular, 

each histogram frame has been adjusted before conversion from 

RGB to 8-bit grayscale, further posterized to a 2-bit valued B/W 

map (Figure 5b); then a filter to detect image edges has been 50 

applied, based on Sobel Gaussian computation; the resulting edge 

image (Figure 5c), has been imported in the Matlab® 

environment for statistical analysis. Each edge position, both the 

upper and lower, has been stored in a sequence of vectors (Figure 

5d) and further studied, extracting its mean edge position, 55 

standard deviation and so on. Each edge pixel, identified by a 

couple of values corresponding to its (x,y) coordinates, has been 

used to populate a statistic, limited to the y-position. The bin 

center is hence the average y-position of the edge (zero) and the 

relative frequency is the number of pixel having a certain position 60 

over the total number of edge pixels (Figure 5e). It is clear that a 

straight edge would result in a monodisperse statistics, with a 

very narrow peak centered at the mean value. Conversely, a 

bulging edge would result in a very disperse and broad peak, still 

centered at the mean value. When the periodicity of the bulging is 65 

such that in the same frame we can identify more than one ink 

circular area, then a double peak broad distribution is found. For 

completeness, the experimental cumulative distribution is also 

given (Figure 5f), showing perhaps the strongest evidence of the 

effects induced on the adhesion between ink and substrate by 70 

printing parameters, in this case the droplet density. 

 

 

Figure 5. First row: Image Analysis procedure used to transform 

the optical microscope image of a printed track (a) into a 2-bit 75 

valued B/W map (b) and finally to a 2-bit valued map with edge 

evidenced (c). Second row: upper and lower profiles, as 

numerically extracted from optical microscope imaging of 

samples treated with metallic tool at 400W, under different 

printing conditions (d); relative frequency plot of the edge 80 

statistics, obtained by normal Gaussian profile fitting (e); 

cumulative frequency plot of the edge statistics (f). 

 

Using the profiles represented in Figure 5d we have performed 

the following statistical analysis, shown in the relative frequency 85 

plot of Figure 5e. Three different printing densities (indicated as 

points per inch, ppi) result in three very different situations, 

where the peak broadening is consistent with the occurrence of 

bulging from a straight line. On the x-axis, bin center is given in 

pixels; it is straightforward to see that increasing the IjP density, 90 

the printed area broadens and the excursion covered on the x-axis 

is greater. A slight asymmetry of the frequency profiles 

(horizontal shift with respect to zero) is due to misalignment of 

the line axis with respect to microscope frame axis, but this un-

compensated effect is not affecting the following discussion. The 95 

cumulative frequency plot of Figure 5f compares the almost 
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perfectly linear statistics of the sample printed at low density 

(straight line) with the other cases at higher printing density, 

featuring a smoother distribution. 

The results of the IA procedure are graphically presented in 

Figure 6, showing the efficacy of our numerical procedure in 5 

smartly classifying different plasma treatments. Figure 6a 

represents the bulging broadness as a function of APP hardness, 

giving also information on effective ink volumes as a color scale 

(goal function). The plasma treatment hardness (engineering 

parameter) is defined as the APP power multiplied by the number 10 

of passes over the time elapsed since the treatment before IjP and 

the engineering volume is defined as the track density multiplied 

by the number of printing passes. Figure 6a demonstrates that the 

phase space can be experimentally explored almost entirely by 

changing process parameters. A low hardness plasma treatment 15 

leads a low volume IjP sample to a very low broadness/wetting of 

the surface, while a high hardness plasma treatment leads almost 

every volume to high bulging broadness.  

 

 20 

 

Figure 6. Peak #1 and peak #2 broadness (a) and R2 (b) as a 

function of the APP hardness, where each sample engineering 

volume has been represented in color scale; all experimental 

samples are here reported. 25 

 

Figure 6b represents the Gaussian fit R2 to the relative 

probability (Figure 5) as a function of APP hardness and effective 

volume: the higher this factor, the better the Gaussian fit; it 

should be noted that there is no theory behind the choice of the 30 

Gaussian distribution, other than its simplicity. When a simple 

criterion is applied with success, the corresponding process is 

also easily controllable. Depending on the relative probability 

distribution, single Gaussian or double Gaussian fits were 

performed. Both hard and soft APP treatments produce results 35 

whose statistics are not well represented by the simple Gaussian 

model, while mild treatments, those around 40 Js-2, are better 

described. The fill factor is defined as the number of pixels 

containing ink over the total number of pixels belonging to the 

area to be printed. This number has been computed only for the 40 

samples having a defined area to be printed (untreated substrate), 

while for other samples, where line broadness results directly 

from droplet density and is not user-defined, we have given a 

fixed value of 1. The peak broadness is computed as the Gaussian 

fit peak width over its height. One of the key objectives of this 45 

study is finding an effective experimental procedure to limit ink 

consumption, so the engineering volume should be as low as 

possible and the fill factor should be 1. We have observed that 

even a high number of passes (10) is not enough to approach 

these values, hence the necessity of an APP treatment. The fit is 50 

also useful for a quick evaluation of the fabrication procedure, 

since its broadness should approach zero for perfectly straight 

lines without printing defects, while lines evidencing bulging 

would result in a broader peak and in a double peak distribution. 

Functional Characterization. 55 

The electrical characteristics of printed tracks were measured on 

selected portions of the composite. Figure 7a shows a typical 

response in the low voltage regime: by contacting the composite 

sensing skin directly with tungsten micro-probes, the overall 

current flowing through the sample is low, even though the 60 

experimental error is kept always well below 10% (red circles). 

When contacts are placed on the PEDOT:PSS printed tracks, the 

current flowing through the system is higher – more than doubled 

at positive potentials – but also the standard deviation is 

increased, reaching up to 25% at positive potentials. This may be 65 

also due to plasma induced surface damage (Fig. 3a). 

This type of material is normally used under low voltage 

conditions, as it is intended to be coupled to standard electronic 

devices (5 V) and low power energy sources [8]. However, high 

electric field conditions were already used to induce electric 70 

ageing of nanocomposite samples in similar systems.[47]  

Therefore, the high voltage regime was also investigated, to 

potentially induce electromigration and exclude drifts in its 

response. Figure 7b shows that in the high voltage regime our 

system after PEDOT:PSS printing saturates and the standard 75 

deviation may be as high as 100%. The saturation seen in the 

response tells us that there is no threshold for electromigration 

and that this noise is entirely due to instability toward high 

charge. 

 80 

 
 

Figure 7. Two point IV curves acquired in the low (a) and high 

(b) voltage regime from the top surface of a piezoresistive 

Cu:PDMS sensor before and after (a), after (b) the deposition of 85 

inkjet printed flexible polymeric electrodes.  

 

Conclusions 

The optimization of an original process, based on atmospheric 

pressure plasma treatment, for improving the compatibility of an 90 

organic intrinsically conductive polymer with the hydrophobic 

surface of a composite material with extremely high metal to 

polymer ratio was described. In particular, a composite 

piezoresistive artificial skin based on a matrix of PDMS and a 

dispersion of copper particles was tested. This process requires 95 

the use of an atmospheric pressure plasma treatment, which was 

tested using both metallic and ceramic RF electrode tools, 

resulting in several experimental values of damage on the surface 

of the polymer, contact angles, adhesion and spreading of the ink.  

An novel procedure to quantify the drop spreading was also 100 

developed, based on optical microscope image analysis and 

numerical routine used to extrapolate quantitative data from the 

bulging degree of the printed track profile. By quantifying also 

the energy transferred to the substrate by means of the plasma 

treatment, it was possible to create a phase diagram which was 105 
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useful to understand and smartly classify the optimal conditions 

for the improvement of compatibility. 

Electrical characterization was performed on untreated / treated 

samples after inkjet printing of electrodes, evidencing an 

improved signal and the absence of electromigration. 5 
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