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Abstract 

A technique is exploited to develop a dry ECG sensor using 

polydimethylsiloxane (PDMS) with enhanced adhesion to skin. The sensor 

consists of silver nanowires (AgNWs) embedded in PDMS. The adhesive 

solution presented is a novel technique which combines using high-ratio 25:1 

PDMS selectively deposited in a thin layer on the surface of a sensor body 

that is made from 15:1 PDMS. With this adhesive mechanism we 

demonstrate a cohesive ECG sensor which can adhere to a subject without 

the use of additional sticky adhesives and that is compatible with current ECG 

technology. PDMS is residue free and highly biocompatible meaning this is a 

solution suitable for long-term wear. We demonstrate that our sensor can be 

filtered to similar quality of a traditional ECG sensor, and further show that 

our sensors stay in place for more than 24 hours and it can adhere to skin 

with an average maximum force of about 1.09 N.   
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1. Introduction 

Stretchable and flexible electronics is a technology that is currently generating a lot 

of research interest, particularly since this technology has a broad range of potential 

applications. Stretchable and flexible electronics can be used to replace the indium tin oxide 

currently used in touch screens, solar cells, and organic light emitting diodes, [1] [2] [3] [4]  

it can be used for smart clothing applications, [5] and it can be used to develop more 

effective and comfortable biophysical sensors. [6] [7] [8] [9] [10] This paper presents a 

cohesive electrocardiogram (ECG) sensor design that incorporates a flexible AgNW 

electrode. The sensor has excellent electrical properties, is compatible with current ECG 

technology, and also has the necessary adhesive properties to be worn long-term.  

  Current ECG electrodes consist of the following primary components: a rigid Ag/AgCl 

electrode, a conductive gel, and medical grade adhesive (electrodes that incorporate 

conducting gel are termed “wet electrodes”). The conductive gel is essential to these wet 

electrodes, where it serves two purposes. First, it lowers the impedance between the 

patient’s skin and the Ag/AgCl electrode. [11] [12] [13] Second, it reduces motion artefacts, 

which are aberrations that occur on the recorded signal when the electrode slips relative to 

the patient’s skin by mediating the skin-electrode interface. [11] [14] [15] The use of 

conductive gel, while essential for these electrodes, has serious drawbacks. The gel dries 

over time which both irritates the skin and degrades the signal quality. [11] [16]  This makes 

them viable for short-term use, but impractical for long-term application.  

Embedding AgNW networks in PDMS presents a viable alternative to the current ECG 

electrode technology. [8] Because AgNWs embedded in PDMS provides flexibility as well as 

conductivity, electrodes based on these materials can conform to the skin. This negates the 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

slipping effect observed in the rigid metal electrodes that cause motion artefacts. [8] As 

such, a conductive gel is not required and these “dry electrodes” are suitable for long-term 

use. AgNWs were selected as the most suitable material for the electrode as they are 

cheaper and more conductive than other conducting nanowires, such as carbon nanotubes, 

[4]and because previous electrophysical sensors incorporating AgNWs have reported that 

they do not irritate the skin. [8]  

 Previously, work has been done to create biophysical sensors that incorporate 

flexible electrodes. [8] [10] [17] Sensors developed so far have typically focused on sensing 

capabilities and lacked the necessary adhesive properties to stick to human skin without the 

use of additional adhesives, such as Velcro or tape. [8] [10] Those sensors that have 

incorporated an adhesive mechanism have not been compatible with current clinical ECG 

technology. [17] We have expanded on this type of work by developing a cohesive 

prototype that records excellent signal quality, is compatible with current ECG technology 

via a custom snap that can be attached to commercial ECG leads, and has the necessary 

adhesion to be worn by patients long-term. Rather than relying on traditional acrylic-based 

medical adhesives, which can cause skin irritation, leave a residue, or even cause allergic 

reactions, [18] [19] we have utilized the adhesive properties of PDMS in a novel way to 

attach our electrodes. PDMS is an attractive material to use for an adhesive, as it is inert, 

non-toxic, [18] and residue free. [20] 

PDMS is a two-part polymer consisting of a base and a curing agent. The polymer is 

prepared by mixing the two components at a specific ratio and then curing, typically in an 

oven at high temperatures. By mixing the two components in different ratios, it is possible 

to tune for different properties. It has been well documented that changing the curing ratio 
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effects properties of the PDMS, such as its Young’s Modulus and even its adhesion to other 

surfaces. [20] For most applications, such as use in touch screens or other prototype 

sensors, [3] [9] [21] PDMS is prepared as a ratio of 10 parts base to 1 part curing agent (10:1 

PDMS). Previously, studies have demonstrated that using a higher ratio of the base with 

respect to the curing agent can increase the adhesion of PDMS to borosilicate glass by 

increasing the number of free oligomers on the surface of PDMS, which are available to 

bond to the surfaces brought into contact with the PDMS. [20] However, along with 

increasing the adhesion of PDMS, using a higher ratio of base to curing agent also causes 

PDMS to have a lower Young’s Modulus, [20] which results in softer samples that we 

observed to be more susceptible to damage, such as tearing.  

The adhesive solution we developed consists of two parts. First, we used 15:1 PDMS, 

rather than traditional 10:1 PDMS, to make the body of the electrodes. 15:1 PDMS was 

identified as an optimal selection as it is mechanically robust enough to not tear during 

demolding but is also softer and more flexible. This allows the electrode to better contour to 

the curved geometry of the surface of the skin. This creates a larger contact area and 

therefore helps the electrodes stay in place for longer. The second part of the adhesion 

comes from a novel technique where we coat a thin layer of 25:1 PDMS on the adhesive 

face of the electrode. 25:1 PDMS is adhesive enough to hold the electrode in place 

(demonstrated by tests reported in the next section), but it is undesirable to make the 

whole device out of 25:1 PDMS as on its own it is soft and susceptible to tearing. Using the 

two different ratios in conjunction ensures that the electrodes have both the requisite 

mechanical robustness (provided by the 15:1 PDMS in the body) as well as the requisite 

adhesive strength (provided by the 25:1 PDMS on the face).  
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2. Results and Discussion 

2.1 Electrode Fabrication 

Dry ECG electrodes were fabricated as shown by the steps in Figure 1a. The final sample is 

pictured in Figure 1b. The electrodes have a tear-dropped shape, consistent with products 

currently on the market. This shape was produced by using an aluminum mold which was 

milled with a Microlution 363-S micro-milling machine. A circular piece of polyimide film 

that was 100 μm thick with a diameter of 15 mm was then placed in the bottom of the 

mould, and AgNWs in an ethanol solution were pipetted onto the polyimide. Polyimide was 

used as we observed that the AgNWs released easier from polyimide than they did from the 

aluminum mould itself, thereby increasing the fraction of AgNWs later transferred to the 

PDMS electrode. The polyimide film also had the added benefit of containing the AgNWs to 

its surface, as the nanowire solution forms a bead on the polyimide and does not spill over 

onto the aluminum. This allowed for precise control of the area that the nanowire solution 

covers. Without the polyimide film, the AgNWs would form an irregular shape in the centre 

of the mould. After about 10 minutes the ethanol had evaporated, leaving the AgNWs on 

the polyimide, then a custom-made snap was placed on the AgNW layer. The snap was 

fabricated so that it was compatible with on-the-market ECG leads. Key to its design is a flat 

bottom that provides good contact with the previously deposited AgNW layer. Once the 

snap was in place, more AgNW solution was pipetted into the snap/AgNW interface, to 

ensure good conduction between the snap and the AgNW layer. Again, 10 minutes  were 

provided for the ethanol to evaporate. Once evaporated, 15:1 PDMS was poured into the 

mould and degassed in a vacuum chamber for 30 minutes until no more air bubbles were 

visible.  After degassing, the sample was cured in an oven at 65 oC for 40 minutes and then 
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removed from the mould. Once out of the mould, the polyimide film was carefully 

separated from the sample. To apply the thin layer of 25:1 PDMS, liquid 25:1 PDMS was 

spin-coated onto an acrylic mask with a removable circular plug of 15 mm in diameter, the 

same size as the AgNW layer. To do this, the plug was removed, and the sample was gently 

dipped into the liquid 25:1 PDMS and left in contact for about 10 seconds, after which the 

sample, now with a thin layer of 25:1 PDMS, was spin-coated to smooth and ripples in this 

layer. After spin-coating, the sample was once again cured for 40 minutes at 65 oC.

 

(a) 
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(b) 

Figure 1: a) Block diagram outlining the step taken to make the dry ECG electrode with AgNWs 
embedded in PDMS. . b)  Image of dry ECG electrode with AgNW network and adhesive 25:1 PDMS 
layer face up.  
 
 

2.2 Adhesion Characterization 

For the purposes of adhesion testing, samples were fabricated without including the 

AgNWs or the snap. Samples were prepared with and without a coating of 25:1 PDMS. This 

allowed for characterization of the increase in the adhesive force gained when this layer was 

applied. The adhesion capability of our sensors was measured by recording the maximum 

force exerted when removing the sensors from a variety of substrates, like other studies 

looking at enhancing PDMS adhesion. [20] [22] The substrates on which the electrodes were 

tested included human skin, acrylic, and pig skin. The pig skin used in the test was obtained 

from the butchery at a local grocery store. The skin was removed from the fat and muscle 

tissue and attached with krazy glue to an aluminum backing such that it lay as flat as 

possible. At least four measurements were made for each test, and the mean reported. 
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During testing, the samples were fixed to an acrylic handle. Two different types of handles 

were used. For the first, called a flexible sample, the sample was attached only in the center, 

which allowed for the sample to contour to the curved geometry of the human wrist. The 

second configuration involved fastening the PDMS sample to a flat acrylic backing to hold 

them in a planar orientation. This stiff configuration was beneficial for making precise 

measurements against other planar substrates, like the acrylic and pig skin. These 

configurations are shown in Figure 2a and Figure 2b respectively.   

 The samples coated with 25:1 PDMS stuck to the human wrist with an average 

maximum force of 1.09 N, shown on the far right side of Figure 2c. This was a great 

improvement over the adhesion of samples without the coating, as samples of just 10:1 

PDMS without a coating of 25:1 PDMS adhered so poorly to skin that they would not stay in 

place long enough to measure the adhesive force. Rather, they would detach on their own 

before we were able to apply an external force.  

Though they did not stick to skin, these uncoated samples did stick to other 

substrates, including flattened pig skin and acrylic. The tests on pig skin were performed 

using the stiff orientation, and the tests on acrylic were done using both stiff and flexible 

configuration. The results of these three tests are also summarized in Figure 2c. For the tests 

on pig skin, the 25:1 layer of PDMS increased the adhesion from 0.07 N to 0.87 N (p-value < 

0.001), a factor of about 12. For acrylic, while using the stiff orientation the adhesion 

increased from 6.81 N to 25.82 N (p-value < 0.001) when using 25:1 PDMS, a factor of about 

4. Finally, for the flexible orientation on an acrylic substrate, the adhesion of regular 10:1 

PDMS was 28.29 N. When the 25:1 layer was applied, the 5 kg capacity of the load cell 
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(49.03 N) was exceeded, but regardless this demonstrated another large increase to the 

overall adhesive force of the sample.  

 In sum, applying a thin coating of 25:1 PDMS on top of 10:1 PDMS increased the 

adhesion not only to skin, but also to other substrates like acrylic and pig skin. This is a 

promising result as it demonstrates that this technique could be used as an adhesive 

solution for  adhering PDMS to rigid substrates as well, not only soft biological surfaces.   

         

 

 
(a) 
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(b) 

 

 

 

(c) 

Figure 2: a) & b) Samples used for measuring the adhesion of the samples. a) Demonstrates 
a “flexible” sample. b) Demonstrates a “stiff” sample, due to the planar acrylic backing.  
Note that there are no nanowires incorporated in these samples, as they were used for 
adhesion testing only. c)  Compares the adhesive force of the 25:1 coated samples 
compared to uncoated 10:1 sample on a variety of surfaces. 
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 The adhesion of the electrode was further characterized by investigating the length 

of time the samples could stick to the body. In the test performed in the previous section, 

samples with a body of  10:1 PDMS coated with 25:1 PDMS on the adhesive face appeared 

to adhere to skin with the same maximum force as samples with 15:1 bodies that were 

coated with 25:1 PDMS. The maximum adhesive strength appears to be driven primarily by 

the 25:1 layer, and with no influence from the 10:1 or 15:1 body material below the surface. 

However, the composition of the body of the electrode played a large roll in determining 

how long the samples remained stuck to the skin. A test was performed where 3 samples of 

10:1 coated in 25:1 PDMS and 3 samples of 15:1 coated in 25:1 were stuck to the torso of a 

human test subject for a 24 hour observation period, to measure how long the samples 

remained in place. The samples were stuck in a symmetric fashion so that each 10:1 sample 

had a corresponding 15:1 sample in place on the other side of the torso. Figure 3a shows 

the locations and labels that were given to the electrodes. During the test period, the test 

subject went about a normal day that included stationary activities like typing, writing and 

sleeping, and light exercise such as walking, cycling, stretching and jumping.  

The time at which the samples fell off were recorded, the results of this are 

summarized in Figure 3b. Importantly, the 15:1 location A and location B samples remained 

in place throughout the duration of the test, along with the 10:1 location A sample. The only 

15:1 sample to fall off was at location C, where it detached  at 20 hours and 37 minutes. The 

15:1 samples performed better than 10:1 in all 3 locations, demonstrating a tangible benefit 

gained from using 15:1 for the body on the samples. Because 15:1 PDMS is both softer and 

more flexible than 10:1 PDMS it conforms to the geometry of the human body better. 10:1 

PDMS is more rigid, because of this it conforms poorly to the body leading to less of the face 

of the electrode making contact with the skin. It was observed that for samples with 10:1 
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PDMS, the region around the edges of the electrode would typically peel away from the skin 

as the trial went along. For samples made from 15:1 PDMS, their added flexibility means 

more of the face is kept in contact with the skin. This added contact area contributes to the 

added duration of adhesion.  

Also observed in both cases, the first sample C to detach from the skin was at 

location C. This indicates a positional dependence on how long the samples are likely to stay 

in place for, likely due to the amount and frequency of strain that occurs on the skin in that 

location. For locations with less strain, we can expect the samples to stick longer compared 

to locations on the body that observe more strain. 

As  a result of the findings of this test, which show samples with a body of 15:1 stay 

in place longer than 10:1, the decision was made to fabricate our samples with 15:1. Using 

this ratio of PDMS in place of the typical 10:1 ratio is one of the two major contributions 

towards the adhesive design of the samples; the other contribution being the layer of 25:1 

PDMS applied to the surface. That the 15:1 electrodes demonstrated the ability to stay in 

place on the torso for times up to 24 hours, presents these electrodes as a viable solution 

for ECG monitoring.  
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(a) 
 
 
 
 

 
(b) 

Figure 3: a) The placement of electrodes for adhesion duration monitoring. The 10:1 
samples are on the left side of the image (right side of the torso) and the 15:1 samples are 
on the right side of the image (left side of the torso). b) The duration that each electrode 
remained attached to the subject. The test lasted 24 hours. A measure of 24 hours indicates 
the samples were still in place at the conclusion of the trial.  
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2.3 Characterization of AgNW Network 
 
 The AgNW network was embedded in PDMS following the procedure discussed in 

section 2.1. The AgNW network incorporated into the sensor had an areal density of 

approximately 0.6 mg/cm2, which was found to be dense enough to ensure a low sensor 

resistance. The AgNW ECG sensor relies on the highly conductive flexible network having 

excellent contact with the skin. A scanning electron microscope (SEM) image of the surface 

of the embedded AgNW network is shown in Figure 4. The image demonstrates that the 

AgNW are randomly distributed immediately at the surface of the sensor.  

 

Figure 4: SEM image of dense and randomly distributed AgNWs at the surface of the AgNW 
sensing electrode. 
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2.4 Sensing Performance 

To be an effective ECG sensor, it is necessary that there be low impedance between 

the skin and the sensing electrode. In this case the sensing electrode is the layer of AgNWs. 

For wet electrodes, low impedance  is achieved by using electrolytic gel which moistens the 

skin and allows conduction from the skin to the solid Ag/AgCl electrode. [11] In our case 

where dry AgNW electrodes are used, there is no such electrolytic medium and instead low 

impedance is achieved by direct conformal contact between the AgNW layer and the 

surface of the skin. [8] 

  The skin-electrode impedance of the dry electrodes was measured by placing  

electrodes on both the left and right wrist and measuring the impedance between the two 

using a Keysight U1733C handheld LCR meter. The impedance was recorded at 5 different 

frequencies: 100 Hz, 120 Hz, 1 kHz, 10 kHz, and 100 kHz. The electrodes were left in place 

for six hours, with impedance measurements taken at 0 hours, 3 hours, and 6 hours. The 

electrodes were left in place for several hours to ensure that the skin-electrode impedance 

did not deteriorate with time. The results of the test are presented in Figure 5.  The 

measurement at 0 hours has the highest impedance with the measurement 3 hours being 

the lowest impedance and the measurement at 6 hours falling in between. One of the 

possible explanations for the subtle changes in the skin-electrode impedance is changing 

moisture content in the skin. Moisture has a large impact on the impedance and over the 

course of the trial is likely to have changed due to things like hydration level and sweating. 

[9] Despite the small fluctuations in impedance, this result is important as it demonstrates 

that the skin-impedance of the electrodes is not reduced over time and will not limit the 

suitability of the electrodes for long-term use.  
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Figure 5: Skin-electrode impedance of a pair of dry AgNW electrodes connected to the left and right 
wirst of a human test subject. .  
 
 

The performance of the electrodes was verified by performing a 4-lead ECG 

measurement using the Lifepath-C Wearable Medical Monitor. The dry AgNW electrodes 

were tested and compared to wet electrodes currently on the market. Figure 6a depicts our 

dry electrodes adhered to a human subject using our adhesive PDMS solution. Each set of 

electrodes were tested under two distinct conditions, once while the subject was sitting and 

once while the subject was jogging. The results of this test are   demonstrated in figure 6b-g.  

The test performed while jogging was included in order to demonstrate how the electrodes 

performed when the subject was in motion. Data for all of the signals was acquired using 

the default settings of the wearable medical monitor.  
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The signals acquired using the dry electrodes have more noise initially than the 

signals acquired with wet electrodes, as can be seen in Figure 6b and 6e, but it was possible 

to improve the quality of the dry electrode signal by filtering it after acquiring the data. A 

Savitzky-Golay filter was used initially to smooth the data, and after that a simple low-pass 

filter was used to remove the high frequency noise that is typically encountered in ECG 

signals. [23] After filtering, the different waves of the ECG signal are smooth and easily 

identifiable. In Figure 6c, which demonstrate the signals that were captured while the 

subject was sitting, the amount of noise in the filtered signals is comparable to the amount 

of noise seen from the recordings using commercial wet electrodes. The waves of the signal 

line up well and there are no motion artefacts present. Figure 6d shows a side-by-side 

comparison between the signal obtained with the AgNW electrodes and the commercial 

electrodes over several beats. Over this interval, the signal quality from the AgNW 

electrodes remained consistent with the wet commercial electrodes.  

In Figure 6f, which shows data captured while the subject was jogging, the filtered 

data from the dry electrodes is once again very similar to the data from the wet electrodes. 

The waves of the signal line up well, with nearly identical magnitudes. This demonstrates 

that with proper filtering, the dry AgNW electrodes can acquire a signal that is as good or 

better than traditional wet electrodes. To the right of Figure 6f, an event that is possibly a 

motion artefact can be seen in the AgNW electrode signal. Figure 6g shows an extended 

comparison of the signals from the different electrodes over several beats, it can be seen 

that similar events occur in the signal obtained with the commercial electrode as well. 

Compared to previous studies incorporating dry ECG sensing electrodes, [8] [17] the signal 

presented while the subject is jogging shows fewer motion artefacts and less baseline 

wander.  
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(a) 

 

(b) 
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( c ) 

 

(d)  
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(e) 

 

(f) 
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(g) 

 

Figure 6: a) The placement of AgNW electrodes for 4-lead ECG measurement. b) Unfiltered 
comparison between AgNW electrodes and commercial wet electrodes while the subject 
was sitting. c) Filtered comparison between AgNW electrodes and commercial wet 
electrodes while the subject was sitting. d) Comparison of several waveforms while the 
subject was sitting. e) Unfiltered comparison between AgNW electrodes and commercial 
wet electrodes while the subject was jogging. f) Filtered comparison between AgNW 
electrodes and commercial wet electrodes while the subject was jogging. g) Comparison of 
several waveforms while the subject was jogging. 
 
 
3. Conclusion 
 
 In this study, we have demonstrated an ECG sensor developed using a flexible 

sensing electrode based on a dense conductive network of AgNWs that are embedded in 

PDMS. The ECG sensor has excellent sensing capabilities, does not irritate the skin, is 

compatible with current clinical ECG technology, and has the necessary adhesive properties 

to be worn for 24 hours without the addition of tape or other sticky adhesives. The adhesive 

mechanism is a novel design that utilizes two different curing ratios of PDMS. A thin layer of 

25:1 PDMS coated on the adhesive face of the sensor is used to provide direct adhesion to 

the skin. The force of adhesion between this layer and human skin is 1.09 N. The body of the 
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sensor is fabricated with 15:1 PDMS, which is used in place of regular 10:1 PDMS. The 15:1 

PDMS is softer than 10:1 PDMS, which is better able to conform to the body, leading to an 

increase in contact area, and therefore, an increased duration of adhesion.  

 

4. Experimental Section 
 
 Materials: Sylgard 184 Silicone Elastomer Kit, manufactured by Dow Corning, was 

used to produce the PDMS for the samples discussed in this paper. DuPont Kapton 

polyimide film was the film used during molding the samples. The AgNWs used to make the 

samples were of an average length of 40 ± 5 μm, and of an average diameter of 70 ± 10 nm. 

They were suspended in ethanol at a concentration of 5 mg/mL.  

 Adhesive Force Testing: To measure the adhesive force of the samples to various 

substrates, first, samples were prepared as described in section 2.1, but without including 

AgNWs or the snaps. Once the samples were fabricated, they were tested using a TA.XTPlus 

texture analyzer. They were attached to the device via the acrylic handles pictured in figures 

2a and 2b. The snaps and AgNWs were ignored as the snap would get in the way of the 

equipment that is needed to attach the PDMS samples to the acrylic handles. The samples 

were attached to the stiff handle by using corona treatment (Electro-Technic Products, 

model BD-20AC) on the acrylic face and on the non-adhesive face of the PDMS samples. 

After the faces were treated they were stuck together in a vice for 20 minutes. The flexible 

handles are similar to the stiff handles, the only difference being the acrylic face on the 

flexible handles is much smaller. Because of this, corona treatment is not sufficiently strong 

to bond them together, and instead, Sil-Poxy silicone adhesive, made by Smooth-On, was 

used to bond the samples to the flexible handle. Once the samples were fixed to the 

handles, testing proceeded with the TA.XTPlus. The samples were lowered towards the 
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substrate at 0.1 mm/s until a pressure of 14.7 kPa was reached. Once this pressure was 

achieved, the samples were held in place for 20s and then raised at 0.1 mm/s until the 

sample was removed from the substrate. The maximum force recorded during removal was 

recorded. At least for measurements were recorded for each type of trial, the average of 

which is reported in Figure 2c. The standard deviation of these measurements is presented 

as the error. 

 Adhesion Duration Testing: Once again, samples were fabricated without snaps or 

AgNWs. Before sticking the samples to the test subject, the skin was cleaned with ethanol. 

The samples were stuck to the skin and the subject underwent a normal day that included 

light activity. When samples detached from the subject the time was recorded. At 24 hours, 

the trial ended and the samples that were still attached were removed. 

 SEM Imaging: SEM images were obtained using a FEI Nova NanoSEM 450 using a 20 

keV electron beam.  

 Measuring Skin-electrode Impedance: For this test, fresh, complete samples were 

fabricated, as pictured in Figure 1b. A subject’s wrists were cleaned with ethanol and a 

sample was placed on each wrist for 6 hours. Measurements of impedance from on 

electrode to the other were made using a Keysight U1733C handheld LCR meter. 10 

measurements were made at each frequency at each time. The impedance reported at each 

frequency and each time is an average, with the standard deviation reported as the error. 

 Recording an ECG Signal: ECG signals were recorded using a Lifepath-C Wearable 

Medical Monitor. The wet electrodes used to gather a benchmark for commercial electrodes 

were Medi-Trace 200 foam ECG electrodes. The dry electrodes were prepared as described 

in section 2.1. The data presented in the report is lead 1 position. The signals recorded using 
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the dry electrodes and wet electrodes were recorded as separate trials. For each of the trials 

pictured in Figure 6b-g, 60s of data was collected.  
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