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ABSTRACT: On-skin flexible electrodes are critical components of future wearables for electrophysiological (EP) signal 
monitoring. High electrical conductivity, flexibility, and adhesion to the skin are some of the key requirements for such electrodes. 
In this research project, we successfully developed a novel on-skin flexible electrode prototype by combining highly conductive 
silver (Ag) nanowire (NW) with highly flexible and tacky silicone adhesive film through a novel and simple transfer process. Due 
to the superior electrical conductivity of silver, AgNWs provide the electrode with high conductivity. The silicone adhesive film 
offers outstanding adhesion to skin and stretchability to ensure low skin contact impedance and comfort for users. We developed 
one fast and potentially scalable process to fabricate an AgNW-based flexible electrode prototype by effectively transferring a thin 
layer of AgNWs onto the surface of silicone adhesive film. The fabricated electrode prototype met all the electrical and mechanical 
requirements and demonstrated feasibility as a potential electrode for future wearable EP monitoring devices.
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�   Introduction
Most human body movements are driven by low-level 

electrical potentials (electrophysiological signals). Electrodes 
must be used to capture and monitor these electrophysiolog-
ical signals. Conventional Ag/AgCl (silver/silver chloride) 
electrodes have many limitations including potential skin irri-
tation caused by the gel used and poor signal quality collection 
during motion due to the rigid nature of the electrode.¹ 

Flexible on-skin electrodes have attracted great attention in 
the past several years.²-⁵ The electrodes can be used to monitor 
how well the heart’s electrical signals are doing, track down 
abnormal heartbeats, and detect any possible problems. Much 
research has been done in the past years to develop various 
types of on-skin electrodes such as thin metal film electrodes, 
nano carbon (such as carbon nanotube) based electrodes, and 
metallic nanomaterial-based electrodes.⁶ But all these elec-
trodes require complicated fabrication processes such as metal 
sputtering, use of organic solvents, etc.

This research aimed to create an on-skin electrode that will 
be able to replace conventional Ag/AgCl electrodes using sil-
ver nanowire through a simple and effective transfer process. 
The electrode must have high conductivity to ensure that the 
data and accuracy of the testing are maximized. The on-skin 
electrodes also must be comfortable and have a stretchability 
of more than 15% which is the stretchability of human skin.⁶

Essentially, the objective of the project was to use silver 
nanowire to develop a soft, self-adhering, stretchable, and 
conductive on-skin electrode for electrophysiological moni-
toring and human-machine interfaces.
�   Methods
Materials:
Silver nanowire (45nm in diameter and 20μm in length) 

isopropanol (AgNW-IPA) solution (0.67 weight %) was from 
the Shenzhen Institute of Electronic Materials (SIEM). The 
filtration paper (125 mm diameter) was from Whatman. The 

silicone adhesive is a standard 2-component heat-curable 
silicone adhesive from Henkel. The water-soluble polyvinyl 
alcohol (PVA) film (35U) is from Suzhou Jiang Sheng Gar-
ment Accessories. The glass slides (76x22x2 mm) were from 
Sangon Biotech. The copper foil tape was from 3M China.

Apparatus:
The spray bottle (SLF-22) was from Cangzhou Victo-

ry Medical Packaging. LCR meter (VC4091A) was from 
Shenzhen Victor instrument Co. Ltd. ECG (Electrocardio-
gram) lab tester was from Fudan University. The tensile tester 
(68TM-5) with AVE2 and surface tackiness tester (KJ-6032) 
were from Instron and Kejian Instruments, respectively.

AgNW Electrode Fabrication Process:
Three different processes were explored to fabricate the 

AgNW on-skin electrodes. The first method was to directly 
spray the AgNW-IPA from a spray bottle onto a flat piece 
of polyvinyl alcohol film (PVA) which is water-soluble. The 
spraying was repeated 5 times to ensure there were enough 
nanowires to form a continuous layer. A sufficient time 
(roughly one minute) was given to allow the IPA to dry out 
before the next spraying. A liquid silicone adhesive was then 
dispensed onto the surface of the PVA with the AgNW layer 
facing up. After the liquid silicone adhesive was solidified in a 
heating oven for 10 minutes at 100°C, a silicone-AgNW-PVA 
stack was then put into hot water (90°C) for 6 hours to dis-
solve the PVA layer and expose the silver nanowires on top of 
the silicon film.

The second method was to spray the AgNW-IPA direct-
ly onto the glass slides which were pre-cleaned by IPA. The 
spraying was repeated 5 times to ensure there were enough 
nanowires to form a continuous layer. The liquid silicone was 
then dispensed to the glass slide with the AgNW facing up 
and cured the same way as in the first process. Then the sili-
cone film was detached from the glass slide very gently.
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The third method (as shown in Figure 1) was to spray 
the AgNW-IPA directly onto a filter paper with a mask 
which was used to define the final AgNW layer pattern. 
The spraying was repeated 5 times. After the masks were re-
moved, a piece of pre-solidified silicone film (roughly 30mm 
*30mm*2mm) was placed firmly onto the AgNW pattern on 
the filter paper. The silicone film was gently hand-pressed for 
a few seconds to ensure uniform contact between the AgNW 
layer and the silicon film surface. Then the silicone film was 
slowly and carefully peeled off to transfer the AgNW pattern 
off the filter paper.

�   Results and Discussion
AgNW Electrode Prototype Fabrication:
The first method was tested in which a water-soluble 

PVA film (~40μm thick) was used to transfer the nanowire. 
When PVA film is dissolved in hot water, the transfer of the 
AgNW layer on the silicon film surface should be exposed. 
Surprisingly, even though the PVA film was dissolved by 
the hot water, the formed electrode (silicone film/AgNW 
layer) did not show high surface electrical conductivity (the 
measured surface resistance was on the level of mega ohms).

The nanowire was sprayed directly onto the glass slides in 
the second testing method. Similar to the first method, the 
silicone film/AgNW layer after being detached from glass 
slides did not show high surface electrical conductivity (the 
measured surface resistance was on the mega ohms level too). 
In addition, detaching silicone film from the glass turned 
out to be quite challenging due to the high tackiness of the 
silicone adhesive film.

Due to the extremely high surface reactivity of nanowires, 
the nanowires are preferentially covered by polymeric resins. 
We believed that the liquid silicone probably fully covered 
and embedded the nanowires and left minimum nanowires 
exposed on the silicone surface, causing low surface electrical 
conductivity.

In the third process, the nanowire solution was sprayed 
directly onto filtration papers with masks which were used to 
define the patterns of the final electrodes. Unlike the first two 
methods, this method turned out to be very effective. Due 
to the porous nature of the filter paper, detaching or peeling 
off the silicone film from the filtration paper was very easy, 
and the majority of the nanowire stayed with the silicone film 
(Figure 2a). The fabricated AgNW electrode prototypes are 
about 30mm x 30mm x 2mm in dimensions (Figure 2b).

The SEM (scanning electron microscope), SU3800 from 
Hitachi, was employed to observe the silver nanowires on the 
electrodes. From SEM photos in Figure 3(a), the nanowires 
formed a continuous layer on the surface of the silicone film. 
From Figure 3(b), it can be seen that the nanowires partially 
penetrate the silicon film surface, which will ensure the 
nanowires will not fall off during future use. More future 
work should be conducted to study the correlation between 
surface tackiness of silicone and AgNW penetration into 
the silicone surface so that the AgNW penetration could be 
better controlled.

Electrical and Mechanical Performance of AgNW Electrode 
Prototype:

The electrical impedance of the AgNW electrode prototype 
was measured by placing two pieces of copper foil tape (30mm 
apart), which act as the connecting leads for the LCR meter, 
on the forearm skin, which was cleaned using alcohol wipes, 
and then aligning and attaching two AgNW electrodes onto 
the forearm (Figure 4).

The electrical impedance under frequencies ranging from 
100Hz to 10,000Hz was collected for the AgNW electrode 
prototype and the standard Ag/AgCl electrode (as shown in 
Figure 5). As seen in the figure, the electrical impedance of the 
developed AgNW electrode is similar to or slightly lower than 
that of the standard electrode. This shows that the electrical 
performance of the developed AgNW electrode prototype is 
acceptable.

Figure 1: Schematic process flow of AgNW transfer.

Figure 2: AgNW transfer process (a) and fabricated AgNW electrode 
prototypes (b).

Figure 3: SEM photos of the transferred AgNWs on the surface of the 
electrodes at 500 magnification (a) and 5000 magnification (b).
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Mechanical Performance of the AgNW Electrode Prototypes:
The elongation of the silicone material was tested by following 
ASTM D638.⁷ The silicone film was cut into dog bone shape 
with specific dimensions, and it was tested using an Instron 
tester (Figure 6a). Figure 6b is the force-strain data collected 
from four specimens.  As seen in Table 1, the average elonga-
tion (stretchability) of the silicone material is around 184.95%, 
which well exceeds the 15% elongation requirement (Figure 
6; Table 1).

The surface tackiness of the silicone film was studied using 
rolling ball surface tack testing (comply with GB/T 4852-
2002)⁸ where a small stainless-steel ball was placed on the top 
of the piece of silicone film which rests on a platform with a 
30-degree slope. It was found that the silicon film has a surface 
tackiness of ball 12 at a 30-degree slope which is very high 
compared to those of other regular adhesive materials (Figure 
7).

Feasibility Demonstration of the AgNW Electrode 
Prototypes:

A lab electrocardiogram (ECG) setup was used to demon-
strate the feasibility of the AgNW electrode prototype we 
developed. Two AgNW electrodes were attached to two fore-
arms, and one was placed on the skin of one side of the waist 
as the reference electrode.

The collected ECG graph below (Figure 8) shows a clear 
rhythm and a relatively high signal-to-noise ratio (SNR). 
This study indicates that the developed AgNW electrode 
prototypes are acceptable for collecting ECG data and could 
be a potential electrode for future wearable electrophysiolog-
ical monitoring.

�   Conclusion
We developed a simple and novel process to effectively 

transfer AgNW onto a highly tacky silicone surface to form 
a self-adhering flexible on-skin electrode. The electrical and 
mechanical performance all meet or exceed the requirements 
in comparison to conventional Ag/AgCl electrodes. The 
proof of the concept of using fabricated AgNW electrode 

Figure 7: Surface tackiness testing of silicone film.

Figure 4: Electrical Impedance Testing of AgNW Electrodes.

Figure 5: Electrical impedance (Z) with frequency for conventional Ag/
AgCl electrode and AgNW electrodes.

Figure 6: Dog-done shaped silicone film on an Instron tensile tester (a) and 
force and strain data of the silicone material (b).

Table 1. Tensile strength and elongation of the silicone material.

Figure 8: ECG testing set up (a) and graph data collected using the 
AgNW electrode prototype (b).
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prototypes for electrophysiological monitoring was confirmed 
by the lab-scale ECG testing.
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