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Abstract: An electrode is a fundamental element used in many electrotherapy devices. This work
presents a novel dry electrode made from carbon and silicone rubber materials for wearable
electrotherapy applications. The electrode was mixed using a speed mixer and fabricated using
stencil printing. This paper investigates the resistivity change of the electrode under the pressure
from 0 mmHg to 32.4 mmHg; and the skin–electrode impendence with the current frequency from
20 Hz to 10,000 Hz. The resistivity of the novel dry electrode is 24.6 ± 1.5 Ω∙m when the pressure on
electrode is 17.7 mmHg. The skin–electrode impedance reduced from 1001.6 Ω to 145.3 Ω when the
frequency increased from 20 Hz to 10,000 Hz.
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1. Introduction
Osteoarthritis (OA) is a leading cause of disability in older adults which not only affects people’s
life quality (e.g., pain, sleep difficulties, depression) [1], but also represents a burden to the society
[2]. In the UK, the cost of OA has been estimated to account for between 1% and 2.5% of the gross
national product [3]. Pain is the main symptom for OA patients [4]. Electrotherapy has been used to
reduce pain and improve physical functions.
Electrotherapy is used in pain relief by applying low current (0–100 mA) to the skin to stimulate
the sensory nerves and interfere the pain signal transmission. There are mainly two types of
electrotherapy, Transcutaneous Electrical Nerve Stimulation (TENS) and Interferential Therapy (IFT).
The typical frequency range is 2–150 Hz for TENS and 1 K–10 K Hz for IFT. Positive results in pain
relief have been achieved by both of them [5].
The electrotherapy devices include two parts: the electronic control unit to generate stimulus
current and electrodes to transfer the current through the skin to stimulate sensory nerves.
Traditional electrotherapy devices use gel electrodes which are not compatible with textiles. Gel
electrodes are recommended to keep in sealed bags after use to maintain the moisture level. Even
though, the standard lifetime for the gel electrodes are only 1–2 weeks due to the drying out of the
electrode and the contamination caused by their sticky property. Moreover, in order to get the
optimized performance, individual gel electrodes need to be positioned accurately which is timeconsuming. Improving the property of electrode has become a significant topic in the research of
wearable electrotherapy devices
This work presents a novel dry electrode which has been integrated into textile for wearable
applications [6]. The electrode is soft and tacky providing good conformability with the skin. This
paper investigates the electrical property under different pressure which is relevant to tightness of
the clothing item (e.g., knee, sleeve) for wearable applications. The skin–electrode impedance is
measured under the full range of electrotherapy frequency.
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2. Materials
The novel dry electrode paste is made from Fabink E-0002 (Smart Fabric Inks, Southampton,
UK). It consists of a two-part silicone rubber and a conductive carbon black. These three ingredients
are mixed at 3500 rmp for 30 s using a speed mixer (SpeedMixerTM (DAC 150.1 FV)). The paste is
placed in a 5 cm × 5 cm × 2 mm aluminium frame and casted using a squeegee to form a smooth
surface (Figure 1a). The electrode together with the frame is cured at 80 °C for 30 min. Tearing off the
cured material from the frame, a carbon-based electrode is fabricated (Figure 1b).

(b)

(a)

Figure 1. (a) The schematic diagram for stencil printing; (b) Dry electrode made from Fabink E-0002.

3. Methods
3.1. Resistivity Measurement under Different Pressure
In order to mimic the current (from the electrode top surface to the bottom) flow, the electrode
is sandwiched between two copper layers and the resistance of the electrode is measured using a
multimeter (FLUKE 115). A 5 cm × 5 cm aluminium plate, together with a weight bar, is placed on
the top of the copper layer to achieve even weight/pressure distribution on the electrode (Figure 2).
The pressure adding on the electrode varies from 0 mmHg to 32.4 mmHg at 2.94 mmHg intervals.

Figure 2. Electrode sandwiched by two copper layers with an aluminium plate and 2.94 mmHg
pressure on the top. The probes of multimeter are connected with the wings of the copper layers.

The resistivity is calculated by an equation:
ρ = R∙S/L

(1)

where R represents the resistance measured by the multimeter. S and L represent the surface area (5
cm × 5 cm) and the thickness (2 mm) of the electrode.
3.2. Skin–Electrode Impedance Measurement under Different Frequency
The impedance of skin-electrode is measured using a Precision Impedance Analyser 6500B
supplied by Wayne Kerr as shown in Figure 3a. A piece of boneless pork belly joint is used to
represent the human skin. Two electrodes are placed on the top of the skin with 5 cm distance in
between. The probes of the analyser are connected with copper sheets which are attached on the top
of electrodes. Water was applied on the electrode before it was placed on the skin. Figure 3b has
shown an example of the measurement setup. The frequency varies from 20 Hz to 10,000 Hz. The
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impedance under different frequency is benchmarked against a commercial gel electrode (Axelgaard,
PLAS) commonly used in electrical stimulation.

(a)

(b)

Figure 3. (a) The Precision Impedance analyser; (b) Two electrodes are placed on a piece of pork, with
8.8 mmHg pressure on top of each electrode.

4. Results and Discussion
Figure 4 shows the resistivity of electrode decreased sharply when the pressure was increased
from 0 mmHg (72.2 Ω∙m) to 5.9 mmHg (40.4 Ω∙m), followed by a slower decreasing when the pressure
was further increased from 5.9 mmHg to 17.7 mmHg (24.6 Ω∙m). The resistivity only changed 6 Ω∙m
when the pressure increased from 17.7 mmHg to 32.4 mmHg. The error bar of the resistivity was also
deceased with the pressure which indicates the electrode performance became more uniform.
Adding pressure on the electrode can reduce the resistivity of the electrode and the variation on
electrode performance, which can potentially reduce the power consumption and improve battery
life. However, the pressure is limited by the safety and comfort in the wearable applications and the
recommended value is less than 20 mmHg [7]. Therefore, 17.7 mmHg pressure is chosen for later
research.
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Figure 4. The resistivity of the electrode under different pressure.

Figure 5 shows the relationship between the impedance of skin–electrode and the frequency.
The impedance of the skin-dry electrode is less than the skin-gel electrode throughout the measured
frequencies. For TENS, which is typically around 100 Hz, the impedance of skin-dry electrode is 520
Ω. For IFT, typically around 4000 Hz, the impedance is 169 Ω. For electrotherapy devices, the
impedance of skin–electrode can guide the design of the electronic circuit for impedance/current
matching.
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Figure 5. The impedance of skin–electrode with novel dry electrodes and commercial gel electrodes.
5. Conclusions
This work has demonstrated the fabrication of a dry electrode suitable for the wearable
electrotherapy. The electrode resistivity and the error bar reduce with the increasing of the pressure
applied on top of the electrode. A resistivity of 24.6 ± 1.5 Ω∙m was achieved under the optimal
pressure of 17.7 mmHg. The skin–electrode impedance of the electrode is lower than the commercial
gel electrode. The measurement will be used to guide the electronic design.
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