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A B S T R A C T   

When one thinks about electrodes, especially ones meant for humans, one typically thinks of some kind of metal. 
Whether on the skin or in the brain, metal electrodes are characteristically expensive, stiff, non-efficient in 
electron-ion transduction, and prone to toxic metal ion by-products during stimulation. In order to circumvent 
these disadvantages, electrically-conductive laser-induced graphene (LIG) and mixed electron-ion conducting 
polymer (poly(3, 4-ethylenedioxythiophene) polystyrene sulfonate – PEDOT:PSS) was leveraged to create a 
metal-free electrode combination that allows for an economical, soft, and organic electrode for applications on 
human skin. Compared to clinical-standard silver – silver chloride (Ag/AgCl) skin electrodes, the metal-free 
hydrogel electrodes show notable improvement in electrochemical stability and prolonged stable potentials 
during long-term DC stimulation (0.5–24 h). Recording and stimulation performance on human participants 
rivals that of Ag/AgCl, thus fortifying the notion that they are an appropriate progression to their noble metal 
counterparts.   

1. Introduction 

Electricity plays an integral role throughout the human body, from 
nervous system transduction to wound-induced electrical fields. In 
bioelectronic medicine these electrophysiological signals are linked to 
external devices which are used to diagnose, treat or rehabilitate pa-
tients (Thakral et al., 2013; Takeda et al., 2017; Hong and Lieber, 2019). 
There are quite a few standard procedures that record biological electric 
potentials or stimulate tissue and nerves. The more common clinical 
stimulation procedures include transcutaneous electrical nerve 

stimulation (TENS) and transcranial direct current stimulation (tDCS). 
Notable biopotential recording methods include established procedures 
like electrocardiography (ECG), electromyography (EMG), and electro-
encephalography (EEG) as well as newer applications like neuro-
prosthetics. An ideal neuroprosthetic would allow for bidirectional 
communication (i.e., recording and stimulation) between the body’s 
nervous system and the prosthetic. For it is the electrodes that are the 
physical and electrical nodes between both systems and act as gateways 
between the organic (i.e., tissue) and inorganic (i.e., electronics) worlds. 

Typically, skin electrodes are divided into two categories: wet versus 

Abbreviations: LIG, laser-induced graphene; PPf, electropolymerized PEDOT/PSS film; PPh, pipette-casted PEDOT:PSS dispersion formed into hydrogel; Ag/AgCl, 
silver/silver chloride. 
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dry. This depends on if they are to be used with or without an additional 
electrolyte gel applied between the electrode and the skin. Wet elec-
trodes (e.g., silver-silver chloride – Ag/AgCl, with a sodium chloride- 
based electrolyte gel) are beneficial in that the electrochemical re-
actions between the electrode and the gel are well-defined and that the 
electrode system is non-polarizable, thus making it resilient to inter-
ference, such as noise and/or movement artifacts. Practically, they are 
limited in clinical settings as the electrode will decompose during 
stimulation and the electrolyte can dry out over longer usage times, in 
turn leading to signal deterioration. Furthermore, electrolyte gels can 
cause complications (e.g., evaporation and skin irritation) during long- 
term measurements (Lee and Kruse, 2009; Thakor, 2015). Dry elec-
trodes (e.g., 304 stainless steel or Ag/AgCl) are used without any elec-
trolyte, but are nevertheless saturated by the sweat of the patient. While 
they are more practically convenient and more comfortable for the pa-
tient, the disadvantage is that they may polarize, have higher impedance 
with the skin, and are less well-defined electrochemically. Conse-
quently, dry electrodes are more sensitive to interference and patient 
variability. Age, gender, and ethnicity all affect the dryness and struc-
ture of the skin, which leads to a wide variety of impedance values. 

Either wet or dry, the inherent problem of typical metal electrodes is 
the same. That is, they are poor ionic conductors and it is with ions that 
current flows within tissue. Electrochemical reactions determine if and 
how signals cross the metal-tissue interface, which generally results in 
high contact impedance and electrode corrosion. During stimulation, 
electrodes like Ag/AgCl rely on the outermost salt layer (AgCl) to 
dissociate into Cl-ions, so that electronic current from the bulk Ag can 
transition to ionic current within the gel and propagate to the skin. 
Metals and alloys that are corrosion-resistant, are generally too expen-
sive to allow for fully disposable electrodes. 

In recent years, progress has been made towards developing new 
classes of metal-free materials based on carbon and other conducting 
polymers. Previously, carbon-based electrodes used for biopotential 
recording have be fabricated using graphene, carbon black, glassy car-
bon, or carbon nanotubes (Das et al., 2017; Noh et al., 2016; Vomero 
et al., 2017; Kim et al., 2018). Among these, all were able to have 
comparable or improved biopotential recording when juxtaposed to the 
clinical-standard metal electrode of the respective application, including 
Ag/AgCl. Of particular focus, the recent discovery of laser-induced 
graphene (LIG) in 2014 provided straight-forward fabrication of a 3D 
porous graphene-like carbon that can be easily patterned on a variety of 
planar and curved organic materials (Ye et al., 2019). However, these 
prior carbon-based systems did not demonstrate the ability to also 
stimulate, which can be important for future human-interfacing systems 
that require electrical feedback. Alternatively, intrinsically conducting 
polymer (CP) films are attractive replacements to metal and carbon 
electrodes. The most common CP films are poly(3, 4-ethyl-
enedioxythiophene) (PEDOT), polyaniline (PAni), and polypyrrole 
(PPy), or composites with these CPs as the conductive basis of the film 
(Bredas and Street, 1985; Balint et al., 2014). The hybrid charge transfer 
properties of CP based films, facilitate charge transfer between electrode 
and tissue which generally renders CP electrodes highly efficient, spe-
cifically the ionomer combination of PEDOT with polystyrene sulfonate 
(PSS) (Naveen et al., 2017; Gueye et al., 2020). In addition, CPs can be 
biofunctionalized and mechanically adapted to improve their properties 
as skin interfaces making them more versatile than carbon electrodes. 
There also exists conducting polymer hydrogels, which are similar in 
nature to CP films. However, they retain a high-level concentration of 
water, are hydrophilic in nature, and typically have mechanical prop-
erties (e.g., Young’s modulus) on par with human tissue (Tomczykowa 
and Plonska-Brzezinska, 2019; Wirthl et al., 2017; Yuk et al., 2019). The 
vast majority of CP hydrogels are largely comprised of an insulating 
network. Nevertheless, it is possible to generate conducting polymer 
hydrogels based purely on PEDOT:PSS thereby ensuring all parts are 
part of the electroactive system, which was conceptually demonstrated 
already in 1998 for ionically-crosslinked conducting hydrogel electrodes 

(Ghosh et al., 1998). 
The application of merging carbon-based electrode (for its base 

electrode processability) and CP-based electrode (for its mixed ion- 
electron conductivity for tissue interfacing) is not new (Bareket et al., 
2016). Others have used this kind of combination for recording poten-
tials invasively and noninvasively, but have yet to successfully use it for 
dual communication with the body across the skin barrier (i.e., 
skin-based stimulation in conjunction with recording). Whether the 
application requires short stimulation pulses (e.g., prosthetic arms) or 
more stressful long stimulation pulses (e.g., tDCS), there is room for 
innovation. The twofold capability for the same material combination to 
reliably record or stimulate, all the while allowing for non-cleanroom 
fabrication with cheap and sustainable materials, is the crux of this 
work. 

In this study, combining LIG and PEDOT:PSS hydrogels was inves-
tigated. Specifically, LIG acting as the base electrode material and 
conductive hydrogels functioning as the skin-interfacing active sites. LIG 
stands out as a compelling approach for base electrode fabrication as it 
allows devices to be fabricated in a cheap and reproducible manner 
using a commercial carbon dioxide (CO2) laser (Mamleyev et al., 2019). 
LIG is a respectable candidate for recording and stimulation, however 
the initial non-faradaic current generated during direct current (DC) 
stimulation requires relatively high potentials, which could require the 
need for electrolyte gels. This is where PEDOT:PSS can provide better 
mixed ion-electron conductivity. Recent work showed an important next 
step towards stable hydrogels purely comprised of PEDOT:PSS without 
the need for an insulating hydrogel scaffold (Lu et al., 2019). In this 
work, the adhesion of PEDOT:PSS hydrogels to LIG via some surface 
modifications (i.e., amination and polyurethane dip-coating) were 
paramount to generating a stable physical and electrical link between 
the interfacing electrode materials. This linkage between the design 
flexibility of LIG and excellent electrochemical properties of PEDOT:PSS 
hydrogel were verified by scanning electron microscopy (SEM), X-ray 
photoelectron spectroscopy (XPS), and Raman spectroscopy and evalu-
ated via electrochemical (i.e., high-cycle cyclic voltammetry and 
long-term DC stimulation) and mechanical (i.e., wet-state bend testing) 
stress tests. The electrodes were then ultimately tested on human par-
ticipants to assess their ability in recording (i.e., myoelectric pattern 
recognition) and stimulation (i.e., threshold tests). All of which were 
compared to commercial Ag/AgCl electrodes. 

Note that throughout this work the difference between PEDOT and 
PSS deposition methods are as follows: electropolymerized PEDOT/PSS 
film = PPf and pipette-casted PEDOT:PSS dispersion formed into 
hydrogel = PPh. Also note that the “/” vs. “:” between PEDOT and PSS 
highlight the entirely different formation of PEDOT and PSS networks: 
electrochemical deposition versus solution-based dispersion, 
respectively. 

2. Experimental section/Methods 

All the following chemicals were purchased from Sigma Aldrich, 
unless otherwise noted. 

2.1. Laser carbonization of polyimide films 

Laser irradiation was performed on a commercial polyimide film 
(DuPont Kapton HN, USA) with a thickness of 125 ± 13 μm using a 10.6 
μm wavelength CO2 laser engraver (ULS Versa Laser 3.50). This laser 
featured a spot size of ~120 μm. During laser carbonization, a raster 
mode was used with laser power of 12% (4.8 W), scanning speed of 12% 
(1.56 cm/s) in raster mode, pulse rate of 1000 pulses per inch (PPI), and 
3 mm gap between laser and film. 

Electrodes were made with both 3 mm and 10 mm diameter active 
site formats, the latter of which was used all the testing unless noted 
otherwise. Feature sizes down to 150 μm was obtainable, but not rele-
vant for this study (Fig. 1a). 
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2.2. Surface-functionalization of LIG 

Cleaning of the LIG electrodes entailed a wash step with acetone, 
IPA, and deionized (DI) water, then dried with nitrogen. O2 plasma was 
subsequently performed at 100 W for 5 min at 10 sscm (Diener Elec-
tronic Femto Model 1, Germany). Amination of the plasma-treated 
electrodes was completed via immersion in 10% w/v hexamethylene-
diamine (HMDA) solution for 4 h at room temperature. Subsequent DI 
water rinsing was done to wash away unreacted HMDA, then dried with 
nitrogen. It was also possible to add –NH2 groups onto the LIG via im-
mersion in 1% v/v (3-aminopropyl)trimethoxysilane (i.e., APTMS) so-
lution for 60 min at room temperature. However, the electrodes used in 
this paper were done with the HMDA-treatment. 

Polyurethane (AdvanSource HydroMed D3, USA) was deposited onto 
HMDA-treated LIG electrodes using a dip-coater (Nadetech ND-DC Dip 
Coater, Spain). PU was dissolved in ethanol (90%) to a final PU con-
centration of 1% w/v. The PU is covalently bonded to the amine groups 
on the treated LIG electrodes. The dip-coating (Nadetech NC-DC Dip 
Coater, Spain) immersion speed of 300 mm/min and retraction speed of 
10 mm/min. Electrodes were then place on hot plate at 80 ◦C for 60 min 
to evaporate the solvent and solidify the PU adhesion (Inoue et al., 
2020). 

2.3. PEDOT:PSS electrodeposition and PEDOT:PSS hydrogel spot-casting, 
annealing and hydrogel formation 

A commercial polyimide tape with silicone adhesive (DuPont Kapton 
3M 5413, USA) was used as an insulation layer for the electrical trace 
layer. The adhesive side of the 69 μm thick film was O2 plasma-treated at 
30 W for 2 min at 10 sccm in order to add hydroxyl (-OH) groups to the 
silicone adhesive, which forms a strong bond to the electrode’s amine- 

functionalized polyimide and LIG. 
Electropolymerization was performed in a 3-electrode setup using a 

potentiostat/galvanostat instrument (Metrohm Autolab PGSTAT 204, 
The Netherlands). The working electrode (WE) was LIG, the counter 
electrode (CE) was a stainless-steel mesh with larger surface area than 
LIG active area, and the reference electrode (RE) was a standard Ag/ 
AgCl electrode (BASI MF-2052, USA). The solution that the LIG elec-
trodes were submerged into a glass container filled with 3,4-Ethylene-
dioxythiophene (EDOT, 10 mM) monomer and sodium polystyrene 
sulfonate (NaPSS, 5 mg/mL). Potentiostatic (+0.9 V) was applied until 
the charge reached 300 mC/cm2, which takes about 10 min per elec-
trode. The newly formed LIG/PPf electrodes are then rinsed with DI 
water and stored in phosphate buffer saline (PBS, 10 mM) until exper-
imental use. 

Spot-casting of PEDOT:PSS dispersion starts with spiking dimethyl 
sulfoxide (DMSO) into the 1.3% stock PEDOT:PSS for a final DMSO 
concentration of 15% v/v. The thoroughly mixed PEDOT:PSS/DMSO 
solution is spot-casted onto the LIG/PU electrodes using a micropipette 
(5 μL for 3 mm diameter and 100 μL for 10 mm diameter electrodes). The 
aforementioned volume was the limit before the casted solution over-
flows onto the surrounding insulation interstitial area. The electrodes 
were then annealed on a hot plate for 12 h at 60 ◦C to evaporate the 
water and interpenetrate the PEDOT:PSS into the LIG/PU interface. A 
subsequent 130 ◦C step was done for 2 h to ensure DMSO evaporation 
and cause discontinuities in the PSS shells, which leads to more PEDOT- 
PEDOT junctions between adjacent segments (Lu et al., 2019). This al-
lows for maintaining electrical connections throughout the swelling 
hydrogel during rehydration in PBS (0.01 M) to form the final LIG/PPh 
electrode. 

Two different deposition “thicknesses” were investigated for both the 
electrodeposited (thickness “a” and “2a”) and spot-casted PEDOT:PSS 

Fig. 1. Process to interface LIG to pure PEDOT:PSS 
hydrogel. (a) examples of feasible LIG electrode 
feature sizes with staged electrodes with different 
coatings – scale bar, 1 mm. (b) diagram showing 
process flow from left to right to go from a commer-
cial polyimide sheet to supercapacitive hydrogel 
electrode in four steps – scale bar, 100 μm. (c) illus-
tration of the interface between LIG and PEDOT:PSS 
hydrogel with an example current path during for-
ward voltage that shows hole (h+) transport through 
the LIG and into electronically-conductive PEDOT- 
rich domain and transitioning into the ionically- 
conductive PSS junctions to replace the cation (M+) 
transport leaving the PEDOT:PSS hydrogel into the 
surrounding electrolyte – scale bar, 100 nm.   
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(thickness “b” and “2b”). The LIG/PPf electrode thickness “a” had a 
lower cut-off charge (300 mC/cm2) while “b” had a higher cut-off (600 
mC/cm2) and took twice as long. The two PPf thicknesses were esti-
mated to be 54 and 110 nm, by means of SEM analysis. The LIG/PPh 
electrode thickness “b” was 50 μL of PEDOT:PSS/DMSO deposition so-
lution and “2b” was 100 μL with no added processing time. The two PPh 
(before rehydration) thicknesses were estimated to be 3.2 and 6.3 μm, by 
means of SEM analysis. 

The deposition, annealing, and rehydration hydrogel process was 
much quicker at scale than the electropolymerization process since the 
former is a parallel method, while the latter is of a serial nature. For 
example, while the hydrogel process overall takes about 1.5-2X longer, 
the hands-on time is about 8X shorter than the electropolymerization 
method. Since the electrodes of interest are in the millimeter range, it 
was still feasible to do deposition via pipette-casting. 

2.4. Surface chemical characterization 

Raman spectroscopy of the LIG samples was performed on a Bruker 
Senterra set-up (equipped with a confocal microscope), using a DPSS 
laser (λ = 532 nm) at 2 mW power with a penetration depth of <1 μm. 

XPS was performed using a micro-focused, monochromatic Al Kα X- 
ray source (400 μm spot size) on a K-alpha + XP spectrometer (Thermo 
Fisher Scientific). The data acquisition and processing for XPS were 
performed using Thermo Avantage software (Parry et al., 2006). The 
XPS spectra were fitted with one or more Voigt profiles. The binding 
energy uncertainty was around ±0.2 eV. The analyzer transmission 
function, Scofield sensitivity factors(Scofield, 1976), and effective 
attenuation lengths (EALs) for photoelectrons were applied for quanti-
fication. EALs were calculated using the standard TPP-2M formalism 
(Tanuma, 1994). The K-alpha + charge neutralizer was applied during 
measurements and since the sp2 carbon species for all samples was 
observed at around 284.4 eV, no binding energy calibration was applied 
on the spectra. 

2.5. Electrochemical and mechanical characterization 

Cyclic voltammetry was performed using the same aforementioned 
3-electrode setup and potentiostat. The potential was swept within the 
relevant water window, between − 0.6 V and +0.9 V, for 5 cycles at 100 
mV/s scan rate. The integral of the resulting CV profile gives the charge 
storage capacity (CSC), which quantifies how much charge the electrode 
can store in a specific voltage window. 

2.6. Long-term DC stimulation 

DC stimulation was carefully monitor using microfluidic device with 
a simple fluidic channel (i.e., resistor) connected between to media 
reservoirs. The microfluidic device was constructed of 5 total layers: (a) 
1 mm thick glass microscope slide (b) 0.80 mm thick PMMA-based 
double sided pressure sensitive adhesive (dsPSA) with microchannel 
(c) 6 mm thick PMMA piece to add depth for the reservoirs (d) another 
dsPSA without microchannel and (e) 1 mm thick glass microscope slide. 
All PMMA layers were patterned using a CO2 laser (Universal Laser 
Systems - ULS Versa 2.30 with λ = 10.6 μm). The microchannel was 
measured to be 450 μm wide, 80 μm tall, and 5 mm long. This cross- 
section of 0.036 mm2 allows for easy calculation of the electric field 
seen within the channel (EF is the product of electrolyte resistivity and 
constant current divided by the microchannel’s cross-section). The 
channel resistivity (function of channel volume and electrolyte re-
sistivity) allows for simple calculation of voltage drop across the channel 
using Ohm’s law for a given input current. 

Once the microfluidic device was assembled, the electrodes were 
placed in the reservoirs and filled with PBS (0.01 M) and carefully 
making sure that the microchannel was void of air. A potentiostat/gal-
vanostat was used to supply the constant current, which was 7.85 μA (i. 

e., 10 μA/cm2 for the 10 mm diameter electrodes). Fresh PBS was 
exchanged between experiments. 

2.7. Wet-state bend testing 

Wet-state bend testing was implemented using a custom system. 
Three 3D printed parts (bend adapter, electrode holder, and viewing 
container) were used in conjunction with a commercial 3D printer 
(Prusa i3 MK3s, Czech Republic) to form the wet-state bend tester. The 
bend adapter is connected to the x-axis gantry of the printer, which at-
taches to the bottom of the electrode and provides the desired defection. 
The electrode holder is a two-part mating housing that sandwiches the 
electrodes and fixates it just above the electroactive site. The viewing 
container is a PET-G frame unto which 4 glass panels are placed and 
sealed with silicone at the joints. A simple G-code script was written 
using Notepad++, which was timed to concurrently run with a properly 
timed potentiostat CV protocol so that one script had a wait time while 
the other performed either the bending or CV. 

2.8. EMG recording and stimulation on human participants 

Participants (n = 6, mean age = 28.5, 3 females) were seated in front 
of a screen with their right forearm placed in a padded splint. Electrodes 
were placed equidistantly around the proximal part of the forearm. The 
two electrode types were placed next to each other in a crossed fashion, 
to achieve as similar recording area as possible. The Ag/AgCl reference 
electrode was placed on the lateral epicondyle (i.e., the bony bump on 
the outside of the elbow). EMG was recorded at 2000 Hz using an open- 
source EMG acquisition hardware (Mastinu et al., 2017). The software 
used for recordings, processing, decoding/classification, and real-time 
testing was also an open-source platform called BioPatRec (Ortiz-Cata-
lan et al., 2013). 

Participants were asked to execute six movements (open hand, close 
hand, flex hand, extend hand, pronation, and supination) three times 
each for 3 s and with a 3 s resting phase between each repetition. EMG 
from both electrode types were recorded simultaneously, so that the 
generated EMG between the electrode types were equivalent. Signal 
processing was performed as commonly done in myoelectric pattern 
recognition (Ortiz-Catalan et al., 2013). Briefly, the transient part of the 
EMG was removed by omitting the first and last 15% of each repetition. 
The EMG signals was then segmented into 200 ms overlapping time 
windows with a 50 ms time increment. Four features were calculated per 
time window (mean absolute value, slope sign changes, zero crossings 
and wavelength) and used to train a linear discriminant analysis clas-
sifier. After the classifier was trained, the participant performed a Mo-
tion Test as implemented in BioPatRec (Ortiz-Catalan et al., 2013; 
Kuiken et al., 2009). In the Motion Test, participants were prompted to 
match a requested movement. Each prompted movement counted as a 
trial and for a successful trial the output of the classifier had to match the 
prompted movement for 1 s within a 10 s timeout. The Motion Test 
consisted of 30 trials and was performed once per electrode type. The 
electrode order was randomized between participants and participants 
were blinded to which electrode was being tested. 

For the electrotactile stimulation, two of the same electrodes used for 
EMG recording placed on the volar side of the forearm were used. The 
electrodes were connected to a DS5 Isolated Bipolar Constant Current 
Stimulator (Digitimer Ltd, United Kingdom). The DS5 was connected to 
a custom-made neurostimulator, which was controlled using 
experiment-specific MATLAB script (Mastinu et al., 2017). Stimulation 
frequency was 100 Hz and the pulse width of 250 μs with a cathode-first 
asymmetric charge-balanced square wave. The starting amplitude was 
determined by giving a 1 s pulse at 750 μA and manually reducing the 
amplitude by 100 μA until the participant no longer felt the stimulation 
after which it was increased by 50 μA. When the starting amplitude was 
determined, the perception threshold was measured using the 
two-interval forced-choice method where they received two prompts. In 
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one of the prompts they received stimulation and in the other they did 
not (null stimulus). The participant was asked to identify the prompt 
with stimulation. When the participant chose a prompt, they received 
two new prompts where the stimulation was decreased if they selected 
the correct prompt or increased if they chose the wrong prompt. Par-
ticipants were not notified if they gave the correct response or not. Each 
participant received 20 prompts per electrode type. The stimulation was 
modulated according to a stochastic approximation staircase approach 
(Faes et al., 2007). The test was performed once per electrode type and 
participants were blinded to the electrode type being tested. 

All human participants provided written consent and testing was 
approved by the Swedish Ethical Review Authority (No. 2020–06500). 

3. Results 

3.1. Impact of surface treatments on laser-induced graphene 

The first step in the generation of metal-free skin electrodes is the 
carbonization of a polymer substrate into a conducting surface. 
Carbonization of polyimide (PI) films was accomplished by using a CO2 
laser (λ = 10.6 μm) to directly pattern and transition the insulative PI 
into conductive LIG. After laser carbonization, O2 plasma surface 
treatment was performed to increase hydrophilicity of the natively hy-
drophobic LIG, which was essential to have rapid access to electrolyte 

and yield new functional groups for future processing (Fig. 1). Ensuing 
amine-functionalization (via hexamethylenediamine – HMDA) and 
polyurethane (PU) coating prepped the LIG surface with an adhesion- 
promoting, yet conductively-inducive interconnection between LIG 
and the eventual PEDOT:PSS coating (Inoue et al., 2020). 

SEM micrographs of the LIG films reveals the porous nature of the 
newly created material, which is typical for LIG materials (Fig. 2a). 
(Mamleyev et al., 2020) After a 5 min O2 plasma treatment there were 
no considerable changes observed in the morphology of the LIG sample 
(Fig. S1). This change to a hydrophilic surface was vital for all down-
stream processes in this work, from the functionalization of LIG to the 
deposition of PEDOT:PSS. The hydrophilicity was investigated using a 
contact angle goniometer. The untreated LIG sample features a hydro-
phobic surface with a contact angle of 95.3◦ ± 1.9◦. The change to a 
hydrophilic surface after plasma treatment results from the uptake of 
oxygen molecules, which facilitates formation of hydrogen bonds with 
water molecules, resulting in lower contact angle. Furthermore, longer 
plasma treatment yielded lower contact angle. The contact angle 
decreased from 49.8◦ ± 1.0◦ for 30 s of plasma treatment to 21.0◦ ± 2.8◦

for 300 s (Fig. S1). 
Raman spectra of plasma-treated LIG samples with varying plasma 

duration validated that the O2 plasma treatment had no additional ef-
fects on the LIG itself, aside from serving as a surface energy treatment 
(Fig. 2d, Fig. S1). The carbon characteristic peaks were seen at around 

Fig. 2. Surface characterization of LIG and LIG/PEDOT:PSS (electrodeposition vs. solvent-casted) electrodes. (a) SEM image of LIG after O2 plasma treatment. (b) 
SEM image of LIG/PPf shows how PEDOT/PSS grows nodules on the pointed edges of the superficial LIG. (c) SEM image of annealed LIG/PPh shows how casted 
PEDOT:PSS dispersion anneals over the LIG. In the background a smooth PEDOT:PSS surface is realized and how the annealed film typically coats the LIG surface. All 
scale bars for SEM images are 1 μm. (d) Raman spectra of electrodes at different stages of the process showing the graphene-rich carbon due to ID/IG and I2D/IG ratios 
of 0.9 and 0.5. Also, both LIG/PPf and LIG/PPh show the characteristic PEDOT and PSS peaks, where the thinner PPf shows more underlying influence from LIG. (e) 
XPS analysis highlighting the C1s, O1s, and S2p spectra. The C1s spectrum shows high occurrence of C––C for all cases, which verifies LIG presence at the surface. The 
O1s spectrum shows that LIG samples show that the PEDOT:PSS coating causes a C––O peak increase. The S2p spectrum shows PPf has more PEDOT than PSS, where 
it is the opposite for PPh. 
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1350 cm− 1, 1580 cm− 1, and 2690 cm− 1, which are typically indexed to 
D (A1g breathing mode, resulted from disorder in sp2 carbon), G (E2g 
mode, responsible for the stretching vibrations in all sp2 carbons) and 2D 
peak (characteristic of sp2 carbon), respectively (Mamleyev et al., 2020; 
Wang et al., 1990). For the untreated LIG sample, an ID/IG ratio around 
0.9 and an I2D/IG ratio around 0.5 were obtained, which suggests for-
mation of highly graphene-rich carbon during laser irradiation. Similar 
ID/IG and I2D/IG were also obtained for all the plasma-treated samples 
and adhesion promotion steps. This further cement the notion that the 
LIG surface maintains it graphene-rich nature, while also gaining hy-
drophilicity after plasma exposure. 

The surface was further characterized by using X-ray photoelectron 
spectroscopy (XPS) demonstrating the formation of new functional 
groups on the LIG surface after all adhesion promotion steps and PEDOT: 
PSS deposition. The C1s spectra of all LIG samples (before any PEDOT: 
PSS was added) featured asymmetric line-shape of sp2 carbon (~284.5 
eV) and π-π* shakeup satellite (~291.3 eV), which also confirms suc-
cessful graphitization of the material (Fig. 2e, Fig. S1). The major peaks 
in the O1s spectra of the untreated LIG sample were assigned to aliphatic 
C––O (532.2 eV) and C–O (533.4 eV), whereas the low intensity peaks at 
higher binding energies are likely due to OH and water adsorbates on the 
surface (535–536 eV) (Zielke et al., 1996). For untreated LIG and ac-
cording to the O1s spectra, a weak contribution of residual C–O/C–N 
(285.8 eV) and C––O (288.2 eV) functional groups could be fitted in the 
C1s spectrum, although the deconvolution of weak C–O/C–N and C––O 
peaks in C1s spectrum considering the tailing of graphite peak is diffi-
cult. The concentration of oxygen-containing groups increased signifi-
cantly after 30 s of O2 plasma treatment of the LIG samples as shown in 
C1s and O1s spectra (Fig. S1). The C1s peak at 287.2 eV gained intensity, 
which corresponds to the C––O functional group, and this is matching 
with the gain of intensity on O1s spectra at around 532.4 eV (C––O) and 
533.2 eV, (C O). The atomic concentration of the mentioned oxygen 
species increased from 6.5 at. % for untreated LIG to 12.7 at. % for 30 s 
O2 plasma treatment. Further slight increase in the oxygen-containing 
functional groups was noticed when the plasma duration increased 
from 30 to 150 s (15.1 at. %). However, more plasma duration resulted 
in no noticeable increase of the oxygen containing functional groups on 
the LIG surface (Fig. S1). 

3.2. Electropolymerization of PEDOT/PSS vs. spot-casting of PEDOT:PSS 
dispersion on LIG electrodes 

In order to facilitate signal transmission at the skin-electrode inter-
face, it is desirable to functionalize the LIG with a material that has 
mechanical and electrochemical properties close to that of skin. The use 
of electrodeposited PEDOT/PSS (PPf) as a coating on metallic bio-
electrodes is well established and known to enhance both the recording 
and stimulation properties of neural microelectrodes (Han et al., 2007; 
Asplund et al., 2010; Nasybulin et al., 2012). Additionally, the combi-
nation of LIG and PEDOT has previously shown promise as a dopamine 
sensing electrode (Xu et al., 2018). The expected weakest link is the 
adhesion stability of the PPf to the rough LIG substrate, wherefore 
adhesion promotion is necessary to fully leverage the beneficial prop-
erties of PEDOT as an electrode interface (Inoue et al., 2020). Both the 
necessary adhesion promotion and exploration of two alternative 
deposition techniques were addressed in this work. Namely, electrode-
position of PEDOT/PSS (i.e., bottom-up fabrication using EDOT mono-
mer and sodium polystyrene sulfonate - NaPSS) and spot-casting (i.e., 
using a pipette to precisely dispense known volume) of commercial 
PEDOT:PSS dispersion onto electrodes with subsequent annealing yields 
CP films with high conductivity. In brief, the pure PEDOT:PSS hydrogel 
(PPh) is formed as follows: addition of dimethyl sulfoxide (DMSO) to the 
PEDOT:PSS dispersion solution promotes the dissolution of the PSS 
shells and during annealing the DMSO evaporates, which allows for a 
new arrangement of PEDOT and PSS with more PEDOT-PEDOT junc-
tions (Lee et al., 2016). Upon rehydration, this material showed the 

characteristics of a conducting hydrogel (Lu et al., 2019). Thus, 
spot-casting is an attractive alternative to electrodeposition, as the 
process is easier to scale both in terms of parallelizable fabrication of 
electrodes and to enable thicker hydrogel coatings with increased 
charge storage capacity. 

Both electrodeposition of PPf and spot-casting, annealing, and 
rehydration of PPh was performed on the PU-treated LIG electrodes 
(Fig. 2b and c). After the application of the PU adhesion promoter, the 
PPf is electrodeposited onto the submerged conductive LIG in the pres-
ence of a solution of EDOT monomer and NaPSS in a potentiostatic 
(+0.9 V) 3-electrode setup. The longer the deposition, the thicker and 
more conductive the PPf (Fig. 3b). From the SEM micrographs it can be 
seen that the sharp nodules of the LIG also translates to a similar, but 
more bulb-like nodule formation in the PEDOT/PSS (Fig. 2b). This is due 
to the higher current density at these sharper edges, thus resulting in a 
higher film growth rate on these locations. In contrast, the spot-casted 
and annealed PEDOT:PSS completely covers the underlying rough 
morphology of the LIG. Consequently, the intersection between the film 
and underlying LIG is not visible (Fig. 2c). 

Even though SEM paints part of the picture, the XPS data of LIG/PU, 
LIG/PPf (thick), and LIG/PPh (thin) electrodes reveal the surface 
chemistry after the addition of adhesion promotion layers (hexame-
thylenediamine - HMDA and polyurethane - PU) and PEDOT:PSS layers 
(Fig. 2e). Due to the of the porous nature of the LIG, the graphite peak is 
still detectable by XPS after adding HDMA, PU, PPf, and PPh layers in C1 
spectra. The C–O and C––O species related to the PU, PEDOT, and PSS 
can be found at around 286.5 and 288 eV of C1s spectra. Related oxygen 
peaks can be found at around 531.3 and 532.8 eV for C––O and C–O, 
respectively. The oxygen peak related to –SO3 species of PSS polymer is 
as well overlapped to C––O peak at around 531.3 eV. Due to the use of 
NaPSS, some Na contamination is also detected on PPh samples at 
around 1071.5 eV, such that the Na KLL Auger peak can also be detected 
in the O1s spectra of these samples. The C–NH bonding of PU is 
detectable in N1s spectrum at around 399.5 eV showing its successful 
deposition (Fig. S2). 

In the S2p spectrum, the C–S–C bonds of PEDOT at around 163.9 eV 
(S2p3/2) and 165.1 eV (S2p1/2) can be detected, as well as the –SO3 
species of PSS at around 167.6 eV (S2p3/2) and 168.9 eV (S2p1/2) (Zhang 
et al., 2013; Kleber et al., 2017; Greczynski et al., 1999). The S2p 
doublet of PEDOT is deconvoluted with an asymmetric tail on the higher 
binding energy side according to the ansatz of Bae et al. arguing that the 
charge distribution on partly oxidized PEDOT-chain results in a broad 
distribution of binding energies for the sulfur atoms (Bae et al., 2016). In 
contrast, the LIG/PU sample has a negligible signal, which shows the 
sulfur peaks are solely related to the added PEDOT and PSS. The elec-
tronegativity difference of S–C (PEDOT) and S–O (PSS) bonds allows 
unambiguous differentiation of these two polymers and since there is 
only one sulfur atom per monomer of each polymer, one can directly 
compare the amount of deposited PEDOT to PSS in each deposition 
method (Bae et al., 2016). As expected, the PSS content is higher than 
the PEDOT content (PEDOT to PSS = 0.7) for the spot-casted and 
annealed PEDOT:PSS dispersion (LIG/PPh). Whereas, in the electro-
deposited PEDOT:PSS film (LIG/PPf), the PEDOT content was higher 
than the PSS (PEDOT to PSS = 1.9). 

Furthermore, the Raman characteristic peaks of both PEDOT and PSS 
help confirm that PPf has accessible LIG, which is noticed by the 2D peak 
indicating that the carbon is accessible under the thin superficial layer 
(Fig. 2d). 

3.3. Improvement of charge storage capacity of LIG by means of PEDOT: 
PSS hydrogel coating 

Through cyclic voltammetry (CV) it is possible to estimate the charge 
storage capacity (CSC) of the electrode, which is expected to correlate 
with the amount of electroactive polymer available on the surface (Leal 
et al., 2021). In addition, by subjecting the electrode complex to a large 
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number of charge-discharge cycles (i.e., number of CV scans) the mea-
surement provides insight in to the ability of the material to withstand 
repeated electrochemical load without deterioration of its qualities 
(Boehler et al., 2020). For PPh, the amount of material can be controlled 
directly in the spot-casting, while for PPf this is controlled indirectly by 
limiting the deposition charge. The CSC of the bare LIG is enlarged by 
the porous structure (Fig. 2a), and the addition of PPf or PPh increases 
the CSC even further. The resulting CSC improved (106%) from O2 
plasma-treated LIG (13 ± 2 mC/cm2) to LIG/PPf (27 ± 3 mC/cm2). 
Whereas the PPh increased the CSC (231%, 43 ± 6 mC/cm2) as 
compared to LIG/O2 (Fig. 3b). The oxidation and reduction of the 
LIG/PPh during 5 cycles of CV gives initial insight into how well the 
electrode can handle the influx and outflux of ions within the conductive 
hydrogel matrix without delamination (Movie S1). Note that the 
geometrical surface area (GSA = 0.785 cm2), based off the electrode’s 
diameter, was used for CSC calculations. The electrochemical surface 
area (ECSA = 0.773 cm2), based off of the Randles-Sevcik equation, was 
found to be comparable to the GSA (Fig. S3). 

In order to further investigate the robustness of repeated and rapid 
electrochemical charging and discharging of ions, the electrodes were 
electrochemically stressed over 2000 CV cycles (− 0.6 V to +0.9 V at 100 
mV/s in 10 mM phosphate-buffered saline - PBS) monitoring the change 
in CSC over time. Without a coating, LIG electrodes have a comparably 
low CSC, but maintain an exceptionally stable performance and lose 
only 1.1% of their CSC throughout the full 2000 cycles. The LIG/PPf 
electrodes start at a significantly higher CSC, but lose more than half of 
their CSC over the 2000 cycles, thus bringing them close to the CSC of 
the plasma-treated LIG. In contrast, the LIG/PPh electrodes have both 
higher initial CSC and manage to maintain most of this throughout the 
cycling (95%). To put this number in perspective, Ouyang et al. reports 
on delamination within the first 100 cycles (Ouyang et al., 2017), 
whereas here the sustained high performance over 2000 cycles and 
beyond strongly support that the combination of materials presented 
successfully merges the high CSC of the conducting polymer hydrogel 
with the electrochemical stability of a carbon electrode. The difference 
between the two types of PEDOT:PSS materials can be understood by 
considering that the bulk PEDOT:PSS layer will swell and shrink 
throughout each CV cycle as ions will be exchanged with the sur-
rounding electrolyte to compensate for the switching polarity (Persson 
et al., 2014). The electrodeposited PEDOT/PSS film (PPf) is adhered to 
the loosely-bound superficial LIG layer, which has an easier likelihood to 
become delaminated during the quick swelling and shrinking during ion 
exchange. Whereas with the PEDOT:PSS hydrogel (PPh), the stress (i.e., 
at the electrode-electrolyte interface) is occurring much further from the 
LIG-PEDOT:PSS junction compared to the much thinner PPf. It should 

here be noted that the stability of the hydrogel electrodes greatly 
exceeded that of commercial Ag/AgCl electrode: 96.3% vs. 19.5% CSC 
retention (Fig. 3a), over the 2000 cycles. This is not surprising since the 
Ag/AgCl will dissociate the Cl− ions from superficial AgCl with every 
cycle as the reaction has poor reversibility under the conditions of a 
voltage sweep. Nevertheless, this comparison was selected because 
Ag/AgCl is one of the most common materials used for electrodes con-
tacting the skin and thereby serves as reference material. 

It is important to note that the deposition volume of PEDOT:PSS/ 
DMSO was maxed out for each electrode size, such that the droplet 
rested on top of the electrode without overflowing onto the interstitial 
insulation (Fig. S4). With the above electrodeposition time constraints 
and the fixed hydrogel deposition volume under consideration, the PPh 
coating with “2b” thickness was down-selected for all future in-
vestigations in this paper. 

3.4. Wet-state mechanical bend testing of electrodes 

While CV scans serve to demonstrate the electrochemical stability of 
the electrode complex, the use of electrodes on patient skin and during 
activities of daily living is expected to subject the electrodes to sub-
stantial mechanical load. As electrochemical stress tests cannot provide 
full insight into the longevity of the electrode material, application- 
dedicated mechanical tests were performed in order to demonstrate 
that these electrodes can maintain electrochemical performance during 
repeated movement (e.g., patient’s arm translation or rotation). Specif-
ically, a submersion-based bend tester that utilizes a commercial 3D 
printer to act as the programmable axis control was built (Fig. 4). The 
wet-state environment allows for an in-situ combination of mechanical 
and electrochemical validation of the LIG/PPh electrode interface. At the 
bottom of the 3D-printed electrolyte container there is a rigid structure 
unto which the neck of the electrode is mounted with the electroactive 
site free to move in the PBS (Fig. 4a and b). The electrical lead 
connection to the electrode’s bump pad was just outside of the PBS so 
that connection to the potentiostat remained dry. A 3D-printed electrode 
holder was mounted to the 3D printer’s moving head and attached to the 
submerged end of the electrode (Movie S2). The bending test program 
consisted of a back and forth ±45◦ bend cycle (0.5 s duration at 83 mm/s 
linear actuation/retraction) for a total of 1000 cycles, where after every 
100 bend cycles the protocol was programmed to pause to perform a CV 
to gauge when failure (i.e., sharp decrease in CSC) might occur. 

The LIG/PPh electrode maintained a robust physical and conductive 
adhesion even during the compression and tension flexion from bending 
and the periodic electrochemical load supplied during CV. In fact, even 
after a 1000 bending cycles there was greater than 95% retention of CSC 

Fig. 3. Cyclic voltammetry baseline and stress test. 
(a) Three-electrode setup in a phosphate-buffered 
saline (PBS, 10 mM) filled glass container with the 
test electrode of interest being the working electrode. 
The test electrode conditions were native LIG, 
oxygen-plasma treated LIG (LIG + O2), amine- 
functionalized LIG (LIG + O2+HMDA), 
polyurethane-coated LIG (LIG + O2+HMDA + PU), 
electrodeposited PEDOT/PSS on LIG (LIG +

O2+HMDA + PU + PPf), and spot-casted PEDOT:PSS 
hydrogel on LIG (LIG + O2+HMDA + PU + PPh) (b) 
Cyclic voltammetry (CV) profiles and corresponding 
charge storage capacity (CSC) values for all test 
electrodes showing that both PPf and PPh significantly 
improve the CSC. (c) CV stress test of 2000 cycles 
comparing new LIG and PEDOT:PSS combinations to 
commercial Ag/AgCl EMG electrodes establishing 
that LIG and LIG/PPh possess superior electro-
chemical stability to Ag/AgCl. Scale bar is 10 mm. 
WE = working electrode. RE = reference electrode. 
CE = counter electrode.   
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(Fig. 4c). Furthermore, robust adhesion was validated for both hydrogel 
thicknesses. In summary, both the electrochemical and mechanical 
analysis demonstrates that the material stack can withstand substantial 
loads, validates the efficiency of the adhesion promoting treatment, and 
thus confirms that the electrodes are well suited as a skin-electrode 
interface. 

3.5. Long-term uni-directional vs. bi-directional direct current 

Whereas typical neurostimulation electrodes mainly exploit pulses in 
the range of a few hundred microseconds, the signals used for stimula-
tion over the skin covers the entire range from short pulses to direct 
current (DC). In particular, the latter is challenging for the electrodes 
because capacitive coupling cannot be used to deliver DC. The standard 
solution for DC is to use Ag/AgCl, which dissolves into its ions (Ag+ and 
Cl− ) in order to supply the current. Here, PEDOT-based materials offer a 

considerable advantage as the large ionic pseudo-capacitance allows for 
delivery of DC in a faradaic, yet fully reversible, process. In order to 
explore the DC stimulation qualities of the LIG and PEDOT:PSS hybrid, a 
microfluidic device with two electrode/media reservoirs connected by a 
known fluidic resistor (i.e., defined geometry) was fabricated. One 
reservoir would contain the anode and the other would hold the cath-
ode, such that current is forced to travel through the rectangular 
microchannel (Fig. 5a, Fig. S5). This allows for precise knowledge of the 
contribution to the potential drop due to the electrode combination (i.e., 
anode and cathode), as well as know the electric field in the 
microchannel. 

Ag/AgCl, LIG, and LIG/PPh electrodes (all with diameter of 10 mm) 
were used in the phosphate-buffered saline (PBS, 0.01 M) filled micro-
fluidic setup. LIG/PPh electrodes were able to steadily (i.e., no 
increasing potential) deliver current (10 and 25 μA/cm2) for 24 and 20 
h, respectively, with the same electrolyte used for the duration of the 

Fig. 4. Electromechanical stress test via wet-state 
bend testing and periodic cyclic voltammetry. (a) 
Three-electrode setup in large reservoir with working 
electrode attached to a translating arm, which is 
controlled with a three-axis CNC. (b) Cross-section of 
the setup showing how the electrode is bent. The 
electrode is sandwiched between two 3D-printed 
parts with embedded magnets along the electrode’s 
connection trace, which connects the submerged 
electroactive area and the dry bump pad that is con-
nected to the potentiostat. The dynamic head moves 
only along the x-axis, while the static frame keeps the 
electrode’s bump pad and trace fixed in y & z. (c) This 
shows the electromechanical stress performance of 
LIG/PPh electrodes of two different spot-casted vol-
umes and their CSC as function of bend cycles, where 
one bend cycle is a ±45◦ deflection. Scale bars are 10 
mm. WE = working electrode. RE = reference elec-
trode. CE = counter electrode.   

Fig. 5. Long-term uni- and bi-directional DC stimu-
lation. (a) Two-electrode setup in two reservoirs 
connected by a microchannel of known dimensions 
(450 μm × 80 μm x 5 mm = width, height, and 
length, respectively). (b) Potential during 24 h of 
constant current DC stimulation. and the corre-
sponding CSCs of the working (anode) and counter 
(cathode) electrodes before and after 24 h of stimu-
lation. (c) The ability of LIG/PPh electrodes to stim-
ulate in one direction for 0.5, 1, 4, and 8 h, and 
immediately (in situ and same media) have the po-
larity switched and perform to the same length of 
galvanostatic DC stimulation (e.g., electrode pair a-a’ 
was stimulated for 0.5 h then the polarity was 
switched and stimulated for another 0.5 h. Scale bar 
is 10 mm. WE = working electrode. RE = reference 
electrode. CE = counter electrode.   
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experiment (Fig. 5b). The Ag/AgCl electrode had the lowest initial po-
tential, however the potential was not as stable at 10 μA/cm2 as 
compared to LIG/PPh and after 20 h of stimulation the electrodes 
completely disintegrated from the electrical leads rendering them use-
less for further measurements. In contrast to this, the CSC before and 
after DC stimulation confirms that the LIG/PPh electrodes were able to 
deliver the charge and remain functional as electrodes throughout the 
full 24 h of stimulation. Some changes in the electrodes were however 
measurable: the working electrode (i.e., oxidizing anode) has a 
decreased CSC for all electrodes after long-term DC stimulation, yet 
remains much higher for the LIG/PPh electrodes in comparison to all the 
other electrodes. However, this change is not indicating failure of the 
electrode material, but rather is a consequence of ions being expelled 
from the anode and absorbed into the cathode. A polarity switch of 
electrodes was also performed in situ with the same PBS solution by 
simply exchanging the potentiostat’s leads (Fig. 5c). The purpose was to 
show that the hydrogel can reversibly swell and shrink with similar 
potential profiles for the same given current density (25 μA/cm2). Re-
sults proved that even after long-term DC stimulation, the ion-swelled 
PPh electrodes can effectively deliver charge to the ion-depleted elec-
trodes even for 16 h (8 h in one direction then followed by another 8 h in 
the reverse direction), suggesting that direct current is injected via a 
reversible mechanism. The much thinner LIG/PPh electrode had a 
comparably similar electrical potential despite its pronounceably lower 
bulk volume compared to Ag/AgCl. This thinner nature allows for more 
flexibility and conformability such that it can provide a more encom-
passing contact to skin. 

3.6. Myoelectric pattern recognition and stimulation threshold on human 
participants 

A real-time myoelectric pattern recognition test and an electrical 
stimulation test for sensory perception were performed to evaluate the 
performance of the LIG/PPh electrodes in comparison to commercial 
Ag/AgCl electrodes, both for the recording and stimulation purposes. Six 
able-bodied participants had both LIG/PPh and Ag/AgCl electrodes 
positioned on the forearm (3 pairs of 2 electrodes of each type) and 

arranged in a crossed fashion, such that each electrode type had com-
parable positioning, as well as a common Ag/AgCl reference electrode 
(Fig. 6a). 

The myoelectric pattern recognition classifier was trained to decode 
six different movements (open hand, close hand, flex hand, extend hand, 
pronation, and supination). After classifier training, the “Motion Test” 
was conducted (Ortiz-Catalan et al., 2013; Kuiken et al., 2009). The 
Motion Test is a match-prompt test, where the participant was prompted 
to match movements shown on a screen. The participants performed 30 
trials per Motion Test, with each movement being randomized five 
times. This was performed for each electrode type and participants were 
blinded to which electrode type was being tested. The six participants 
completion rate (percentage of successful trials) and accuracy (per-
centage of correct movements predictions within a trial) were compa-
rably successful for the LIG/PPh electrodes and the Ag/AgCl electrodes: 
97.2 vs. 100.0% and 61.8 vs. 66.3%, respectively (Fig. 6d). The time 
needed for the classifier to select or call the movement was also com-
parable between LIG/PPh and Ag/AgCl electrodes: 0.74 vs. 0.64 s. 

The perception threshold test was conducted in order to measure the 
lowest current that elicited perception. In this test, a participant would 
see two prompts (two-interval forced-choice). In one of the prompts, the 
participant received stimulation, and no stimulation in the other. After 
both prompts, the participant was asked which prompt contained the 
stimulation. Upon a correct answer, the amplitude of the stimulation 
was lowered (and vice versa upon an incorrect answer) according to a 
stochastic approximation staircase, and the test was repeated a total of 
20 times (Fig. 6c). (Faes et al., 2007) The LIG/PPh electrodes had a lower 
threshold compared to Ag/AgCl: 370 vs. 546 μA, respectively. Thus, 
showing the former elicited sensations with less current (Fig. 6e). This 
feature is desirable since it would require less power in applications 
driven by batteries (e.g., closed-loop prosthetic control systems with soft 
versus strong touch), while also providing a larger range for electro-
tactile stimulation which translates to higher resolution sensory feed-
back (i.e., more levels of perception). 

Fig. 6. Myoelectric pattern recognition and stimula-
tion threshold comparison between LIG/PPh and Ag/ 
AgCl electrodes. (a) Illustration of electrode pair 
placement on the participant’s arm, where black 
electrodes are Ag/AgCl and orange are LIG/PPh. (b) 
Workflow for the myoelectric pattern recognition test 
from training six hand movements to prompting 
participants to generate a series of random move-
ments such that each hand movement is repeated six 
times and let the classifier to predict each movement 
based off the trained data. (c) Workflow for the 
perceivable stimulation threshold test where the 
participant is randomly either given a stimulation at a 
given current or not given any stimulation and if the 
participant answers correctly then the test is repeated 
at a lower current until failure. (d) Completion rate, 
accuracy, and selection time of myoelectric pattern 
recognition classifier for each electrode type. (e) 
lowest perceivable current threshold for each partic-
ipant and each electrode type. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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4. Discussion 

In this paper, three technological achievements were merged. 
Namely, the manufacturing of LIG electrodes, the addition of pure 
PEDOT:PSS hydrogels to buffer the interface between electrode and 
skin, and the surface functionalization allowing the two materials to be 
linked into an extremely reliable electrode complex. The linking be-
tween LIG and PEDOT:PSS hydrogels provided a way to mesh the field of 
inexpensive electrode patterning with economical biocompatible 
supercapacitors that enables stimulation and recording applications 
beyond EMG electrodes. In several aspects, such as process develop-
ment, surface characterization, electrochemical performance, and 
recording and stimulating on human patients, the LIG/PPh electrodes 
demonstrated to be a low-cost, patternable, process-scalable, and metal- 
free replacement to common Ag/AgCl electrodes. 

Ag/AgCl electrodes with gel-based electrolytes continue to be the 
gold-standard in clinical settings due to their stable recordings that such 
non-polarizable electrode materials are known to provide. For applica-
tions beyond diagnostics, it is nevertheless common to use other elec-
trode materials, even when these provide inferior signal quality in 
comparison to Ag/AgCl. For instance, when non-invasive biopotential 
recordings are used for control of external prosthetic systems, the 
application of electrodes to the skin needs to be simple, cheap to replace, 
and able to support stable recording conditions during everyday activ-
ities. If reasonable signal quality can be accomplished with a semi-dry 
skin-electrode contact, then it is more attractive than an electrode that 
may perform better in the short-term, but whose performance varies 
with hydration state of the gel or degrades due to the slow dissolution of 
the active layer of AgCl. In this light, these results demonstrate that LIG/ 
PEDOT:PSS electrodes can perform at comparable levels to Ag/AgCl. 
This is already particularly promising and strongly supports the use of 
more modern materials for the growing application field of non-invasive 
bioelectronic applications. 

Importantly, the LIG/PEDOT:PSS electrodes are not only able to 
compete with Ag/AgCl electrodes in recording performance, but 
furthermore are able to address a weakness of most metal electrodes. 
Specifically, they can be used for corrosion-free DC stimulation. Un-
buffered or inadequately buffered Ag/AgCl electrodes can leech silver 
ions into tissue, which are known to be toxic in vitro and in vivo (Schopf 
et al., 2016; Zhao et al., 2021; Greulich et al., 2012). Whereas for 
PEDOT:PSS electrodes, they have proven to be superior in this regard, 
also both in vitro and in vivo (Leal et al., 2021; Boehler et al., 2017, 
2019). Also, for traditional applications (e.g., transcranial direct current 
stimulation – tDCS), the low input current of LIG/PPh allows for less 
energy consumption during stimulation (Aplin and Fridman, 2019). The 
charge density demonstrated by the LIG/PPh electrodes during 
long-term DC stimulation (8640 and 18,000 C/m2 for 24 h at 10 μA/cm2 

and 20 h at 25 μA/cm2, respectively) were well within the therapeutic 
window for tDCS for rats and humans (Liebetanz et al., 2009; Chhatbar 
et al., 2017). Also, the LIG/PPh electrodes showed a resilient shelf-life 
(e.g., 18 months), even when pre-stressed and stored dry (Fig. S6). 
LIG-based electrodes have overwhelmingly been used for sensing, not 
stimulation (Kurra et al., 2019). However, it has been shown that LIG 
can be used for alternating current (AC) - based stimulation and even 
coupled with PEDOT:PSS thin films (Xu et al., 2018; Nair et al., 2020). 
As an extension to this AC stimulation, this work provides the first 
validation of using the combination of LIG and PEDOT:PSS hydrogel for 
long-term DC stimulation. 

5. Conclusion 

The transition from metals to carbon-based conducting materials is a 
crucial part in making biopotential electrodes a more generally acces-
sible and affordable part of bioelectronic systems. In contrast to elec-
trodes based on noble metal coatings, our solution mainly requires 
elements available in abundance in nature (hydrogen, carbon, oxygen), 

and the electrodes can be treated as disposable. Furthermore, it is not 
only a step towards making technology more affordable, but it notably 
offers improved perspectives for combining non-invasive biopotential 
recordings with other modalities (e.g., magnetic resonance imaging – 
MRI) where current induction in metals is a substantial problem. With 
future work, extending the metal-free strategy also to the interconnec-
tion technology could fully enable LIG/PPh as a conceivable application 
material for combined EEG, transcranial stimulation and MRI. Beyond 
the scope of stimulation electrodes, the functionalization of oxide groups 
on the LIG via O2 plasma allows for further customization of the LIG 
itself (e.g., other biochemical moieties), such as an electrochemical 
sensor layer. 

The processes developed here provide a scalable and tailorable way 
to fabricate electrodes in the 0.1–100 mm feature size range with res-
olution mainly being limited by the precision of the laser carbonization 
process. This practical limitation could be overcome by using an alter-
native route for pyrolysis, as has been shown by Vomero et al. (2016), 
where the structures are patterned before the pyrolysis and then are 
embedded in the insulating polyimide. Future improvements of a more 
stretchable substrate would be desirable. For instance, the 
post-patterned LIG could be heat-transferred from polyimide into an 
elastomer thus more akin to other non-metal electrodes (Dallinger et al., 
2020; Nilchian and Li, 2016). With these future potential adaptations, 
the concepts for adhesion promotion demonstrated here, stably linking 
LIG and PEDOT:PSS hydrogels, could be applied on electrodes with 
micrometer precision. This is worth noting as this efficiently addresses 
one of the known limitations with PEDOT:PSS based electrodes and 
could be of great use beyond the scope of non-invasive biopotential 
recordings. 
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