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Muscle atrophy is a well-known consequence of immobilization and critical illness, leading to prolonged
rehabilitation and increased mortality. In this study, we develop a solution to preserve muscle mass using
customized biocompatible neuromuscular electrical stimulation (NMES) device. Commercially available
NMES solutions with gel-based electrodes often lead to skin irritation. We demonstrate the printing of
conducting electrodes on a compressive stocking textile that can be used for more than seven days
without observing any inflammation. This solution consists of a dry and biocompatible electrode directly
integrated into the textile with good mechanical compatibility with skin (Young's modulus of 0.39 MPa).
The surface roughness of the underlying substrate plays a significant role in obtaining good print quality.
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Electrochemical Impedance Spectroscopy (EIS) analysis showed that the printed electrode showed better
performance than the commercial ones based on a matched interfacial performance and improved series
resistance. Furthermore, we investigated our NMES solution in a hospital setting to evaluate its effective-
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Introduction

The weakness acquired during hospitalization for critical
illness is increasingly recognized as an essential clinical
problem. Intensive care unit (ICU) acquired weakness (ICUAW)
and related acquired neuromuscular dysfunction occurs in a
large percentage of critically ill patients, and is associated with
increased morbidity and mortality." ICUAW is the main
factor affecting ICU patients’ recovery and quality of life after
discharge. Electrostimulation is a therapeutic approach
wherein a low-frequency current is introduced through electro-
des to stimulate muscles or nerves. Neuromuscular electrical
stimulation (NMES)* and functional electrical stimulation
(FES)® are the subareas of electrostimulation that have been
recognized as an alternate therapy form to promote movement
in critically ill patients and reduce muscle atrophy. Notably,
the loss of muscle mass starts early and fast,® with the most
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ness on muscle atrophy, with promising results.

significant loss of mass and function occurring during the
first two weeks of the ICU stay,” with a decrease of 17.7% in
the first ten days.® Therefore, it seems paramount to counter-
act the loss of muscle mass and muscle strength as early as
possible.® It has been demonstrated that early exercise training
in critically ill patients receiving mechanical ventilation is feasible,
safe, and beneficial for respiratory and limb muscles.” However,
severely critically ill patients, often under sedative drugs, cannot
collaborate in active exercise or muscle training. Despite this,
NMES is not used in ICU settings because the existing solutions
demand specialist care and are challenging to incorporate into
the current ICU workflow. There is a need to find a ready answer
to prevent loss of muscle mass that can be integrated into the
existing workflow and infrastructure of the healthcare system. To
this end, much research has been done to develop a patch-based
plan and e-textiles to stimulate muscles electrically.

On-skin electrodes are an ideal platform for collecting high-
quality electrophysiological signals and stimulating the
human body.'”" Conventional silver-silver chloride (Ag/AgCl)
electrodes have many limitations for practical use in a clinical
setting. The gel used for Ag/AgCl electrodes has been shown to
cause skin inflammation and irritation over long-term use.'
Metal foils and thin metal films have been investigated as on-
skin electrodes, but their rigid nature hinders the signal
during motion due to loss of contact.'® With the rise of flexible
electronics, much emphasis has been laid on the softness,
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stretchability, and breathability of electrodes.'* Carbon
material-based electrodes have started to play a critical role in
flexible electronics; however, converting them into well-dis-
persed inks for direct-write techniques has been challenging.'
Polymer materials cannot compete with the high conductivity
performance of metal counterparts.'® Much success has been
achieved in formulating metallic nanoparticle materials and
inks for on-skin electrodes with different morphologies Li
et al., studied and compared three other electrodes (wet, semi-
dry, and dry) to find an alternative to gel-based electrodes."”
They pointed out various factors like skin location, skin con-
dition, and contact area that may affect electrode performance.
Building on this knowledge base, we use direct-write printing
to fabricate dry electrodes for a multi-layered system to stimu-
late human muscles. This system matches the interfacial pro-
perties of current commercial gel-based electrodes with
improved series resistance. This improves the overall stimulation
performance, potentially minimizing skin irritation side effects,
as demonstrated by the pilot study on ICU-admitted patients.

Experimental section
Materials and methods

An anti-embolism compression stocking made of Spandex
(elastane), Nylon, and silicone/polyisoprene (strap) manufac-
tured by CAROLYN was purchased from Mediq (Denmark). A
Heat transfer buffer layer (B-FLEX BF PRINTO00-BF PRINTO01)
made of PU/Polyurethane was purchased from Vikiallo
(Denmark). Thermally curable silver ink (TC-C4007) was pur-
chased from Smart Fabric Inks Ltd (Southampton, UK). All
other chemicals were purchased from Sigma Aldrich.

Fabrication and characterization

The textile, an anti-embolism compression stocking made of
Spandex, was prepared for a smooth surface for electrodes to
be printed on top. This was done using an interface layer. The
interface layer was precut using the desktop cutter and lami-
nated on the textile by heat pressing using a Stahls Clam Basic
Manual Heat presser (Vikiallo, Denmark). The heat transfer
interface layer (B-FLEX BF PRINT00-BF PRINTO1) is made from
PU/Polyurethane and purchased from Vikiallo (Denmark). The
heat and pressure make the interface layer adhere well to the
textile. The purchased silver ink (Fabink, TC-C4007) was
screen printed without modification on top of the smooth
interface layer and processed at 100 °C for 10 minutes in hot
air for curing. The dimensions of the printed electrode were
120 mm x 50 mm to enable good coverage of the muscle to be
stimulated. The fabrication was completed by adding connec-
tors. The surface morphology of the printed patterns was
examined with Scanning Electron Microscopy (SEM) (FEI
Magellan 400 SEM). The surface roughness of the samples was
analyzed with Atomic Force Microscopy (AFM) (Bruker
Dimension Edge). The Root Mean Square was calculated by

. I (" .
the equation: Rq = I_J z(x)*dx. Contact angle studies were
rJo
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carried out on KRUSS DSA100. Mechanical tests on the
samples were carried out on a BOSE ElectroForce® 3220 with a
225 N load cell (x0.002 N) and a displacement sensor
(+0.001 mm. The system ran on WinTest7 and DMA software
(Bose Corporation, ElectroForce Systems Group, Minnesota,
USA). The electrical properties were characterized by a universal
four-probe system connected to a Jandel RM3 current generator
providing a current range from 1 x 107 to 9.9 x 1072 A. Current
density-voltage (J-V) curves and electrochemical impedance
spectroscopy (EIS) were measured using a potentiostat/galva-
nostat Gamry Interface 1010E with a two electrodes system. A
commercial electrode, Compex®, with 25 cm?> of the area,
was used as a reference gel electrode. Printed-dry electrode
had an area of 5.25 cm? The J-V curves were carried out
from 0 V to 1.5 V with a 50 mV s~ ' scan rate. A 20 mV AC per-
turbation was applied, ranging between 1000 Hz and 0.1 Hz
for the impedance spectroscopy measurement at 0.25 V and
0.5 V DC potential steady states. The printed electrodes
embedded in the textile were home washed in a Samsung
WWO95TA047AE washing machine at 60 °C temperature for
30 min at a rate of 1400 RPM. Resistance was measured at
five different spots for the cycles, and the average was calcu-
lated. All surfaces were scanned in the same areas three
times, covering each respective corner and center. Ten
printed electrodes of size 1 cm x 3 cm were fabricated for
the study.

Pilot study

The clinical pilot study was conducted at Copenhagen
University  Hospital, Bispebjerg, and Frederiksberg,
Copenhagen, Denmark. Within the first 48 hours of admis-
sion, seven eligible adults suffering from SARS-CoV-2 (Covid-
19) received oral and written information about the study and
signed a consent statement before baseline testing.
Sonographic scans of the knee extensor muscle thickness
(vastus lateralis, VL) were made in the transversal plane of the
thigh at 50% femur length. They were defined as half the
length from the most proximal point of the greater trochanter
of the femur to the tibia plateau. A detailed description of the
method for recording ultrasound images has been published
elsewhere.> However, a modified version of the method was
applied in this study. The stocking was worn on one leg while
the other leg served as the control. In brief, the thickness of
VL was measured by a trained operator with a Doppler
Ultrasound system (Sonoscape Medical Coperation) while the
patient was lying on a bed with outstretched legs and 120°
flexion in the hip. Two images were recorded for each
measurement, and each image was later analyzed three times
by a blinded observer following a standardized protocol for
ultrasound image procedure analysis."”” Neuromuscular electri-
cal stimulation (NMES) was unilaterally given through our cus-
tomized anti-embolic compression stocking with built-in elec-
trodes, to a randomized leg (ES), with the opposite leg serving
as control (CO). The stimulation protocol was 60 Hz/400 ps,
30 min 2 per day, seven days per week for a minimum of
5 days at a subjective tolerance.

This journal is © The Royal Society of Chemistry 2023
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Results and discussion

Conventional fabrication methods to create electrodes suffer
require expensive machinery and clean-rooms, high energy
usage (vacuum and high temperature systems) and lead to
large material wastage. Direct-write techniques provide a
complementary platform to enable flexible, stretchable, and
conformable electronics. The cost saving in printing techno-
logies comes from 2 main factors, namely (1) saving of
materials and (2) systems using low-energy. Screen printing is
a room-temperature process that requires very simple equip-
ment and is much cheaper than vacuum deposition tech-
niques. Moreover, the functional inks are used in small quan-
tities (20 ml or so) and deposited when needed, which keeps
the cost of fabrication low. Different types of printing tech-
niques have been proposed. Here, Foo, C. Y et al., proposed a
novel printable graphene-based conductive filament to create a
range of 3D printed electrodes (3DEs) using a commercial 3D
printer.'"® This approach provides material fabrication for
various applications because of its ability to create low-cost 3D
printed platforms. However, 3D printing is not without limit-
ations. Here, one of the main limitations of 3D printing is its
slow printing speed and difficult scalability. On the other
hand, Screen printing technology is one of the most popular
methods of fabricating electrodes on flexible substrates.
Benefiting from a relatively simple procedure, the feasibility of
mass production, unlike other printing techniques such as 3D
printing, changeable patterns, and low cost. Like the tra-
ditional method of fabricating electrodes, screen printing
technology follows top-down approaches.'®*° Silver ink is the
material of choice due to low resistivity, chemical inertness,
and easy processing via printed electronics.?* Screen printing
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was used to print the silver electrode material on the inter-
facial layer (Fig. 1A). Optimization of ink viscosity and printing
speed was carried out to print conducting electrodes. This
resulted in a smooth, dry electrode on the textile. The printed
electrode was crack-free, homogeneous, and flexible (Fig. 1B).
The silver ink adheres strongly to the substrate through the
interface layer over the textile, as depicted in Fig. 1C. The
printed electrodes can withstand bending, twisting, and
stretching without loss of electrical performance (Fig. 1D).
Surface properties like surface energy, surface tension, and
surface roughness of a substrate are primely important in
direct-write techniques.””*> The SEM micrographs in Fig. 2A
depict a highly intricate mesh of fibers in the stocking fabric.
Macro-sized voids and pores can be observed in the textile.
This surface morphology is not ideal for printing silver ink.
Materials with high surface roughness can hinder substrate-
ink adhesion and affect the electron transport properties in
the electrode. After printing, solvent evaporation, and sinter-
ing, mechanical interlocking allows for the nanoparticles in
ink to anchor to the substrate. Strong adhesion is thus
enabled to provide good performance under different bending,
flexing, and stretching conditions. Apart from surface rough-
ness, the combination of the pore size of the substrate and
particle size in ink can also undermine the adhesive strength
of the ink on the textile. The interface layer reduces the surface
roughness and helps to fill up the voids. The surface mor-
phology of the interface layer enables the trapping of the nano-
particles in the ink onto the surface, resulting in better
adhesion and good-resolution printing.>* The cross-sectional
image of the printed electrode on the interface layer and the
textile is shown in Fig. 2B. The observed thickness of the inter-
facial layer and printed silver inks was approximately 100 pm

Fig. 1 (A) Schematic of the fabrication process of the e-textile: (i) laying of the interface layer and heat pressing it for adhesion, (ii) screen-printing
of silver ink to form the electrode using a stencil and (iii) the final printed e-textile. (B) Picture of the printed silver electrode. The inset shows the
zoomed-in image of the electrode. (C) Schematic depicting the coverage of printed silver on a fibrous textile. (D) Picture showing the stretched

electrode.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 SEM micrograph depicting (A) the top view of the compression stocking textile and (B) cross-section of the printed electrode on top of the
interface layer. (C) AFM images showing the surface roughness of the interface layer and screen-printed silver electrode. (D) Pictorial representation
of how surface properties and roughness play a part in achieving good print quality. (E) Water contact angle measured on bare textile, interface

layer, and printed silver electrode.

and 60 um, respectively. Surface roughness strongly affects the
contact angle and wettability of a surface and is crucial for pre-
paring surfaces for printed electronics.>> AFM measurements
showed the roughness (R,) for the textile to be very high
(>150 um), as evident from the SEM micrograph (Fig. 2a). Rq
value for the interface layer and printed dry electrode was calcu-
lated to be 0.27 pm and 0.30 pm, respectively (Fig. 2C). Thus, it
is evident that the interface layer provides a smooth base to
print a homogeneous electrode, as depicted in the schematic of
Fig. 2D. For repeatability the AFM measurements were con-
ducted on different printed electrodes (Table S11) and each elec-
trode was measured at five different points to reduce the error
(Fig. S17). The contact angle measurement shows that the textile
surface is hydrophobic (Fig. 2E). The interface layer enhances
the hydrophilic nature of the textile and prepares it for better
wettability for the silver ink. Printed silver electrodes lead to a
rough surface but maintain a hydrophilic nature. This makes
the dry electrodes suitable for printing if a top layer is needed.
Mechanical tests were performed on the individual printed
stocking constituents, i.e., textile, electrode and interface layers
to evaluate their elastic and viscoelastic properties. Hysteresis
measurements (Fig. 3A) illustrate how elastic energy is deposited
into the materials during stretching and recovered during
unloading. The area enclosed by the curve expresses the amount
of energy permanently deposited into the material leading to a
temperature increase.’® A significant hysteresis loss is seen in
the electrode along with complete elastic recovery in the textile.
Fig. 3B shows the tensile relaxation measurements revealing the
time required for the materials to reach stress equilibrium post
an instantaneous load. All three materials show relaxation over

5340 | Nanoscale, 2023,15, 5337-5344

similar time scale at about 0.8 s. Work curves from tensile tests
reveal their stiffnesses as the slope of the curves (Fig. 3C). This
demonstrates that the electrode material shows the highest
stiffness and the textile the lowest. The interface stiffness is
selected and shown to be intermediate. This facilitates a struc-
tural graduation across the layers and ensure compatibility and
improved interlayer adhesion properties when the combined
lamina is stretched. To further test the durability and washabil-
ity of our device, multiple washing cycles were carried out for
the fabricated e-textile. A total of 5 washing cycle was done at
40 °C for 30 min and change in resistance was observed. As can
be seen from Fig. 3D, a clear trend was observed. Here, the resis-
tance increased with each wash, making the device electrically
non-functional after some washes.

As the fabricated electrodes are to be used on the skin, it
requires an understanding of the electrode-skin interface and
related properties. Fig. 4a shows the J-V curves for the printed
electrodes compared to a commercially available gel-based
reference (Compex®). All the results have been normalized to
exclude the effect of electrode surface area. The current inten-
sity measured shows a strong correlation with the position of
the electrodes in the subject, with negligible variations regard-
ing small variations of the distance between the electrodes
(Fig. 4a). Similarly, the analyzed trend between the samples
was reproduced regardless of the subject (Fig. 4b). This behav-
ior indicates that the information obtained by the electrical
characterization corresponds mainly to the skin-electrode
interface. For all the subjects, the current measured by the
printed electrode displays slightly higher values than the com-
mercial electrode, indicating better signal transmission at

This journal is © The Royal Society of Chemistry 2023
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similar conditions (Fig. S21). To gain further understanding
on the electrical properties, electrochemical impedance spec-
troscopy (EIS) was performed at the electrode-skin interface in
a two-contact symmetric configuration (electrode-skin-elec-
trode). EIS has proven to be a great tool for printed electronics
and related application and has the power to elucidate design
parameters and selection of materials.>” This frequency-based
technique is particularly suitable to study these systems, as it
can be applied to different operational conditions. The result-
ing spectra obtained at 0.5 V and 0.25 V are plotted in Fig. 4b.
These Nyquist plots feature one main arc, which suggests that
the charge conduction is dominated by one process in both
electrodes, attributed to the interface skin/electrode. The
trends of these arcs reproduce the JV results, indicating
slightly higher resistances for the commercial electrode. The
capacitance Bode plots of these spectra (Fig. 4c), can provide
further insight on these differences. At higher frequencies, up
to 10* Hz, the printed dry electrode presents higher capaci-
tance, while the values for both samples are similar under

This journal is © The Royal Society of Chemistry 2023

10* Hz. This behavior is related to a variation in the series
resistance, R, for which evaluation requires a detailed fitting
of the results. The equivalent circuit model used to fit the EIS
is represented in the ESI (Fig. S1t). In particular, the Ry is in
series to the pair interfacial resistance R and interfacial capaci-
tance C which are in parallel. The fitted parameters are rep-
resented in Fig. S2.1 Interestingly, R and C do not present a
significant difference between the samples, corroborating the
comparable electrical response at the interface of both printed
and commercial electrodes. In contrast, Ry for the printed
silver ink devices is around one order of magnitude lower than
the commercial one, indicating a reduction in the current
losses related to the elimination of an external resistance
associated with the gel used in the commercial electrode. This
is in good agreement with the capacitance differences and
improved signal transmission for the printed dry electrode.
Electrostimulation can be applied to various body parts to
prevent or reduce muscle atrophy. For this work, the dry elec-
trode system was used on the thigh (Vastus lateralis, VL)

Nanoscale, 2023,15, 5337-5344 | 5341
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Fig. 4 (a) Schematics of the JV and EIS measurement conditions. In model condition A the electrodes were placed in the same body zone, mirror-
ing one another. In model condition B, the electrodes were placed in the same arm at 3 cm distance between them. The JV curve shows that the
location of the electrodes plays a dominant role in the signal measured compared to the physical distance between them, with position 1 being
optimal. (b) JV curves for three subjects show a relatively small variation between tested people, with consistently higher currents for the printed dry
electrode.

muscles to be stimulated.” The printed electrode dimensions small group of patients on a randomized leg (ES), with the oppo-
were chosen to allow good coverage of the Vastus lateralis site leg serving as control (CO) (Fig. 5A). In this pilot study,
muscle. The fabricated customized anti-embolic stocking with seven men (55 + 22 years; height: 179.5 + 7.0; weight: 102.3 +
the printed electrode was used as the NMES treatment on a  27.8 kg; BMI: 31.5 + 6.8 kg m~>) completed five days of treat-
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Fig. 5 (A) Photograph of the dry electrode e-textile system for thigh muscles on a patient admitted to the intensive care unit (ICU). Data for seven
patients with COVID-19 before and after five days of electric stimulation (ES) of muscle on one leg. The stocking was worn on one leg while the
other leg received no stimulation and served as the control (CON). Change in the muscle vastus lateralis (B) thickness and (C) % change in muscle
strength. (D) Schematic illustrating the features of the printed dry electrode system on an anti-embolic stocking for a customizable NMES solution.
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ment with no complications or skin reactions. It is to be noted
that the e-textile with the electrodes was worn during the entire
hospital stay. The paired t-test analysis revealed a significant
decrease in vastus lateralis thickness from pre to post in the
CON-leg (21.0 mm =+ 5.3 vs. 19.2 mm + 4.8 (mean * SD) respect-
fully, p = 0.001; compared with no significant change in the ES-
leg from pre to post (20.3 mm + 5.4 vs. 21.2 mm + 4.2 (mean +
SD) respectfully, p = 0.55 (Fig. 5B). In addition, the unpaired
nonparametric analysis (Mann-Whitney) showed a significant
group difference for the relative change in VL thickness between
the ES-leg and the CON-leg (+4.7% vs. —8.4%, respectively, p =
0.008). The clinical data demonstrated that muscle wasting was
counteracted on the treated compared to the untreated leg in
severely ill COVID-19 patients. Five days of treatment-main-
tained muscle mass compared to a —8.4% muscle loss in the
control leg (Fig. 5C). Our clinical trial has shown that our
method is successful in avoiding muscle loss and thus renders
it likely that our system will reduce the number of patients
acquiring Intensive care unit-acquired weakness (ICUAW). The
customized anti-embolic stocking is feasible in an ICU setting.
It may be a promising solution to counteract further muscle
wasting in critically ill patients as it encompasses desirable
stretchability, breathability, and biocompatibility while eliminat-
ing the need to use gels for better skin contact (Fig. 5D).

Conclusions

We developed a customizable NMES treatment solution using
a printed electronics technique in this work. Biocompatible
silver ink was used to print a dry-electrode system on an anti-
embolic stocking, providing electrical stimulation to the thigh
(Vastus lateralis) muscles. Screen printing enabled homo-
geneous and flexible electrodes on the textile with good
adhesion. Impedance studies at the skin-electrode interface
revealed that the printed dry electrode has better signal trans-
mission than commercial gel-based electrodes. The fabricated
system was used for a pilot study for NMES treatment on a
small group of patients in the ICU. Five days of treatment-
maintained muscle mass compared to a —8.4% muscle loss in
the control leg. This signifies the feasibility of using the fabri-
cated system as a promising solution to counteract muscle
wasting in critically ill patients in hospital settings.
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