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applications areas have been sensors, dis-
plays, energy storage and harvesting, and 
smart wearables for both personal and 
institutional health monitoring.[2,3]

Typically, flexible hybrid electronic 
devices can be fabricated on substrates 
like metal foils[4] but more widely on var-
ious thermoplastic polymers, such as poly-
ethylene terephthalate (PET), poly ethylene 
naphthalate (PEN), polyimide (PI), and 
thermoplastic polyurethane (TPU).[3–6] 
These conventional substrates offer their 
individual performance advantages such 
as high flexibility, low Young’s modulus, 
water and moisture tolerance, and low 
cost, however, they are not free of draw-
backs. For instance, petroleum-derived 
plastic substrates are inexpensive and ver-
satile in their mechanical performance for 
flexible electronic applications but they 
lack thermal stability.[7] However, more 
importantly, these plastics are derived 
from rapidly depleting non-renewable 
petroleum resources and they require 
incineration or landfilling at the end of 
life. In both end-of-life scenarios, plastics 
can cause serious environmental damage 

by leading to greenhouse gas emissions or environmental 
accumulation.[8,9]

Hence, there is a need for renewably sourced (biobased), 
recyclable, or biodegradable material alternatives for com-
plementing and/or replacing conventional materials in flex-
ible electronic applications. Cellulose has been heralded as a 

Printed, flexible, and hybrid electronic technologies are advancing rapidly 
leading to remarkable developments in smart wearables, intelligent textiles, 
and health monitoring systems. Flexible electronics are typically fabricated on 
petroleum-derived polymeric substrates. However, in the light of global envi-
ronmental concerns regarding fossil raw materials, there is a need to drive 
the production of flexible electronics devices based on sustainable mate-
rials. Additionally, there is a need to reduce the quantity of electronic waste 
by developing material recovery and recycling technologies. Here, a fully 
biobased and biodegradable substrate tailored for printed flexible electronic 
applications is developed. Based on a nanocomposite of cellulose nanofi-
bril (CNF) and hydroxyethyl cellulose (HEC), the substrate shows excellent 
mechanical and optical properties for printed flexible electronics applications. 
High-resolution screen printing of conductive ink and typical electronics 
assembly processes are possible to realize on the substrate. An electrocardio-
graph (ECG) device is fabricated on the cellulosic substrate as a technology 
demonstrator and its performance is confirmed on human volunteers. Last, 
end-of-life scenarios are studied for printed electronic devices where device 
degradation and subsequent material recovery concepts are presented. This 
work demonstrates that sustainable plant-derived materials can play a big 
role toward a green transition in the electronics industry.

© 2023 The Authors. Advanced Electronic Materials published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
cited.
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1. Introduction

Printed, flexible, and hybrid electronic technologies have seen 
an enormous and sustaining growth in the recent decades.[1] 
This growth has been driven by numerous advances in the field 
of electronics, polymer processing, printing, etc. and the main 
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candidate material for replacing synthetic polymers as a flex-
ible substrate owing to its biobased and biodegradable nature 
and numerous functional properties.[10] Hence, a ubiqui-
tous cellulose-rich product, i.e., paper, has been extensively 
studied in flexible electronic applications, especially in printed 
devices.[11–13] Although showing massive potential for roll-to-
roll (R2R) processes, use of paper substrate is limited to only 
certain electronics applications due to the high surface rough-
ness, poor barrier properties against water and solvents, and 
opacity of paper (when light transmission is desired).[14] To 
overcome these challenges, coating-based approaches have 
been presented to improve the suitability of paper for printed 
electronics applications.[15–17] While such solutions improve 
the applicability of paper in targeted applications, coatings and 
other surface modifications are still inadequate for certain flex-
ible electronics applications, such as in wearables or optoelec-
tronics where stretchability, conformability and transparency 
are demanded.[18]

Recently, planar substrates from cellulose nanomaterials 
(CNMs), often termed as “nanopapers”, have garnered interest 
as substrates suitable for flexible printed electronics.[19] CNM, 
commonly known as nanocellulose, is a family of nano-
materials derived from cellulose via mechanical, chemical, 
mechano-chemical, or enzymatic processes.[10] Various CNM 
grades, such as cellulose nanofibrils (CNF), cellulose nanocrys-
tals (CNC), and bacterial cellulose have been investigated for 
producing mechanically robust, flexible, smooth, transparent, 
solvent-barrier, and thermally stable substrates.[20,21] Numerous 
earlier works have reported fabrication of printed electronic 
devices on nanocellulose-based (generally composites) sub-
strates. Pursula et  al. developed a patch for local skin surface 
temperature measurement using TPU films with up to 20% 
CNF content using flexographic printing followed by electronic 
component assembly.[22] Jung et  al. demonstrated transfer 
printing approach for microwave-level and Si-based digital 
electronics on CNF films coated with epoxy resin.[23] Seo et al. 
also utilized transfer printing to realize microwave thin-film 
transistors on CNF substrate.[24] Organic light-emitting diodes 
were fabricated on CNF-acrylic,[25] CNF-polyurethane,[26] and 
CNF-polyarylate[27] composite substrates and solar cells were fab-
ricated on CNC-glycerol[28] substrate using vapor deposition 
route.

It can be noticed that in the majority of flexible printed elec-
tronics applications yet demonstrated for nanocellulose (and its 
nanocomposite) substrates synthetic additives, resin matrices, 
and polymer coatings have been utilized. This compromises 
the overall sustainability of the device since fossil-derived mate-
rials are still used and the device remains non-biodegradable 
or recyclable. Only a handful of studies have investigated the 
device end-of-life scenarios.[28,29] Therefore, if aiming toward a 
full transition towards nanocellulose-based green flexible elec-
tronics, we must explore the use of renewable and biodegrad-
able raw materials to tune the substrate properties. Depending 
on the raw material morphology nanocellulose-based substrates 
can be tough and brittle, as in the case of low aspect-ratio grades 
like CNCs and highly nanofibrillated CNFs. Addition of plas-
ticizers for preparing nanocomposite films is hence inevitable 
in order to reduce the brittleness and to improve the stretch-
ability of nanocellulose films.[28,30–32] Poor tear resistance of 

nanocellulose films, originating from the short fibrillar length 
is also a challenge in their practical applications.[33]

Natural biopolymers such as starch and chitosan and syn-
thetic cellulose derivatives are renewably-sourced materials that 
can potentially solve the challenges related to the low stretcha-
bility (typically <10% elongation at break), brittleness, and poor 
tear strength of nanocellulose films. For instance, various deriv-
atives such as hydroxypropyl cellulose (HPC),[34] hydroxyethyl 
cellulose (HEC),[33,35] and carboxymethyl cellulose (CMC)[36] 
have been studied for improvement in the ductility of CNF 
films. This improvement has been previously explained by a 
slippage-based mechanism where polymer addition to the CNF 
matrix imparts lubrication to the fibrillar matrix and allows 
high elongation under load.[35]

In this work, we present a comprehensive study on cellulose 
nanocomposite film substrates composed of CNF and HEC. 
We combined the strength and toughness of CNF with the flex-
ibility and softness of HEC to obtain a substrate with optimal 
mechanical performance for wearable printed electronic appli-
cations. The substrates were plasticized using sorbitol and 
hydrophobized using alkyl ketene dimer (AKD) wax to optimize 
conformability and printability. We report mechanical, optical, 
and surface properties of the cellulose nanocomposite films fol-
lowed by screen printability with stretchable conductive ink. To 
show the applicability of the nanocomposite films in practice, 
we fabricated a wireless electrocardiograph (ECG) device on our 
developed substrate and demonstrated its function on human 
skin. Finally, we studied two end-of-life scenarios for the ECG 
device in the form of soil and marine degradation and proposed 
valuable material recovery strategies.

2. Results and Discussion

2.1. Cellulose Nanocomposite Films

Cellulose nanocomposite films were fabricated via self-
assembly using a water-based casting process. The films were 
composed of CNF and HEC in varying ratios (listed in Table 1) 
while all films contained an equal amount of plasticizer. The 
target thickness of the film samples was 40  µm. The aim 
was to study the mechanical, optical, and printability-related 
properties of the prepared films and to identify the optimal 
film composition that yields suitable properties for printing 
and electronic device fabrication. Additionally, we bench-
marked the performance of the prepared samples against a 
thermoplastic polyurethane (TPU) film which is a commer-
cially applied material for wearable flexible printed electronic 
devices.[37]

All the prepared film samples, except for H100, were found 
to be mechanically robust, flexible, and optically translucent. 
The measured film thickness and basis weight values were also 
similar and within practical error margins allowing for reason-
able inter-sample comparison.

High tensile strength, ranging from 100–200 MPa, and low 
stretchability, typically <10% breaking strain, of CNF films have 
been reported in the literature.[31,38] However, for applications 
such as substrates for printed flexible electronics, films do not 
require exceptionally high tensile strength but instead require 
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ductility and conformability. The mechanical properties of the 
films studied in the current work in uniaxial tensile loading 
are shown in Figure 1a. The CNF-only film sample, i.e., C100 
exhibited the highest tensile strength of 113 ±  12.9 MPa while 
failing at the lowest elongation of 9.6 ± 1.5%, the results being 
in line with the literature. However, as the ratio of HEC was 
increased in the formulations in order to enhance the film 
ductility, the mechanical properties varied proportionally to 

the HEC amount. Expectedly, increased HEC ratio led to a 
significant reduction in the tensile strength and an increment 
in the strain at break values. This observation can be attributed 
to HEC enabling interfibrillar slippage as described in the lit-
erature.[35] The H100 sample was extremely weak and highly 
plastic and was not relevant as a substrate but was studied only 
as a reference sample to demonstrate the film properties at one 
extreme of the experiment matrix.

Table 1. Description of the studied film samples.

Sample code Sample Composition Film Thickness [µm] Film Basis Weight [g m−2] Film Roughness [nm]

C100 CNF 100% 40.0 ± 2.4 47.6 ± 1.6 206 ± 94

C70H30 CNF 70%, HEC 30% 40.1 ± 3.0 49.1 ± 1.9 132 ± 18

C50H50 CNF 50%, HEC 50% 38.7 ± 4.4 51.1 ± 0.5 118 ± 19

C30H70 CNF 30%, HEC 70% 39.3 ± 3.7 46.0 ± 0.3 65 ± 16

H100 HEC 100% 40.9 ± 2.4 48.4 ± 2.7 2 ± 0

C50H50A2 CNF 50%, HEC 50%, AKD 2% 43.0 ± 3.3 44.5 ± 0.3 97 ± 18

All samples contained 30% w/w (on cellulosic mass) D-sorbitol as a plasticizer. The letters C, H, and A in sample code represent CNF, HEC, and AKD respectively and 
the numbers next to the letters denote the ratio of that component in the sample. Roughness is reported as the root-mean-square (RMS) values measured via atomic 
force microscopy (AFM).

Figure 1. Tensile strength and optical properties of the composite films. a) shows the stress-strain curves for all the film samples and the inset shows 
the photographs of the C100 and C50H50A2 samples under strain to visually demonstrate the difference in the stretchability of the two selected film 
samples. Subfigure b) shows the stress–strain curves for all samples in the 0–5% strain range to visualize the viscoelastic regions in the curves. Light 
transmittance c) and haze d) spectra for the composite film samples in the 200–800 nm UV–vis wavelength range.
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Figure  1b shows the same stress-strain curves in the strain 
range of 0–5% to illustrate the linear (elastic) regions and the 
first yield point in the curves. The C100 sample deformed vis-
coelastically up to ≈1% strain and the linear region shortened 
with increasing ratio of HEC in the samples. The C50H50 and 
C50H50A2 samples elongated reversibly up to ≈0.3% strain. 
On the other hand, the HEC-rich samples barely showed any 
elastic deformation. This can be attributed to the extremely low 
Young’s modulus of the HEC matrix. It is apparent that prac-
tically all elongation occurs in the plastic region and hence, 
the film deformation is permanent. In comparison, the com-
mercial thermoplastic polyurethane (TPU) film exhibited a 
tensile strength of ≈40 MPa and a tremendously high strain at 
break value of roughly 850%. However, the elastic elongation 
of TPU was only limited to low strain values of <20% and the 
film deformed irreversibly thereafter (Figure S1, Supporting 
Information).

Optical properties of the films were studied in terms of 
light transmittance and haze in the UV–vis wavelength range 
of 200–800 nm (Figure  1c,d). Light transmittance corresponds 
to the total transmission through the film while haze accounts 
only for wide-angle forward scattering.[39] These two proper-
ties, along with the surface roughness, significantly govern the 
visual appearance of the films.

The H100 sample exhibited the highest transmittance with 
almost zero haze, indicating the truly transparent nature of 
polymeric HEC films. On the other hand, the C100 film showed 
the lowest total transmittance and the highest haze. Haziness 
arises in CNF films due to the presence of nano and micro-
sized fibrils in the film which strongly scatter light and partly 
due to the surface roughness.[40] The composite films showed 
a combined effect of CNF and HEC components, and the 1:1 
ratio sample (C50H50) had roughly 45% transmittance and 
40% haze at 600  nm. The addition of AKD lowered the film 
transmittance to ≈40% (600  nm) but also contributed to low-
ering the haze in the film. For comparison, a commercial TPU 
substrate film was measured using the same setup and trans-
mittance was found to be ≈52% and the haze value was ≈31% 
(at 600 nm, data shown in Figure S1 (Supporting Information). 
The nanocomposite films have rather similar optical properties 
as commercial materials applied in wearable electronics and 
they can be suitable for applications where visible light trans-
mission is desirable.

Thermal stability of substrates is an important aspect in elec-
tronics fabrication processes. Therefore, thermogravimetric 
analysis (TGA) was performed on the C50H50A2 sample where 
the film was found to be thermally stable up to 250  °C. TGA 
plots have been shown in Figure S8 (Supporting Information).

2.2. Film Surface Properties

Fabrication of flexible and hybrid electronic devices typically 
involves printing of conductive tracks (circuits) on the substrate 
using processes such as screen and inkjet printing.[41,42] The 
surface properties of the substrate play a critical role during 
these printing processes. Control over factors such as surface 
roughness, wetting and surface energy, and ink hold out is cru-
cial for achieving good print quality and resolution. Therefore, 

we characterized the cellulosic films for their surface rough-
ness and wetting behavior prior to printing.

Film surface roughness (print side) values evaluated using 
AFM are shown in Table  1 (full data shown in Table S1, Sup-
porting Information). The RMS roughness (Rq) of the C100 
sample was found to be the highest (≈206 nm) and the rough-
ness decreased as the HEC ratio was increased, with the H100 
film being the smoothest. This trend probably arised due to the 
smoothening of the film surface with increased HEC loading 
where HEC filled the pores in the CNF matrix. In the literature, 
Rq value of ≈330 nm has been reported for CNF films prepared 
via vacuum filtration where the nanocellulose fibrillation level 
was similar to the one in the current work.[43] The reference 
TPU film had an Rq value of 85 ± 12 nm (AFM) which is similar 
to that of the cellulosic films prepared in this work. Low sur-
face roughness of substrates can be advantageous in printing 
processes as it enables good contact between the printing ele-
ment and the substrate and improves ink transfer and detail 
rendering.[14]

Figure 2a depicts the mean water contact angle for the film 
samples for up to 60  s after drop placement. Representative 
images of a water drop on film sample surfaces are also shown 
to aid data visualization. Both CNF and HEC are highly hydro-
philic materials owing to the large number of hydroxyl groups 
in their molecular structure.[33] Hence, all the film samples 
exhibited low contact angle values (55–75°). Such a wetting 
behavior was expected, and it could lead to poor print quality 
in terms of line resolution, causing short-circuits in the printed 
device layout. Hence, in order to improve the surface hydropho-
bicity, the C50H50A2 sample was prepared during the study 
which included 2% w/wcellulose addition of AKD. AKD is a bio-
degradable fatty acid wax commonly used as a hydrophobiza-
tion agent for cellulose. AKD molecules can form covalent β-
keto ester bonds with hydroxyl groups in the cellulose molecule 
with their alkyl chain oriented outwards, thus resulting in a low 
energy hydrophobic surface.[44] There was a stark effect of AKD 
addition on the water contact angle as the C50H50A2 sample 
exhibited values of ≈135° stable until at least 60  s. The addi-
tion of AKD to the nanocomposite film helped in improving 
the dimensional stability of the film when exposed to moisture. 
Such hydrophobic character could also improve printability 
by preventing excessive substrate wetting when printing with 
water-based inks.

2.3. Screen Printing on Film Substrates

The 1:1 ratio of CNF:HEC showed adequate mechanical perfor-
mance in terms of strength, stretchability, foldability, and creasing 
(creasing shown qualitatively in the supplementary video). Addi-
tionally, wetting of the film was retarded by the addition of AKD. 
Thus, the C50H50A2 sample was selected as a substrate for fabri-
cating a demonstrator ECG device. Figure 3 schematically shows 
the step-by-step ECG device fabrication process.

First, screen printing of circuits was performed on the cellu-
losic substrate and the print quality was analyzed in comparison 
to that realized on a TPU substrate. The printing process in the 
case of the cellulosic substrate succeeded well and without any 
significant printability or runnability issues. It was possible to 
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print sharp edges whilst good layer coverage, homogeneity, and 
detail rendering were observed. Detailed results related to the 
initial printing tests on the cellulosic and TPU substrates in the 
printing trials are shown in the Supporting Information.

After the successful initial screen printing trials, we pro-
ceeded to print the demonstrator ECG device layout. Figure 4 
shows the printed ECG device layout on the C50H50A2 film 
along with the print quality and detail rendering. The printed 
silver ink layer showed good coverage but slightly ragged edges. 
Nonetheless, the fine details were well-reproduced and short 
circuits or discontinuous conductor lines were found rarely only 
when the substrate surface had any debris or dust particles.

In the ECG device layout, the ECG electrodes were printed 
on the bottom side of the film (opposite side of the main layout) 
and electrical contact between the two sides was achieved by 
punching through-substrate conductive via-holes. The via-
holes were produced onto the cellulosic substrate and they had 
well-defined edges and constant shape within replicate sam-
ples. All the tested via-hole structures were functional (yield 
was 10/10) and hence, the resistance between the two sides of 
the substrate could be measured. It was observed that the via-
holes were not completely filled with the conductive ink but the 
walls of the via-holes seemed to be evenly covered with the ink. 
Optical microscope and SEM images of the via-holes are shown 
in Figure 4 and in Figure S4 (Supporting Information).

The microparticle silver ink layer properties of the ECG layout 
on the C50H50A2 substrates were studied. The ink layer thick-
ness on the top side of the substrate was 13.2  ±  2.0  µm while 
the same on the bottom side was 6.4 ± 1.0 µm. The sheet resist-
ance was 24.1 ± 3.4 mΩ per square while the volume resistivity 
was 1.55  ×  10−5  Ω  cm, calculated using Equations  1 and  2. In 

earlier works, sheet resistance values of 40–50  mΩ per square 
have been reported for printed conductive tracks on paper with 
similar stretchable microparticle silver inks.[14,45] Hence, highly 
conductive ink layers were successfully printed on the cellulosic 
substrate in the layout of the targeted ECG device.

2.4. Electronics Assembly and Demonstrator Device

After manufacturing the via-holes and printing the conductor 
layout for the ECG device, the electronic components were 
assembled on the patch to realize a functional demonstrator 
device. The electronic components were secured to the patch 
using non-conductive adhesive and glob-top encapsulation and 
no overmolding was performed. The flexible ECG device had 
all-in-one dedicated electronics for recording ECG signal. The 
system includes a low-power microcontroller (nRF52832, ARM 
Cortex-M4) with built-in Bluetooth Low Energy (BLE) radio and 
integrated single-channel ECG frontend which is interfaced to 
the electrodes to capture the ECG signal. The ECG device was 
driven by embedded software to drive the electronics, adjust the 
measurement parameters and transmit recorded data to the 
companion computer application.

The fabricated ECG device was tested on a human volunteer. 
A declaration regarding ethical and privacy considerations to 
testing on humans is provided with this article. The assembled 
ECG device was cut out in the desired shape from the substrate 
sheet. A 3 V coin cell battery was utilized to power the device. 
Then a small piece of an adhesive hydrogel (Axelgaard AG600) 
was applied on the ECG electrodes to as an interface between 
skin and the measuring electrodes. This facilitates improved 

Figure 2. Surface properties of the samples. a) Mean water contact angles for the film samples measured from the top side (used for printing). 
The images below visually depict the measured contact angle values just after drop placement on sample surface. AFM images of the C100 b) and 
C50H50A2 c) samples showing the film surface where nanofibrils are clearly noticed.
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electrical signal conduction from the body to the patch. Then 
the device was placed on the chest of the volunteer in a vertical 
configuration.
Figure 5a,b show the device attached to the chest of a volun-

teer and a schematic of the device attachment and signal collec-
tion. The upper electrode (Electrode 1) was placed on the body 
part of the sternum 10  cm farther from and aligned with the 
lower electrode (Electrode 2). Figure 5c shows a zoomed image 
of the device under operation, which is indicated by the lit up 
red light emitting diode (LED). After device attachment, the vol-
unteer was instructed to stay seated and relaxed while the ECG 
signal was recorded wirelessly to a computer. Figure 5d,e show 
the ECG signal collected from the volunteer in a relaxed seated 
state where the recorded signal is free of any visible superim-
posed noise. The recorded signal shows all the components 
of a typical ECG signal. The ECG waves such as P wave, QRS 
complex, and T wave are clearly visible. The R-R interval was 
detected clearly which can enable extraction of ECG derivatives 
such as heartrate (HR) and heartrate variability (HRV) after fur-
ther processing with customized algorithms.[46]

2.5. End-of-Life Studies: Biodegradation, Soil, and 
Marine Degradation

Electronic waste (e-waste) is recognized as one of the fastest 
growing waste streams worldwide.[47] This waste stream 

contains not only materials which are dangerous environmental 
pollutants (mercury, lead, arsenic, etc.) but also valuable mate-
rials such as gold, silver, and lithium. Thus, the development 
of sustainable electronic devices utilizing biobased or recyclable 
materials has garnered worldwide interest.[48]

In this work, we studied two end-of-life scenarios, evading 
incineration or landfilling, for the demonstrator ECG device, 
viz. soil and marine degradation. Two different tests were 
performed, first, biodegradation of samples was measured 
using the CO2 evolution method and secondly, sample dis-
integration in soil was evaluated visually upon burial in soil. 
Biodegradation of unprinted and printed C50H50A2 sam-
ples was measured along with a biodegradable reference, i.e., 
microcrystalline cellulose (MCC), and a commercial refer-
ence, i.e., TPU. The total test duration was 127 days during 
which the unprinted and printed C50H50A2 samples under-
went biodegradation of 78% and 74%, respectively (Figure 6a). 
The biodegradation can be expected to increase in these 
sample if the time duration of the test is longer. In com-
parison, the biodegradable control sample viz. MCC under-
went 94% biodegradation meanwhile TPU did not show any 
signs of biodegradability throughout the test duration. It is 
also interesting to note that the rate of biodegradation of the 
nano composite samples was rapid and similar to that of the 
positive reference MCC. These results are in line with earlier 
studies with CNF films in compost environment which have 
shown that they are readily biodegradable.[49,50]

Figure 3. Schematic diagram showing the step-by-step processing to fabricate the demonstrator ECG device. Photograph of an ECG patch and a 
zoomed image focusing on the electronic components is also shown.
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Further, film degradation in soil was studied visually. The 
unprinted C50H50A2 film disintegrated completely in soil 
within six weeks meanwhile the printed film degraded whilst 
leaving behind the printed silver conductors (Figure 6b). Sim-
ilar findings (albeit slower degradation) have been reported ear-
lier when a CNF film-based electronic devices were subject to 
fungal degradation processes.[23,24] As expected, the TPU film 
did not disintegrate in soil and no weight loss was detected 
even after eight weeks.

Based on these results, soil degradation tests were per-
formed on the final assembled ECG device in order to demon-
strate a concept for material (silver ink, electronic components) 
recovery from the device. For this purpose, the ECG device was 
assembled in the same manner as used throughout the study 
with the exception that in the last step the electronic compo-
nents were encapsulated (glob top) using a cellulosic formula-
tion instead of the UV-curable adhesive. The cellulosic formu-
lation was the same as used to produce the C50H50A2 sub-
strate. This encapsulation strategy was expected to allow sim-
pler recovery of electronic components from the device upon 
degradation.

Figure 6c,d show the results from the soil degradation tests 
where the entire ECG patch degraded in three weeks. A remark-
able finding of this study was that the electronic components 

of the ECG device could be recovered from the soil by sieving 
and washing the excess soil (Figure  6e). Such a separation of 
electronic components from the substrate is not possible with 
conventional wearable devices where the end-of-life scenario is 
often incineration or landfilling. Hence, the use of cellulose-
based substrates not only promotes sustainability from the raw 
material perspective but also from the recycling perspective.

Film degradation studies in marine environment were also 
performed where the assembled ECG device on C50H50A2 
film disintegrated completely in seven days whereas a device 
fabricated on TPU film showed no signs of degradation in 
the same period (results shown in the Supporting Informa-
tion). The electronic components separated from the disin-
tegrated substrate could be recovered from the water using 
a mesh and potentially reused or recycled. This findings are 
in agreement with an earlier study where vacuum-deposited 
solar cells on CNC films were disintegrated in water and the 
residual photoactive material (≈100 nm thick) was dissolved 
using chlorobenzene and the electrode materials (≈200  nm 
thick) were incinerated.[28] In another work, nanocellulose 
film printed with liquid metal ink was disintegrated in water 
and the ink was separated from the nanocellulose via centrif-
ugation, wherein both components were recovered in reus-
able form.[29]

Figure 4. a) Digital photograph of two replica ECG layouts screen printed side-by-side on the C50H50A2 nanocomposite film. The device layout consists 
of printed circuits, through-substrate vias, lead wire, and electrode layers. b) Circuit layer and lead wires printed on the top side of the substrate.  
c) Electrode located at the tip of the device containing three punched via-holes. The bottom images show different areas of the device under an optical 
microscope (37X) to visualize the print quality. The inset image on bottom right shows a punched via-hole in the electrode area at 202X magnification.
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3. Conclusions

Cellulosic nanocomposite films based on cellulose nanofibrils 
(CNF) and hydroxyethyl cellulose (HEC) were prepared at var-
ying CNF:HEC ratios. The films were plasticized using sorbitol. 
The C50H50 sample film with 1:1 ratio of CNF:HEC was found 
to possess an optimum combination of strength and tough-
ness provided by CNF and stretchability and conformability 
contributed by HEC. AKD was added to the films to impart 
water tolerance and allow good printing resolution on the films. 
The best performing C50H50A2 film substrate was selected 
for preparing a technology demonstrator, i.e., a skin-mounted 
ECG device. For this purpose, first the device circuit layout was 
screen printed on the cellulosic film. Excellent print resolu-
tion with low sheet resistance was achieved. Further, the elec-
tronic components were assembled onto the printed substrate 
to realize a wearable ECG patch. The ECG device was tested 
on a human volunteer, where the device successfully recorded 
the ECG signal. The physiological measurement in this study 
was meant to demonstrate the feasibility of developing such a 

complex circuitry on a bio-based substrate. Signal processing 
and analysis of the recorded data remained beyond the scope 
of this study. The ECG device in this study was developed using 
sheet-to-sheet printing and a manual assembly process, how-
ever, the processing steps are truly scalable and can be repli-
cated in a fully automated roll-to-roll process. Last, the device 
end-of-life was studied in soil and marine degradation tests 
where the cellulosic substrate degraded within weeks and the 
printing ink and the electronic components could be recov-
ered from the degradation media. Such recovery of electronic 
components is not possible with conventional wearable devices 
where the end-of-life scenario is often incineration or land-
filling. Our work demonstrates the potential of cellulose nano-
composite films as renewably-sourced biobased substrates for 
the fabrication of printed flexible hybrid electronic devices with 
improved sustainability.

In our opinion, biobased materials can play a big role in 
the imminent green transition in the electronics industry 
due to their massive sustainable upscaling potential. Roll-to-
roll production technologies for nanocellulose or cellulose 

Figure 5. a) The ECG device attached to the skin of a human volunteer in vertical configuration on the chest. An adhesive hydrogel was applied between 
the skin and the electrode pads of the ECG device. The device was powered with a 3 V coin cell. b) Schematic of the patch attachment to the skin and 
signal collection. c) Magnified image of the ECG patch attached to the chest of a volunteer. d,e) ECG signal measured from the volunteer and a subset 
of the recorded signal with a shorter time period to show the signal quality where typical characteristics of the ECG signal are labelled.
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nanocomposite films are currently under development whereas 
high-throughput roll-to-roll printing and component assembly 
processes already exist in the electronics industry. Future work 
on this topic could involve studying other biomaterials in addi-
tion to cellulose for preparing the substrates and imparting 
functionalities like water and sweat tolerance and antimi-
crobial nature to them. Methods to improve the tear resist-
ance and stretchability of the films could also be important 
developments.

4. Experimental Section
Materials: Cellulose nanofibrils (CNF) suspension was produced via 

mechanical homogenization of native bleached hardwood kraft pulp in 
a friction grinder (Supermasscolloider MKZA10-15J, Masuko Sangyo Co., 
Japan) operating at 1500 RPM, making two passes through the grinder. 
Following the homogenization, the fiber suspension was directed into 
a microfluidizer (M-7115-30, Microfluidics, USA). Six passes through 
the microfluidizer were performed at 1800  bar pressure. During the 
first pass, chamber diameters of 500 and 200  µm were used and the 
subsequent six passes were made using 500 and 100  µm chambers. 
Finally, a translucent viscous gel was obtained after the mechanical 
treatments with a final solid content of 1.8% w/w. Reverse osmosis water 
was used during CNF preparation.

Hydroxyethyl cellulose (HEC) was procured from Merck KGaA, 
Germany in powder form (54 290 grade). A measured amount of HEC 
powder was slowly added to deionized water heated to 60° under 
constant stirring for 2 h to make a 5% w/w solution.

For imparting hydrophobicity to films, a commercial alkyl ketene 
dimer (AKD) dispersion was procured from Solenis LLC, USA 
(tradename Aquapel 320) and used as such without modifications. 
D-sorbitol was used a plasticizer for film samples and was obtained 
from Merck KGaA, Germany in powder form (>99% purity). The sorbitol 
powder was dissolved in deionized water to obtain a 50% w/w solution 
before incorporation into film formulations.

The performance of the prepared cellulosic films was compared to 
a commercial thermoplastic polyurethane (TPU) film (Platilon® U073, 
100 µm nominal thickness).

Flexible silver ink CI-1036 (Nagase ChemteX America Corporation, 
USA) with a total solids content of 66% was used for screen printing 
during the study.

Fabrication of Printing Substrate Films: Cellulosic printing substrates 
were composed of CNF or HEC individually or either a mixture of 
both components in various ratios (Table  1). Films from the cellulosic 
materials were prepared via water solvent casting where the target 
thickness of the films was 40  µm. Measured amounts of aqueous 
suspensions were poured into petri-dishes of known size and dried in 
ambient conditions to obtain standalone films. The casting consistencies 
for all samples was fixed at 1% w/w. All casting formulations were mixed 
for 30  min using a high shear mixer (Dispermat LC, VMA-Getzmann 
GmbH) to ensure homogeneity in the mixture. Prior to film preparation, 
all formulations were deaerated using an asymmetric vacuum-assisted 
centrifuge (SpeedMixer DAC 600, Synergy Devices Ltd., UK). Post 
preparation, all film samples were conditioned at 23 °C and 50% relative 
humidity for at least 24 h before further testing.

After performing the laboratory-scale tests for optimizing film 
properties, the selected C50H50A2 substrate was produced in large-
area using the Surface Treatment Concept (SUTCO) pilot machine 
located at VTT, Espoo, Finland for preparing the demonstrator device. 

Figure 6. a) Soil biodegradation curves for microcrystalline cellulose (MCC), unprinted and printed C50H50A2 films, and TPU film. b) Photographs 
of unprinted (above) and printed C50H50A2 films before starting the soil burial test and after 6 weeks of incubation. The cellulosic part of the film 
degraded completely while leaving behind only the printed silver conductor. c) A fully assembled ECG device at the beginning of the soil degradation 
test, and d) the disintegrated device after 3 weeks of burial. e) the recovered electronic components after sieving the soil with a 2 mm mesh.
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Detailed information regarding pilot-scale film production is shown in 
the Supporting Information.

Characterization of Substrate Films: Thickness of film samples was 
measured using an L&W Micrometer 051 (Lorentzen & Wettre AB, 
Sweden). Basis weight of the films was measured by weighing a film 
sample of known size.

Atomic Force Microscopy (AFM) was employed for imaging 
the surface of the dried films using MultiMode 8 Scanning Probe 
Microscope (Bruker AXS Inc.). The top side surface (not in contact 
with forming substrate) of the film was analyzed. Sample surface 
area of 5  ×  5  µm2 was probed and average roughness was calculated 
across a single horizontal line. Image processing was performed using 
Nanoscope Analysis 8.15 software. Surface roughness of the cellulosic 
film samples was also measured using a white-light interferometer Wyko 
NT3300 (Veeco Inc., USA). The measurement area was 226 × 297 µm2 
and average surface roughness (Ra) and root mean square (Rq) 
roughness values were recorded from the measured profiles. The two 
different roughness measurement methods were used to examine the 
surface roughness on different planar dimensional scales.

Tensile tests were performed using a Lloyd LS5 materials testing 
device (AMETEK Inc., USA) equipped with a load cell of 1  kN. Film 
samples were cut into 15 mm wide strips and strained at 5 mm min−1 
rate while the gauge length was fixed at 50  mm. At least five parallel 
measurements were made for each sample and the data was collected at 
the resolution of 10 000 points per sample.

The transmittance spectrum and optical haze of sample films were 
measured with a Cary 5000 UV–vis-NIR spectrophotometer (Agilent 
Technologies Inc.) between 800 and 200 nm wavelength range with 1 nm 
resolution and a scanning rate of 600  nm  min−1. Haze was quantified 
according to ASTM D1003 standard using an integrating sphere (DRA 
2500, Agilent) using methodology shown elsewhere.[51,52]

Water contact angle was measured using Attension Theta (Biolin 
Scientific) optical tensiometer using sessile drop method. Drop volume 
of 4  µL was used and the average contact angle value for five parallel 
measurements as a function of time up to 1 min after drop placement 
on the sample surface had been reported.

Attenuated total reflectance Fourier-transform infrared spectroscopy 
(ATR-FTIR) was performed on sample surfaces with Nicolet iS50 
FTIR spectrometer using a single reflection diamond ATR crystal. Two 
parallel spectra from each sample were measured. Results from these 
measurements are reported in the (Figure S7, Supporting Information).

Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry 
(DSC) were performed using STA 449 F1 Jupiter (Netzsch-Gerätebau GmbH, 
Germany). A sample mass of 18  mg was placed in alumina crucibles 
where the selected test environment was air, the temperature range was 
50–600 °C, and the temperature gradient was set to +10 °C min−1.

Screen Printing on Substrate Films: Screen printing was performed 
on both the cellulosic and TPU substrates, using an automated 
sheet-to-sheet (S2S) screen printing press EKRA XH STS (ASYS 
Automatisierungssysteme GmbH, Germany). The printer has an 
automated registration system enabling printing on both sides of the 
substrate and onto through-substrate via-holes. A polyester screen 
with a mesh count of 330 lines per inch, wire diameter of 25 µm, and 
emulsion thickness of 15 µm was used for printing the ECG circuit and 
lead wires on the substrate (termed as top side). Skin-side electrodes 
were printed on the opposite side of the substrate (termed as bottom 
side) using a stainless steel screen with a mesh count of 325 lines per 
inch, wire diameter of 28 µm, and emulsion thickness of 15 µm.

First, the substrate sheets were thermally pre-treated in a hot air oven 
(Binder GmbH FED 240, Germany) at 110 °C for 30 min to improve the 
dimensional stability of the substrate. Next, through-substrate via-holes 
with diameter of 200 µm were produced by punching the substrate film. 
Further, the ECG circuit layer and lead wires were screen-printed with 
the silver ink onto the top side of the substrate, precisely registered to 
the via-holes. The printed layer was then dried in the oven at 110 °C for 
30 min. Finally, the ECG electrodes were printed onto the bottom side of 
the substrate, registered to the top side printing, and dried in the oven 
at 110 °C for 30 min.

The thickness of the printed ink layers was measured with a surface 
profilometer (Dektak 150, Veeco, USA). The average roughness (Ra) 
and RMS roughness (Rq) of the printed layers were measured using a 
white-light interferometer (Wyko NT3300, Veeco, USA). Detail rendering 
and conductor line width was determined optically using a Smartscope 
250 microscope (Optical Gaging Products, USA) and a scanning-
electron microscope (SEM) (NeoScopeTM JCM-5000, JEOL, Japan). The 
adhesion and cohesion of the printed conductor layer was evaluated with 
a modified tape test (ASTM F2252-03) by measuring the resistance of 
the conductor lines before and after the tape peeling as well as visually 
evaluating the ink removal degree from the surface. The resistance of 
the printed conductor lines was measured using a Fluke 289 multimeter 
(Fluke, USA) after which sheet resistance (SR) and volume resistivity 
(VR) values were calculated by means of the resistance (R), line width 
(w), line length (l), and layer thickness (h) values as follows:

SR Rw
l

=  (1)

VR SR h= ∗  (2)

ECG Device Assembly: After printing the ECG circuit layout on the 
nanocellulose substrate, the electronic components were directly 
assembled on it to realize a fully functional wearable ECG device. 
The details of the ECG electronics have been described in the earlier 
work.[37] The interconnection between the components and the layout 
was realized by electrically conductive adhesive (Epotek H20E-PFC). 
The components were precisely aligned and manually placed on their 
corresponding footprints. The conductive adhesive was dispensed at 
the interface of each components pads and the footprint and cured 
in an oven at 80  °C for 3  h. The conductive adhesive solely could not 
provide sufficient mechanical bonding to the substrate, and therefore, 
the interconnections were further secured by applying non-conductive 
UV-curable adhesive (Loctite 3525) around the components. To ensure 
that the assembled components remain securely in place when exposed 
to mechanical deformation (e.g., bending, twisting) of the soft and 
flexible substrate, additional encapsulating layer (glob top) was applied 
on the areas of the layout where components are placed. The glob 
top encapsulation was realized by UV-curable adhesive (Dymax 9008) 
with the exposure to UV light for 30 sec. In the patch layout design the 
electronics components were concentrated in the center of the patch to 
keep the encapsulation area as minimal as possible while leaving the 
rest of the patch flexible and conformal to skin. The entire printing and 
assembly process is shown schematically in Figure 3.

Biodegradability in Soil: The biodegradability of unprinted and 
Ag-printed substrates (C50H50A2), and the commercial TPU film was 
evaluated using ISO 17  556:2012 method based on CO2 evolution as 
described by Vikman et  al.[49] Samples were milled using an analytical 
mill IKA A11 (IKA GmbH, Germany) and sieved through a 500 µm mesh 
before mixing with soil.

Soil was collected from an agricultural field of Helsinki University 
situated in Helsinki, Finland. The pH of the soil was 6.4, organic matter 
content 9% (dry weight), and C/N ratio of 19. The soil was sieved to 
2 mm particle size and the final soil moisture was adjusted to 24 wt% 
corresponding to 30% of the water holding capacity. For each replicate, 
250  mg of milled sample was mixed with 50  g (dry weight) of soil in 
a 1000  ml glass bottle. Three replicates were prepared for the tested 
samples. In addition, three blank samples and three microcrystalline 
cellulose (MCC) (Merck GmbH, 20  µm) samples were prepared to be 
used as a reference compound in biodegradability tests.

Carbon content of the samples and nitrogen and carbon content 
of the soil were evaluated using an elemental analyzer Flash 2000 EA 
CHNS-O (Thermo Fisher Scientific Inc.). CO2 concentrations in the gas 
phase in the sample bottles were measured at regular intervals using 
a Servoflex MiniFoodPack 5200 infrared analyzer (Servomex, UK). The 
net CO2 production evolved from the test materials was calculated by 
subtracting the average amount of CO2 produced in the blank soils 
from the amount of CO2 produced in the test sample bottles. The 
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biodegradation percentages were calculated from the ratio between the 
net CO2 production and the theoretical CO2 production calculated based 
on elemental carbon content of the tested material.

Disintegration in Soil: Disintegration in soil was evaluated using an 
in-house soil-burial test. Sample films of unprinted and Ag-printed 
substrates (C50H50A2) were attached to plastic frames (exposed sample 
area to soil 3.5 × 2.3 cm), which were then buried in soil and incubated at 
20 °C and constant moisture conditions. The same soil was used in this 
test as in the soil biodegradation test. Three replicates were prepared for 
each tested material. Samples were taken out at regular time intervals of 
exposure to soil and the degradation of the samples was measured by 
visually evaluating the degraded sample area. In addition to samples in 
frames, a fully assembled ECG device was buried in soil and incubated 
in the same conditions. After 3 weeks soil was sieved with a 2 mm mesh 
to collect undegraded parts of ECG device.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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