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ABSTRACT
Printed and flexible electronics have gained considerable scientific attention in 
recent years, driving the demand for low-energy production techniques, eco-
friendly materials and flexible substrates. However, effective encapsulation is 
essential to protect these devices in harsh environmental conditions. Thus, sus-
tainable encapsulant materials are critical for advancing flexible electronics. In 
this work, we studied three encapsulant materials—commercial plastic, polyvinyl 
alcohol and ethyl cellulose—applied to thermoelectric touch sensors printed on 
paper and fabric substrates. Ethyl cellulose demonstrated promising properties 
in terms of flexibility, water resistance and transparency, along with a low carbon 
footprint. Encapsulated substrates with ethyl cellulose exhibited high contact 
angles (121° on fabric and 116° on paper), indicating robust water repellency. 
Thermal stability tests showed minimal mass loss (10%) at 315 °C, confirming its 
temperature resilience. Furthermore, sensors encapsulated with ethyl cellulose 
retained their electric performance after water submersion for 1 min and with-
stood 100 bending cycles, maintaining response times below 1 s and signal output 
around 100 µV. These findings highlight ethyl cellulose as a viable green encapsu-
lant material compatible with large-scale sustainable electronics manufacturing.

1 Introduction

Devices produced on a laboratory scale typically 
operate under fixed and controlled conditions, such 
as temperature (T) or humidity. In contrast, in real-
world applications, these devices will face different 
and variable environmental conditions, along with 

mechanical stresses, which may compromise their per-
formance. Many studies do not specify these highly 
relevant circumstances for evaluating the viability of 
the devices in some applications. The encapsulation 
step aims to protect devices under extreme conditions 
and meet the different usage requirements, while 
minimizing performance degradation. Factors such 
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as lifetime, durability, variability and stability, are 
practical considerations that are seldom considered 
[1]. Some printed electronic devices must have selec-
tive permeability, such as ozone sensors that should 
be able to adsorb oxygen [2] or humidity sensors that 
must interact with water molecules [3, 4]. On the other 
hand, optical sensors typically just require a transpar-
ent or optically neutral encapsulation [5, 6]. Lastly, cer-
tain sensor types require an encapsulation to protect 
against the environmental abrasion and wear.

Printed electronics utilize low-energy demanding 
processes, such as additive manufacturing techniques, 
without the need for vacuum or high temperature 
steps. Functional inks are formulated accordingly 
to the desired features, and through techniques like 
screen-printing, inkjet printing, film casting or flexog-
raphy printing, it is possible to achieve printed films 
on paper, fabrics, or other flexible substrates. The com-
bination of these inks and printing methods have been 
used to produce different kinds of sensors, namely, 
for ultraviolet radiation [2, 7], mechanical pressure [8, 
9], humidity [3, 10], or temperature [11]–[13]. None-
theless, one of the most important requirements in 
bringing these devices to market is their encapsula-
tion since many of the materials used in printed and 
flexible electronics are sensitive to oxygen or moisture 
[14], for instance, leading to performance losses over 
time. Encapsulation is also a key aspect in improving 
the robustness of flexible devices against mechanical 
impacts or bending/twisting, increasing their durabil-
ity and shelf-life [15]. Encapsulation technologies have 
evolved from traditional rigid cover plate encapsula-
tion, rigid inorganic film encapsulation, to the cur-
rent flexible thin-film encapsulation [16], typically 
polymer-based materials. The commonly used mate-
rials such as parylene [17, 18], polydimethylsiloxane 
(PDMS) [5, 19, 20], laminated plastic [18, 21] and poly-
vinyl alcohol (PVA) [22, 23], among others, usually are 
toxic or difficult to recycle.

In this work, we explored three different encap-
sulant materials for flexible and screen-printed ther-
moelectric (TE) touch detectors on paper and fabric 
substrates, developed in a previous study [12]. These 
graphite-based thermal sensors operate based on the 
thermal gradient formed between the finger and the 
device, generating an electrical signal through the 
Seebeck effect. The Seebeck coefficient (S) of graph-
ite is reported to be p-type, with positive values and 
relatively small magnitudes (typically bellow 30 µV/K) 
[11, 12, 24, 25]. However, there are ways to optimize 

sensor performance, including connecting multiple TE 
elements in series or use graphite in composites [12, 
26–28]. Besides being flexible and lightweight, these 
touch detectors offer good performance for both naked 
and glove-covered skin. As a main advantage, over the 
existing touch sensors, a single TE element can distin-
guish a different finger temperature, sense and dis-
criminate between fast and slow touches, and give two 
symmetrical responses depending on the stimulated 
electrode, allowing for Yes–No/On–Off applications 
[11, 12, 29–33]. Among several desirable features, these 
devices must exhibit a strong sensing performance, 
including high and stable signal–noise ratio values 
with short response time. The chosen encapsulant 
materials, ethyl cellulose (EC) and PVA were depos-
ited using blade-coating, while commercial plastic 
pouches were applied using an office laminator. The 
EC and PVA are flexible encapsulants and compatible 
with printed techniques, EC being cellulose-based is 
an eco-friendlier choice [34, 35], that to the best of our 
knowledge, it is used in this work for the first time as 
encapsulant for flexible electronic devices.

2 �Materials and methods

2.1 �TE samples preparation

A TE ink was formulated dissolving ethyl cellulose 
(CAS: 9004-57-3, Sigma-Aldrich, extent of labelling: 
48% ethoxyl) in diacetone alcohol (DAA) (CAS: 123-
42-2, 4-Hydroxy-4-methyl-2-pentanone 99% from 
Sigma-Aldrich) and adding 20 wt% of graphite flakes 
as received (mesh 325, 99.8%, metal basis from Alfa 
Aesar®). This ink was screen-printed (2 layers) with a 
mesh model 77-55, from I.C.M. Graf., Lda, using sub-
strates of multi-function paper (office paper) with an 
80 g m−2 grammage from The Navigator Company and 
natural cotton fabric from Fiacri. Carbon electrodes 
were then printed with a mesh model 120–34 and 
cured for 30 min at 100 °C, using a hot plate. To extend 
the device’s electrical contacts, aluminium foils were 
glued on opposite sides of the quadrangular TE ele-
ments with screen-printed carbon electrodes. Further 
details can be found in a previous work [12].

2.2 �Encapsulation step

The TE touch detectors were fully encapsulated (on 
both sides), as the substrates are fibrous, porous, and 
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susceptible to environmental changes equally and 
despite the side, and because a water submersion test 
was performed in order to validate an efficient encap-
sulation material. A representative schematic of the 
encapsulation and characterization processes can be 
found in Fig. 1.

Two encapsulant materials were deposited using 
blade-coating: a solution of 7.5 wt% EC dissolved in 
a mixture of 80:20 (V/V) of ethanol (EtOH) and DAA 
(EtOH, CAS: 64-17-5, from Carlo Erba Reagents), and 
a solution of PVA (CAS: 9002-89-5, from EVO-STIK) 
mixed with milli-Q water in a ratio of 1:7 (V/V). The 
blade coater used was a K101 Control Coater System, 
with a 4 µm or a 90 µm wet thickness rod or film appli-
cator, correspondingly. The depositions were made 
with a bed temperature of 60 °C, at a speed level of 
2 and 4 (these values do not have associated units 
according to the manufacturer equipment manual) 
for EC and PVA mixtures, respectively. Regarding EC 
encapsulation, after depositing one side and allowing 
it to dry for five minutes at 60 °C, the back was coated 
similarly. For the PVA samples, the back was coated 
after the first side had dried for 24 h at room tem-
perature (RT). A commercial plastic pouch (thickness 
range of 80–125 µm) was also tested as an encapsulant 
using an OL 250-L-17 laminator from QUIGG, with a 
400 mm/min operating speed, operating at a tempera-
ture of roughly 135 °C, according to the manufacturer.

2.3 �Characterization

EC ink viscosity was measured using an Anto Paar 
Rheometer 502 TwineDrive, for shear rates from 1 to 
1000 s−1, at 25 and 60 °C. Thermogravimetric analysis 

(TGA) was conducted in a STA 449 F3 Jupiter, in air, 
with temperature varying from 25 to 500 °C at a heat-
ing ramp of 10 °C/min, to analyse the thermal prop-
erties of the selected encapsulant materials. Scanning 
electron microscope (SEM) Hitachi TM3030Plus table-
top workstation (Tokyo, Japan) was used for surface 
imaging, to see the differences between the substrates 
as purchased, after encapsulation and after the bend-
ing tests. Static water contact angle (CA) measure-
ments were performed with DataPhysics OCA 15 Plus, 
using 2 μL droplets of deionized water. The side view 
of the droplet was acquired with a camera and the 
CA was determined using the Laplace-Young approxi-
mation model. A Gamry Instruments Reference 600 
Potentiostat was used to measure the open circuit 
potential (VOC) over time to determine the TE sen-
sors’ responsiveness to touch events, before and after 
the encapsulation step [11, 12]. These touch tests were 
conducted at room temperatures between 21.4 and 
22.0 °C. Given that human fingertip temperatures at 
this ambient range typically fall between 30 and 32 °C 
[36], and that contact was made with a gloved finger 
for brief intervals, the actual temperature gradient 
observed across the sample itself was approximately 
7–8 °C. Bending tests were conducted using a 15 mm 
curvature radius and water submersion tests were per-
formed for 1 min, with the sensors being remeasured 
after.

Fig. 1   An illustration of the two encapsulation techniques used, along with the corresponding materials, and the touch test employed in 
the characterization of the thermoelectric sensors
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3 �Results and discussion

3.1 �SEM imaging

SEM images in Fig. 2a and b reveal the differences 
between the two substrates used to print the TE sen-
sors, before and after the PVA and EC encapsulation 
step. Both PVA and EC covered the paper surface uni-
formly, filling in the pores between the fibres and lin-
ing their walls. As for the fabric substrate, although 
the fibre threads seem to be covered, the gaps between 
them are relatively big to be filled with the encapsu-
lant material, so the fabric remains porous. However, 
as published in a previous work regarding the TE sen-
sors production [12], the TE ink itself helps to cover 
the substrates which will make the encapsulation more 
effective on top of an already printed paper or fabric.

Encapsulated and non-encapsulated samples sub-
jected to bending tests were also analysed in areas 
with printed layers to determine whether any microf-
ractures had formed. However, no visible differences 
were observed compared to the non-bent samples 
(Figure S 1 in the Supplementary Material). In Fig. 2c, 
we can confirm that both EC and PVA result in trans-
parent encapsulation layers. A sample encapsulated 
with a laminated plastic pouch is also presented for 
comparison using conventional plastic encapsulant.

3.2 �TGA analysis and viscosity

The TGA analysis of the three encapsulant mate-
rials and two substrate types studied in this work 
(Fig. S2—(a) in the Supplementary Material) dem-
onstrates that all encapsulants are thermally stable 
up to150  °C. For applications requiring elevated 
processing or operational temperatures, a mass loss 
of 2% is observed at 162 °C, 276 °C and 381 °C, for 
PVA, EC and plastic lamination, respectively. Addi-
tionally, a mass loss of 10% is recorded at 307 °C, 
315 °C and 408 °C, for PVA, EC and plastic lami-
nation, respectively. Notably, PVA degrades more 
rapidly than EC, whereas plastic lamination is pref-
erable at temperatures exceeding 250 °C, though at 
the expense of flexibility. For the substrates paper 
and fabric, an initial mass loss was observed below 
100 °C, attributable to the desorption of free water 
within the fibres. Subsequently, at 295 °C for paper 
and 209 °C for fabric, a mass variation of approxi-
mately 10% occurred, corresponding to cellulose 
degradation [37, 38]. In contrast, the encapsulant 
materials demonstrate significant mass changes only 
at higher temperatures, indicating that the thermal 
degradation conditions affecting the substrates do 
not degrade the encapsulants.

Dynamic viscosity of commercial PVA is 
9000–15000  mPa.s (depending on the dilution) 
according to the manufacturer’s technical data-
sheet. The EC ink absolute viscosity measured 

Fig. 2   SEM images for a paper samples and b fabric samples, before encapsulation, and after PVA and EC encapsulation; c Real 
images of the TE sensors, before and after the encapsulation with EC, PVA and plastic pouch lamination
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in the rheometer for a shear rate of 500  s−1 was 
17.11 ± 0.02 mPa·s at 25 °C and 0.96 ± 0.08 mPa.s at 
60 °C. These results (Figure S2—(b) in the Supple-
mentary Material) show that both encapsulant inks 
are compatible and suitable for different printed 
techniques, such as screen-printing, dispenser-print-
ing and blade coating, making the encapsulation pro-
cess easily up-scalable [39, 40].

3.3 �Contact angle

Contact angle (CA) measurements were performed 
to assess the wettability of the substrates both prior 
to and following encapsulation. The CA was also 
determined after subjecting the samples to 100 bend-
ing cycles with a 15 mm curvature radius. Addition-
ally, the water resistance of the devices was tested by 
immersing them in water for 1 min. Prior to encapsula-
tion, both paper and fabric exhibited high hydrophi-
licity, absorbing water droplets almost immediately, 
therefore, CA measurement was unfeasible as it fell 
below 10 degrees. This observation indicates that 
non-encapsulated sensors when wet or submerged in 
water, would likely experience a rapid degradation in 
electrical performance or potentially cease function-
ing. The CA values obtained are compiled in Fig. 3, 
showcasing the significant alterations in wettability 
resulting from each encapsulant material. The light-
coloured bars represent measurements taken 1 min 
after the water droplet contacted the surface, while 
the darker bars refer to measurements taken at the 
5 min mark.

Regarding the laminated samples, the CA values 
were comparable across both substrates, as antici-
pated. Unlike the other two encapsulation materials, 
the laminated plastic surface exhibited lower CA val-
ues after 5 min, attributed to evaporation and spread-
ing of water on the low-energy surface. In the case 
of fabric samples encapsulated with PVA and EC, the 
CA values were higher compared to laminated plastic, 
indicating that, although the plastic surface is entirely 
impermeable to water, the EC and PVA encapsulants 
confer greater hydrophobicity to the surface, thus 
increasing the CA and sustaining it for longer. The 
EC mixture performed effectively on both substrates 
using a blade-coated layer applied with a 4 µm wet 
thickness rod. Although the PVA encapsulation on fab-
ric yielded slightly higher CA values, the difference 
was negligible.

In contrast to the fabric samples, the PVA encap-
sulation (1:7 water ratio) with a single 4 µm rod pas-
sage was ineffective at creating a reliable water bar-
rier on paper substrates, which completely absorbed 
the water droplet, resulting in a CA value near zero 
after 5 min. Due to the high dilution of PVA in water 
and despite the deposition being made at 60 °C, the 
paper fibres absorbed the solvent almost immedi-
ately, resulting in substantially lower performance 
of the PVA-encapsulated sensors on paper compared 
to those on fabric. To address this issue, different 
approaches were experimented. Initially, a 90 µm 
film applicator was utilized to increase PVA deposi-
tion and potentially enhance barrier performance. 
Additionally, a new PVA:water ratio (3:2  V/V) 
was tested, increasing the polymer in the mixture. 

Fig. 3   Contact Angle values measured with three different encapsulants, after 1 and 5 min, for a paper samples and b cotton samples
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However, neither approach yielded satisfactory 
results. The subsequent strategy involved increas-
ing the number of printed layers while maintain-
ing a 4 µm wet thickness per layer. This adjustment 
significantly improved the encapsulation of paper 
samples, leading to higher CA values and achieving 
a waterproof barrier, as confirmed by the manufac-
turer’s datasheet (see Table S1 in the Supplementary 
Material). However, this modification significantly 
extended the encapsulation process due to the dry-
ing time required between layers and for each side 
of the sample. Although this approach enhanced 
the results, CA values remained approximately 30° 
lower for paper than for fabric samples across all 
tests. For EC encapsulation, the CA values were 
nearly identical for both substrates and demon-
strated superior encapsulation efficiency in all test 
conditions, even following 1 min of water submer-
sion (see Fig. 5b), affirming its anticipated hydropho-
bicity [41–43]. An additional contact angle measure-
ment was conducted on EC and PVA-encapsulated 
samples before and after bending cycles, one year 
post-encapsulation, as shown in Figure S3. Results 
indicate that the values remain close to the previ-
ously measured values, with a variation of less than 
10% in each case.

3.4 �TE touch sensors

The VOC of the TE sensors in response to gloved finger 
touches was measured over time. The VON represents 

the VOC when the sample is experiencing a thermal 
gradient (∆T) due to a finger touch in one of its elec-
trodes, while VOFF is considered the VOC when no ∆T 
is applied between the electrodes. At the beginning 
of each test, the sample’s response was recorded for 
at least 30 s without any touch events to establish a 
baseline. After this stabilization period, the sensors 
were stimulated, and the VOC was allowed to return 
to its initial value before each subsequent touch event. 
The difference between the VON and VOFF states is 
defined as the voltage amplitude (VAMP) of the sen-
sor’s response [11, 12, 26].

This study prioritized the practical response of 
the TE sensors over conventional TE characteriza-
tion. For touch-sensing applications, electrical resist-
ance and conductivity are less critical than the See-
beck coefficient and the achievable thermal gradient 
across the sensor. Moreover, measuring thermal and 
electrical conductivities in these sensors on fibrous, 
porous substrates is challenging due to the indeter-
minate film thickness, while Seebeck measurements 
in samples with non-ideal dimensions contacts also 
face limitations. Consequently, our focus was on sen-
sor functionality and stability in repeated touch tests 
under realistic conditions, rather than on calculating 
power factor or TE Figure of Merit. Non-encapsulated 
samples were tested before and after bending cycles, 
as shown in Figure S4, to establish a baseline for the 
typical behaviour of unencapsulated sensors.

The bending and submersion tests conducted with 
EC-encapsulated paper and fabric TE sensors Fig. 4 

Fig. 4   Open circuit potential (VOC) results for finger touch events. These cotton samples were characterized before and after the EC 
encapsulation, adding a characterization of an encapsulated sample: a after 100 bending tests and b after 10 weeks
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and Fig. 5 demonstrate that the sensors remained 
functional even after 100 dynamic bending cycles 
with a 15 mm curvature radius or 1 min of water 
submersion. Although VAMP values were slightly 
lower and off state recovery times (τfall) were pro-
longed, the response signal remained significant 
(~ 100  µV), and rise times maintained below 1  s. 
Results from the ageing tests, (Fig. 4b) indicate that, 
despite a reduction in VAMP after 10 weeks, the EC-
encapsulated device continued to function effec-
tively. Similar ageing tests on PVA-encapsulated 
and laminated samples (see Figure S5—(a) and (b), 
respectively, in the Supplementary Material) showed 

that PVA-encapsulated sensors retained responsive-
ness, while laminated samples exhibited a significant 
decrease in VAMP after 10 weeks.

In each plot, we observe that part of the VAMP loss 
occurs immediately following the encapsulation step. 
This effect arises because an additional layer on the 
sensor hinders the thermal stimulus from reaching 
the electrode and slows heat dissipation after finger 
removal, thereby also increasing the τfall.

For fabric samples encapsulated with a single layer 
of PVA (Fig. 6a), the sensor performance after bend-
ing is comparable to that of EC encapsulation. How-
ever, for paper samples encapsulated with two PVA 

Fig. 5   Open circuit potential (VOC)results for finger touch events for paper samples that were characterized before and after the EC 
encapsulation, adding a characterization of an encapsulated sample: a after 100 bending tests and b after 1 min submersion

Fig. 6   Open circuit potential (VOC) results for finger touch events. Both samples were characterized before and after the PVA encapsula-
tion, and after the bending tests for: a encapsulated fabric sample and b encapsulated paper sample
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layers (see CA discussion in section C, which details 
the effect of varying PVA layers counts), the results 
reveal a significant decrease in VAMP under bending 
stress for PVA-encapsulated sensors, Fig. 6b. There-
fore, EC encapsulation is more suitable for flexible 
paper sensors, as it has a lesser impact on performance 
and involves a simpler, faster process.

For comparison purposes, fabric and paper samples 
encapsulated with laminated plastic were also evalu-
ated using the same tests applied for EC and PVA, as 
shown in Fig. 7.

No improvement was observed with laminated 
plastic encapsulation for these TE sensors, as results 
indicated that the VAMP continued to decrease, and 
response times also increased. For a detailed break-
down of VAMP values, along with response and 
recovery times for all encapsulated fabric and paper 
samples, please refer to Tables S2 and S3 in the Sup-
plementary Material. In terms of transparency, all the 
studied encapsulants were transparent, as shown in 
Fig. 2c. Additionally, due to the thicker plastic encap-
sulant layer, the samples appeared more rigid and 
heavier than those encapsulated with EC and PVA. 
This rigidity and added weight could be critical for 
applications where flexibility and low weight are key 
considerations.

4 �Conclusion

In this study, we evaluated various encapsulants for 
flexible TE touch sensors printed on paper and fab-
ric substrates, including ethyl cellulose and polyvinyl 
alcohol, applied via blade-coating, and laminated 
plastic using a commercial laminator. While lami-
nated plastic provided a water-impermeable surface 
independently of the substrate, contact angle meas-
urements indicated that both EC and the PVA sig-
nificantly enhanced the waterproofing of previously 
non-encapsulated paper and fabric samples. Notably, 
following a 1  min water submersion test, the EC-
encapsulated paper samples exhibited higher contact 
angles (103 ± 3º) than those encapsulated with PVA 
(87 ± 5º) or laminated plastic (84 ± 3º), underscoring 
EC’s superior hydrophobicity. SEM surface imaging 
revealed that EC and PVA produced smoother, less 
porous surfaces on both paper and fabric substrates. 
Additionally, both laminated plastic and EC dem-
onstrated thermal stability up to 200  °C, aligning 
well with the thermal demands flexible substrates in 
electronic applications. In terms of TE sensor perfor-
mance, encapsulation introduced a decrease in VOC 
and increased recovery times likely due to added 
thermal resistance. Nevertheless, all three encapsu-
lants enabled effective touch detection, with response 
signals around 100 µV and rise times bellow 1 s. EC 
was identified as the optimal encapsulant due to its 
favourable electrical response, eco-friendly profile 
and compatibility with paper and on fabric substrates. 

Fig. 7   Open circuit potential (VOC) results for finger touch events. Both samples were characterized before and after the plastic lamina-
tion, and after the bending tests: a cotton sample and b paper sample
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Moreover, EC’s single-step blade coating application, 
requiring short drying times, supports scalability for 
large scale manufacturing. Given its tunable viscos-
ity, EC encapsulants could also be applied via screen-
printing or dispenser-printing, enhancing its versatil-
ity. This encapsulation material is thus well-suited not 
only for TE touch sensors but also for a broad range of 
printed and flexible electronic devices using diverse 
substrates.
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