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Inkjet Printed Multifunctional Graphene Sensors for Flexible

and Wearable Electronics
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T. Mark Fromhold, Ricky D. Wildman, Richard J. M. Hague, Christopher J. Tuck,

Oleg Makarovsky, and Lyudmila Turyanska*

The exceptional electrical properties of graphene with high sensitivity to exter-
nal stimuli make it an ideal candidate for advanced sensing technologies. Inkjet
printing of graphene (iGr) can provide a versatile platform for multifunctional
sensor manufacturing. Here the multifunctional sensor enabled by combining
the design freedom of inkjet printing with the unique properties of graphene
networks is reported on. A fully inkjet printed multimaterial device consists of
two layers of iGr stripes separated by a dielectric polymeric layer of tripropylene
glycol diacrylate (TPGDA). In these devices, the bottom iGr layer, capped with
TPGDA, provides temperature sensing, the top uncapped iGr is sensitive to the
external atmosphere, while the capacitance between the two iGr layers is sensi-
tive to the applied pressure. The fast, sensitive, and reproducible performance
of these sensors are demonstrated in response to environmental stimuli,
such as pressure, temperature, humidity, and magnetic field. The devices are
capable of simultaneous sensing of multiple factors and are successfully man-
ufactured on a variety of substrates, including Si/SiO,, flexible Kapton films
and textiles, demonstrating their potential impact in applications compatible

1. Introduction

Development and implementation of
multifunctional sensors and fixed sen-
sor network infrastructures require
flexible, non-toxic, and highly sensitive
devices, which could bring transforma-
tive solutions for applications ranging
from healthcarel!l to environmental
monitoring.?l The sensitivity of the
electrical properties of exfoliated single
layer graphene to the presence of nearby
charges® has been exploited in photon
sensing,*’] temperature, pressure,!®!
gas,”l electric field®! and magnetic
field® sensors, highlighting their ap-
plicability across a range of important
measurements. However, the manufac-
turing scalability of graphene devices is

with silicon technologies as well as wearable and healthcare devices.
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difficult to achieve. Additive manufactur-
ing offers potential solutions, with liquid
exfoliation of graphene flakes enabling
the formulation of printable inks.!
In particular, inkjet printing graphene (iGr) offers a route toward
large scale device fabrication with a high degree of geometrical
design freedom and compatibility with various substrates, in-
cluding flexible!'"! and biocompatible!"!l materials. By exploiting
the inherent ability of inkjet printing that allows the contempo-
raneous co-deposition of other functional materials, inkjet depo-
sition could also be used to enable the integration of multiple
functionalities within a single structure. This offers opportuni-
ties to control device performance by both material and geometry
selection.

In iGr networks the electrical properties are defined by the
sensitivity of individual flakes to the presence of nearby charges
and the contribution of charge transport affected by the flake
packing.'>°] The arrangement of the graphene flakes within
the printed film is controlled by the deposition parameters,¢!
alongside post-processing techniques.!'”) The uniformity of the
printed layers, which can be affected by phenomena such as the
coffee-ring effect,218191 as well as the screening of the local elec-
tric fields in multi-flake devices,?%! can affect the sensitivity of the
sensors.

We report on a fully inkjet printed multifunctional iGr sensor,
responsive to a range of external stimuli (e.g., temperature, pres-
sure, humidity, and magnetic fields), and suitable for deployment

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. a) Schematic illustration of inkjet printing of graphene (iGr) and polymeric layer (TPGDA) into a multifunctional sensor design and b) a
photograph of the sensor. c) A diagram of the electrical circuit and corresponding cartoons illustrating the response of the sensor to (from left to right)

pressure, P, temperature, T, and relative humidity, RH.

within silicon-based as well as flexible and wearable electronics.
We utilize the design freedom offered by inkjet deposition to
manufacture a fully inkjet-printed multimaterial device consist-
ing of two layers of iGr stripes separated by a dielectric polymeric
layer of tripropylene glycol diacrylate (TPGDA). In these devices,
the bottom iGr layer is capped with TPGDA and provides temper-
ature sensing, and only the top uncapped iGr is sensitive to the
external atmosphere. The presence of TPGDA layer between the
two iGr layers enables capacitive sensing of applied pressure. The
geometry of the device, combined with fundamental understand-
ing of the electrical properties of graphene networks formed in
iGr enable us to realize independent and simultaneous sensing
of multiple stimuli. A phenomenological model has been pro-
posed to explain the mechanism of sensing in these devices. Suc-
cessful demonstration of a multifunctional iGr sensor manufac-
tured onto a number of substrates from solid (Si/SiO,) to flexible
(Kapton film and textiles) could provide a platform for the devel-
opment of future iGr-based devices with multifunctional sens-
ing capabilities for applications from healthcare to environmen-
tal monitoring.

2. Results and Discussion

We designed and fabricated a graphene-based multifunctional
sensor using multimaterial, multilayer inkjet printing technol-
ogy (Figure 1a,b). In this design, devices consisting of two iGr
layers separated by an insulating layer of tripropylene glycol di-
acrylate (TPGDA) were printed onto a flexible Kapton substrate,
forming iGr/TPGDA/iGr heterostructure. The top and bottom
iGr layers were printed perpendicular with respect to each other
and consisted of five independent parallel stripes with sizes of
0.12 cm X 1.20 cm separated by 0.15 cm. The overall size of the
deviceis 1.2 cm X 1.2 cm. TPGDA was selected as the separating
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dielectric material due to its balance of dielectric and mechanical
properties, thermal stability, and reliable performance in inkjet
printing.21]

Electrical contacts were printed with the Ag-nanoparticle ink
and were used to allow independent measurements of the lateral
resistance of the top and bottom iGr stripes as well as the verti-
cal capacitance between the iGr layers. The device was designed
to enable simultaneous sensing of the three external stimuli: the
bottom iGr layer is used for temperature () sensing, the top iGr
is used for relative humidity (RH) sensing and the vertical capac-
itance of the iGr/TPGDA/iGr heterostructure is used for pres-
sure (P) sensing, providing a proof-of-concept of the technology
(Figure 1c). In this sensor architecture, the electrical conduction
of graphene networks in iGr is highly temperature dependent,
allowing T-sensing through measurements of resistance change,
R(T). The top layer of graphene is exposed to the atmosphere, en-
abling environmental (e.g., humidity, gas) sensing, R(RH). The
electrical resistance between the top and bottom graphene layers
is affected by the thickness change of the separating dielectric
layer (TPGDA) in response to compression, hence enabling P-
sensing, C(P).

The temperature dependence of the electrical properties is
also affected by the iGr layer thickness. Our previous Monte
Carlo simulations!!?] demonstrated that flake packing density de-
fines the electrical properties of iGr, and it reaches its saturation
for films printed with multiple layers. The electrical conductiv-
ity o(T) of the devices with the total number of printed layers
N, > 5 (Figure 2a) showed the temperature dependence charac-
teristic expected for a 3D variable range hopping mechanism:

o\’
o(T) x exp [_<T> ] (1)
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Figure 2. a) Temperature dependence of the normalized conductivity (relative to conductivity at room temperature, T = 290 K) and 2D conductivity
(inset) for iGr devices with different thickness (N, is the number of printed layers). b) Temperature dependence of the resistance of bottom iGr stripes
of the sensor during two heating/cooling cycles in the temperature 25 °C < T < 80 °C. Inset: temporal response of the temperature sensor at T = 60 °C.

where T, is a characteristic temperature and p = 1/4. However, a
large uncertainty of the o(T) is observed for the droplet devices,
likely due to increased variability of the formation of conduc-
tive graphene networks and increased contribution of intra-flake
transport.[?! For all samples with the number of printed layers
N, > 5 the ¢(T) is comparable (Figure 2a), hence the activation
energy of thermally induced charge transport is the same and the
T-sensing performance is independent of N; making them suit-
able for device applications.

In our sensor design, the conductivity of the bottom iGr layer
is only affected by the sample temperature, as it is capped with
the dielectric layer which provides we protection from the envi-
ronment. The five iGr stripes with N; = 10 connected in paral-
lel (Figure 1b) have a total resistance of ~250 Q. With increas-
ing temperature from T = 25 to 80 °C, the resistance changes
by 4.5% (Figure 2b) and this change can be fitted with Arrhenius
equation R « exp(E, /k, T) with an activation energy E, = 1.8 meV.
The response to T is fully reversible (inset in Figure 2b) and has
ON/OFF times of t,,(T) ~30 s and t,(T) > 200 s for an ambient
temperature of T= 60 °C.

The top iGr layer is uncapped and exposed to the atmosphere,
making it suitable for environmental sensing. In response to
100% relative humidity (RH), the resistance of iGr increases
by 2.5%. The temporal response is fully reversible over at least
ten cycles (Figure 4a) with response times of t,,(RH) ~1 s and
tg(RH) = 5 s for 2 s exposure to 100% RH. Exposure to hu-
midity can lead to the adsorption of water molecules into the
iGr layer, causing an increase in the inter-flake distance.??l The
change of resistance in response to different levels of RH can
be fitted with R o 1/d,g where d is an effective thickness of
iGr following the adsorption of water molecules (Figure 3a). Un-
der prolonged exposure (at least 30 min) to constant levels of
RH, the response remains stable, while under exposure to con-
tinuously increasing humidity, the resistance is continuously in-
creasing (Figure Sla, Supporting Information). Note that expo-
sure to humidity has no impact on the resistance of the bot-
tom iGr layer and therefore does not affect T-sensing, allowing

Adv. Electron. Mater. 2024, 2400689 2400689 (3 of 8)

for T and humidity sensing to be performed simultaneously and
independently.

The additive nature of the inkjet printing and the high de-
gree of design freedom enabled us to integrate additional sens-
ing capabilities. For example, the humidity sensing capability of
iGr can be potentially used indirectly to monitor drug release.
To demonstrate this, we inkjet-printed a water-soluble layer of 4-
acryloylmorpholinel?* loaded with temozolomide (TMZ-ACMO)
(Figure S1b, Supporting Information) on top of the sensor. When
exposed to water, ACMO dissolves releasing TMZ. The dissolu-
tion of the TMZ-ACMO layer leads to exposure of the top iGr
layer to water, resulting in the resistance increase of the iGr layer
by up to 12.3% for fully dissolved TMZ-ACMO layer.

The sensor can also be used to monitor pressure by measur-
ing the capacitance change of the matrix of 25 iGr/TPGDA/iGr
parallel plate capacitors (Figure 1). The capacitance of the device
is

(2)

where ¢, = 3.03 is the relative dielectric constant of TPGDA,
A =36 mm? is the total area, and d(P) is the thickness of the
TPGDA layer when the pressure P is applied. The applied pres-
sure compresses the TPGDA dielectric layer, changing the dis-
tance, d(P), between the iGr layers that act as bottom and top
plates of the capacitor. The d(P) can be estimated by the following
equation, d(P) = d, (1 — P/E), where d, = 410 pm is the thickness
of TPGDA under zero pressure, and E = 2.5 X 10° N m~2 is the
Young’s modulus of TPGDA.[?!] The capacitance of the device
increases linearly from 2.5 to 2.8 pF in response to the applied
pressure from 0 to 10 kPa (Figure 3b; Figure S1c, Supporting In-
formation). The response is fully reversible with pressure inde-
pendent response times of t,,(P) x0.5 s and t,{P) = 2 s. Equa-
tion (2) provides a good fit to the experimental data (Figure 3D)
and could be used to guide the material choice and design options
for other printed pressure sensors. The performance of the mul-
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Figure 3. a) Dependence of iGr resistance on the relative humidity (RH) of the environment and (Inset) temporal response of iGr-humidity sensor

100%. Dashed line represents the calculated R o« 1/d,q5 dependence. b) Change of capacitance for the iGr-TPGDA-iGr sandwich

structure in response to applied pressure. The dashed line represents a fit to the Equation (2). Inset: Temporal response of the device to the repeated
cycles of applied pressure between 4 and 7 kPa and photograph of iGr touch sensor, where proximity to a human finger causes a signal change in the

printed flakes and stimulates LED illumination.

tilayer, multifunctional iGr sensor is reproducible and stable over
atleast 100 cycles of exposure to temperature, humidity and pres-
sure. We note that the sensitivity of inter-flake charge transport/?*]
in graphene networks to the applied external fields can be ex-
ploited for magnetic field sensing. In the iGrg,, devices with N, >
4, the magnetoresistance increases linearly with increasing mag-
netic fields, B > 5T (Figure S2, Supporting Information),[2>-28]
demonstrating high sensitivity magnetic field detection.

Under simultaneous exposure to multiple stimuli, the individ-
ual responses were successfully extracted. For example, since in
the device design, the bottom iGr layer is capped with TPGDA, it
is only sensitive to T and not to RH. Under simultaneous expo-
sure, the T-response of the bottom iGr layer can be subtracted
from the response of the top layer, providing an RH sensing
value. The capacitance change due to the applied pressure is also
consistent under different temperatures. To illustrate the simul-
taneous sensing capabilities, we tested our device under different
temperatures T = 30, 40 and 50 °C with a simultaneous humidity
stimulation (RH ~100%) and under applied pressure (P ~2 kPa),
and observed distinguishable and reproducible response (Figure
S1d, Supporting Information).

The sensing modalities demonstrated here for the iGr devices
offer exciting multifunctionality for numerous sensing applica-
tions. Compatibility of inkjet deposition process with a variety of
substrates could provide solutions for integrating sensors with
existing facilities and devices as well as for wearable and flexible
electronics. To achieve controlled and reproducible device man-
ufacturing and performance, it is necessary to understand the
effect of the deposition process and film morphology on the elec-
trical properties of iGr. A number of samples was examined from
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single droplets, iGrg,, to films, iGrg,,, produced with different
number of printed layers (from N; = 1to N; = 10) (Figure 4a;
Figure S3, Supporting Information). The single droplet devices
have the minimum electrical resistivity, corresponding to the
Dirac point, at V, = 80 + 20 V (p ~5 x 10" cm™?) and relatively
low field effect mobility, u ~1 cm? V-!s7! (Figure S4, Support-
ing Information). The 2D sheet resistance of iGry,,, devices
decreases with increasing N; from p,; > 50 kQ for N, =1 to
pop 3 kQ for N; = 5. For iGry,, devices the sheet resistance
also decreases with increasing sample thickness. We note, that
electrical properties of iGr are reproducible for devices printed
on various substrates, including flexible polymeric substrates.
For the devices printed on Kapton and on fabric, the iGrg,,
integrity and electrical resistivity remain unchanged after at
least 10 000 (Figure 4b) and 1000 bending cycles (Figure S5,
Supporting Information), respectively. For example, for the iGr
on Kapton undergoing ~15° bending and for iGr on fabric un-
dergoing ~30° bending for up to 10 000 and 100 bending cycles,
respectively, we observe negligible < 0.2% change of resistance.
We note, that this change is significantly smaller compared to
response to external stimuli, confirming that these devices can
be used for flexible and wearable electronics.

Since the drop spreading on the substrate during deposition
is affected by the number of printed layers, we introduced the
concept of an effective number of layers, N.g = Ny Ajee/Apess
where A, is the designed area and A, is the measured area
of the printed sample (Figure S3, Supporting Information). The
iGr stripes with N, > 4 demonstrate the sheet resistance p,,
~1/N.g, typical for a 3D material, while for the samples with N,
< 4, the dependence can be fitted with p,, ~1/ N2 ¢ (Figure 4c).
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Figure 4. a) Optical images of iGr samples inkjet printed with different numbers of layers, N, onto (top) Kapton and (bottom) glass (scale bar 500 pm);
b) A photograph of iGr film (N = 10) on flexible Kapton substrate and (bottom) an electrical resistivity of the iGr film after up to 10 000 bending cycles.
c) Dependence of the sheet resistance of inkjet printed graphene devices on the effective number of layers and fitted dependences (dashed lines).

We attribute the difference between the droplet and film devices
to the high contribution of intra-flake (individual flakes) charge
transport in droplet devices compared to charge transport being
dominated by inter-flake (flake-to-flake) charge transfer.!”]

Note that these dependencies are independent of the substrate
used, as demonstrated here for Si/SiO,, sapphire, glass, Kapton,
and PTFE substrates, and do not change after capping of iGr films
with polymeric materials (e.g., TPGDA). We ascribe this behav-
ior to the contribution of quantum effects, such as flake-to-flake
tunnelling and an increasing role of the intra-flake transport to
the overall electrical properties of the graphene network.[?!!

To demonstrate the potential of this technology for wearable
sensors, we demonstrate an iGr sensor printed onto a fabric

(@)

(Figure 5). Prior to inkjet deposition of iGr onto a polyester-cotton
a primer layer of TPGDA was deposited onto the fabric fibres to
decrease the sinking of graphene inks into the porous fabric. Re-
sponse to temperature, humidity and pressure of this wearable
device is comparable to that demonstrated on Kapton. Temper-
ature dependent resistance measurements were carried out on
the iGr fabric device, with the electrical response being measured
over the temperature range of 20 °C < T< 95 °C. A R  exp(1/T)
relation was exhibited between the device’s resistance and local
temperature, with a total change up to 22% observed for 95 °C
(Figure 5b). The humidity response to a person breathing across
the device caused a 3.8% increase of resistance, with a fast re-
sponse and recovery times of less than 5 s (Figure 5c). We note

(b) N T T ] (c) T T T T (d) T T T T
I T-sensing 16k k gLP =209.68 kPa 356.78 kPa
. P
— N S
R 20F Y -
x __1.55} ] A5.5- ]
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ol . . | oaasleY 4 a8 T
0.0027 0.0030 0 100 200 300 400 0 50 100 150 200
1/T (1/K) t(s) t(s)

Figure 5. Inkjet printed graphene/TPGDA heterostructures on fabrics. a) Photographs and ESEM images of the cross section and the surface of the
fabric fibre. b) Temperature dependence of conductivity for T = 20 to 95 °C. c) Real-time humidity sensing performance of the device on fabrics at
RH = 100%. d) Real-time pressure sensor test under different applied pressure.
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that the change of T caused by exhaled air is small (< 5 °C) and
does not significantly affect the measured values, however this
temperature change is likely responsible for the small change in
resistance observed after recovery.

On fabric, the distribution of graphene throughout the porous
structure of the fibers results in a significantly higher inter-flake
spacing (lower packing density of graphene flakes) compared to
iGr printed on Kapton or other rigid substrates. With decreasing
packing density, the separation between the individual graphene
flakes is increasing,['?l hence the resistance of the iGr increases.
This offers higher sensitivity for P-sensing, as with applied pres-
sure, the separation between the flakes changes, leading to a
change of resistance. When pressure is applied, the fabric is com-
pressed, causing increased flake proximity, thereby resulting in
stronger and faster increase of the conductivity, compared to the
sensor on Kapton. Thus, on fabrics, pressure can be sensed by
the iGr layer alone, without the need for an iGr/TPGDA/iGr
sandwich structure and capacitance measurements. The pres-
sure sensing was investigated for two values of pressure, ~210
and ~567 kPa, applied for 10 s, which caused a sharp decrease
of the electrical resistance by ~10% and ~19c%, respectively
(Figure 5d), followed by a fast (< 0.5 s) recovery. We note that
any change of temperature does not significantly affect this mea-
surement (Figure 5D).

We have demonstrated that the sensitivity of graphene net-
works to external triggers, combined with opportunities for
inkjet-printing design freedom, offers a route for personalized
and/or targeted sensing solutions for specific applications. In-
tegration of multiple functionalities in a single sensor pro-
vides reliable discrimination of the output responses to each
stimulus and offer opportunities for scalable manufacturing.
The demonstrated iGr sensor can be fabricated onto conven-
tional Si-based devices to functionalize them with complemen-
tary capabilities, %39 offering a scalable solution compatible with
traditional semiconductor processing. The multifunctionalities,
especially the quantum transport natures observed in iGr, will
also advance device fabrication options for quantum technolo-
gies, offering an integrated and innovative approach for com-
pact and deployable devices, which are currently challenging to
achieve. This could pave the way for quantum sensing, timing,
computing, etc.3!l In our device architecture, we separate iGr lay-
ers that are used for simultaneous sensing.[3%3?]

iGr multifunctional sensors could offer promising solutions
for wearable electronics, where flexible devices are required to
ensure comfort when deployed on the human body. iGr offers
a high sensitivity of electrical properties in response to exter-
nal stimuli. Both, charge transport through individual graphene
flakes and inter-flake charge transport are highly sensitive to T, P,
RH etc. Of additional benefit is its thermal conductivity, mechan-
ical flexibility, and biocompatibility compared to other 2D mate-
rials (e.g., hBNP3*l or MoS,[%]). The stable and reproducible per-
formance of iGr films under bending cycles demonstrated here
confirms that the devices can withstand the mechanical stress
required for this application. Further work is needed to adjust
the iGr ink formulation to achieve optimized performance un-
der stretching. We note, that the composition and architecture of
the device can be adjusted for the target application, for exam-
ple, elastic dielectric polymers?! can be used for enhanced per-
formance under mechanical deformation. This will be beneficial
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for applications such as diagnostic and monitoring devices, ap-
plicable to a healthcare setting. Stimuli of interest (temperature,
pressure and humidity) are largely in line with those presented
here, as these offer significant relevance in a range of epidermal-
level clinical settings ranging from wound healing monitoring to
pressure ulcer pre-emption.’”] However, there are also a range
of printed devices that could exploit the work undertaken here
to sense a variety of parameters for various purposes, including
pH, 8 lactate,!*] and electroactive analytes.[*]

The significant interest in inkjet printed graphene sensors is
driven by advantageous and cost-effective fabrication approach,
compared to the sensors fabricated using traditional methods
such as chemical vapor deposition, mechanical exfoliation or
spin coating.*!l The sensitivity of electrical properties of iGr,
combined with design freedom offered by inkjet deposition make
it a very promising materials for multifunctional sensors, espe-
cially for flexible and wearable substrates, which cannot be pro-
cessed with conventional manufacturing technologies. Our sen-
sor on fabric has a sensitivity of 1.45 kQ °C~! for temperature
sensing, a continues response to humidity from 35% to 100%,
and sensitivity of 3.4kQ kPa ~! for pressure sensing, We demon-
strated multifunctional sensing capability on flexible substrate
and on fabric, with performance better or comparable to that re-
ported for single-function sensors.[*>*3] Hence we propose that
our technology offers beneficial solutions for multifunctional
sensing.

3. Conclusion

In summary, a multifunctional graphene sensor was achieved
in this work by exploiting inkjet printing of low dimensional
and polymeric materials to produce device architectures with
high degree of geometric freedom. Its functionality, sensitivity,
and response time were tested in response to temperature, pres-
sure and humidity, and demonstrated capability for simultane-
ous monitoring of several stimuli. The sensor was successfully
inkjet printed on a variety of flexible and rigid substrates, such
as Kapton tape, Si/SiO,, glass, and fabrics. The sensitivity and
performance of the sensor were found to be independent of the
substrate used but highly dependent on the thickness of the de-
posited iGr layers. Droplet-printed devices demonstrated elec-
tronic properties different from those of iGr films, such as super-
linear dependence of the device conductivity on the film thick-
ness, high reproducibility of device conductivity, and strong gat-
ing effects. iGr films on Kapton and fabrics showed stable per-
formance in response to environmental factors such as temper-
ature, humidity and pressure. These findings open interesting
prospects for the development of inkjet-printed multifunctional
graphene sensors for applications including environmental mon-
itoring, healthcare, and quantum technologies.

4. Experimental Section

Materials:  Graphene ink (product number: 793663), tripropylene gly-
col diacrylate (TPGDA) monomer (product number: 246832), 2,4-diethyl-
9H-thioxanthen-9-one (DETX, product number: 406368) and ethyl 4-
dimethylamino benzoate (EDB, product number: E24905) were purchased
from Merck. The graphene ink consisting of liquid exfoliated graphene
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flakes (average size of 2590 nm?) encapsulated in ethyl cellulose and
dispersed into an 85:15 mixture of cyclohexanone/terpineol were further
diluted to 2.4 solid wt.% to achieve suitable rheological properties for
inkjet printing. The Ag nanoparticle ink was purchased from Advanced
Nano Products (product ID: SilverJet DGP-40LT-15C) and consisted of
38.85 wt.% of silver nanoparticles dispersed in triethylene glycol
monomethyl ether (TGME) and other dispersants. The Kapton film
(536-3952) and PTFE tape (183-3490) were purchased from RS-Pro. The
sapphire substrate was supplied by PI-KEM. The fabric used was a
polyester cotton blend (65:35 respectively).

Inkjet Printing: Using Fujifilm DMP-2810 printer with DMC-11610
10pL cartridge, the top and bottom graphene tracks (1.2 cm x 0.12 cm)
separated by 0.15 cm gap were printed using the graphene ink with a drop
spacing of 10 um and the number of layer N, = 10,3 and annealed at
250 °C in vacuum for 1 h. The dielectric separation layer consisting of 25
printed layers was printed using TPGDA monomer mixed with 8 wt.% pho-
toinitiator (4 wt.% DETX and 4 wt.% EDB), with a drop spacing of 10 um,
and cured using in situ 365 nm UV LED during printing.[2'1 iGr droplet de-
vices were produced with a few (1-5) droplets deposited directly on top of
each other on a conventional Si/SiO, substrate with Ti/Au electrodes sep-
arated by 5-20 um gap. To manufacture fabric-based iGr devices, 50 layers
of TPGDA were first printed on the fabric (polyester-cotton with composi-
tion 65:35) and cured. A 50-layer graphene zigzag was then printed upon
the TPGDA-fabric and consequently annealed in a 250 °C vacuum oven for
4 h.

Device Characterization:  Electrical characterization was performed us-
ing a Keithley 2400 SourceMeter to simultaneously apply voltage and mea-
sure current through the iGr droplet, stripes and the sensor. In cases where
a back gate voltage measurement was required, a second Keithley 2400
SourceMeter was used to apply the gate voltage. Typically, electrical mea-
surements were performed either in a vacuum cryostat (P ~10~% mbar) or
in a closed-cycle helium cooled cryostat (Cryogenics) for measurements in
the temperature range 1.6 K < T < 400 K and magnetic field up to B= +16
T. Humidity sensing was tested by putting the device in a sealed container
with saturated salt solutions to control humidity environment (MgCl, for
RH = 33%, K,CO; for RH = 43%, Mg(NOs), for RH = 52%, NaCl for
RH = 75.5%, KCl for RH = 86% and K,SO, for RH = 97%). The relative
humidity was monitored using a gyrometre in the container and I-V curve
was measured when the humidity in the container was stable. The capaci-
tance for pressure sensing was measured by a Rohde & Schwarz HM8018
LCR metre at 10 kHz and pressure was applied by putting a weight on a
glass disc on top of the sensor.
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