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Flexible heaters have recently gained considerable interest owing to their ability to be integrated into a wide
variety of miniaturized devices. They are used to perform thermal management, strain engineering, and even
electrothermal actuation. These heaters are mainly fabricated using thin film techniques, which typically in-
volves a multi-step lithography process that can be complex and expensive. Alternatively, wet coating methods
are also employed; however, these possess several limitations when dealing with high viscosity inks. In this
paper, we use a laser driven process called laser-induced forward transfer (LIFT) to fabricate graphite-based
heaters on a flexible substrate. LIFT is a non-contact printing process that, unlike ink-jet printing, is nozzle-
free, which makes it suitable to print any ink regardless of its viscosity. We report the first use of LIFT to
print flexographic graphite ink to pattern heaters. The flexographic ink possesses high viscosity in the order of
1300-1700 mPa-s. The smallest deposit obtained using the graphite ink was 176 uym in diameter. Characteri-
sation of the heaters shows that they can reach a wide range of temperatures at different voltage inputs. A

maximum temperature of 123 °C was reached over an area of approximately 18 mm? at 5.2 V.

1. Introduction

Printed heater elements offer an important solution to a wide range
of sensing and actuation technologies by enabling low-cost, large-area,
flexible devices that manage heat transfer, providing localised and
uniform heating of different surface geometries. Based on converting an
electric current into thermal energy by Joule heating, micro-heaters
have enabled unique advancements in the field of electronics [1], con-
sumer appliances [2], medical diagnostic tools [3] and semiconductor
manufacturing [4]. A significant amount of research is being carried out
to fabricate heaters with rapid response and stable thermal manage-
ment, for use in space-limited applications that require local heating and
temperature control [5,6]. For instance, micro-heaters printed on in-
sulators with large thermal expansion coefficients are used to engineer
bi-axial strain in atomically thin 2D materials like MoSy [7]. Such
micro-heaters are fabricated using a multi-step lithography process that
is highly complex and expensive. Alternatively, micro filament heaters
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fabricated using direct-write techniques such as electro-hydrodynamic
printing have been used in soft robotics, where the thermal energy
provided by the heaters drives electro-thermal actuators to provide
bending, which can be utilised for mechanical functions including
gripping, moving, and releasing objects [8]. Although this technique is
preferred for producing micro-structures with high resolution, the
quality of the print is highly dependent on atmospheric conditions such
as temperature and humidity. Also, the high voltage requirements of this
technique can affect its applicability to many substrates and inks,
restricting large-scale manufacturing.

Other fabrication technologies include wet-coating techniques such
as spray coating and rod coating to manufacture carbon nanotube-based
transparent micro-heaters [9]. Such film heaters owe their rapid thermal
response to excellent thermal and electrical properties, and they find
large-scale applications, for example in vehicle windscreen defrosters.
Screen printing is extensively used for large-scale manufacturing of
stretchable heaters in wearable electronics with high throughput and
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Fig. 1. Ilustration of the LIFT process depositing graphite into a microscope
slide receiver.
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Fig. 2. Schematic representation of Joule heating setup. The power supply,
sample and the multimeter are connected in series. The voltage is varied using
the power supply, and the digital multimeter measures the consequent current.
The IR camera measures the 2D temperature map of the sample.
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low production costs. However, this requires close control of the ink’s
rheological properties as these strongly impact the screen-printing
process itself, as wells as the properties of the final printed surface
[10]. Ink-jet printing is particularly attractive in printed electronics due
to its ability to print conductive inks such as silver nanowires [11],
graphene [12], and graphene-oxide [13] onto flexible substrates and it is
compatible with roll-to-roll (R2R) manufacturing processes. Ink-jet
printing also offers high resolution but can only handle low-viscosity
inks with low solid content to eliminate any potential nozzle clogging
issues [14] thus preventing many functional inks from being deposited
in this way. Therefore, there is a high demand for a technique that is
capable of printing heaters from high viscosity inks.

A potential solution to address this gap is Laser-induced Forward
Transfer (LIFT) [15]. LIFT is a non-contact printing process that uses
laser pulses to eject material from a layer (the material to be printed) on
a donor substrate to another (receiver) substrate, as shown in Fig. 1.
Essentially, it is a drop-by-drop deposition technique that is entirely
nozzle-free and can print a wide variety of materials including metals
[16], biological structures [17], and functional inks [18]. LIFT of solid
thin film was reported by Bohandy et al. [19] in 1986 by printing copper
and silver lines. However, this process is not suitable for printing deli-
cate materials that are prone to decomposition. Pique et al. [20] pro-
posed a modified LIFT process called matrix-assisted pulsed-laser
evaporation-direct write (MAPLE-DW) in which the donor material is
embedded inside a matrix of a polymer that is highly absorbent of the
laser radiation. Upon irradiation, the polymer decomposes depositing
the material of interest on the receiver substrate. Following this several
research groups have reported various studies about LIFT of inks based
on the mechanisms of fluid ejection [21], droplet formation [22], role of
laser parameters [23,24]and the properties of the liquid [25,26]. LIFT is
also applicable to a large variety of substrates and provides high reso-
lution without inherent ink viscosity restrictions (viscosities from
1-100 Pa-s have been demonstrated with LIFT) [27].

LIFT has been used to fabricate functional devices; for example,
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Sopena et al. [28] reported the fabrication of a radio-frequency inductor
by transferring layers of silver interconnects onto paper. Also,
LIFT-printed thick film electrodes (LiCoOy — cathode and carbon —
anode) for Li-ion micro-batteries have been shown to exhibit 10 times
higher discharge capacity, power, and energy densities than sputter
deposition techniques [29], attributable to the high porosity of the
laser-printed electrodes. Overall, LIFT has proven to be a highly versatile
process that can print 3D patterns without the use of any screens or
masks, thus providing the flexibility to change patterns dynamically in-
process. Still, the printing of heaters by LIFT has not yet been reported.

In this paper, we demonstrate the fabrication of graphite heaters
using a commercially available flexographic ink as an illustration of the
feasibility of using LIFT to print high viscosity, cost-effective inks. We
studied the effect of multiple printings by investigating the morphology
and electrical resistance of the printed graphite heaters.

2. Methods

A Q-switched Ytterbium-doped fiber laser (Rofin F20 Varia) oper-
ating at 1064 nm with a maximum average power of 20 W was used for
the LIFT process. The process parameters such as the pulse energy
(5-800 WJ), pulse length (4-200 ns) and repetition rate (2 kHz-1 MHz)
can be varied using the Visual Laser Marker software. The output beam
was directed onto a 2-axis galvanometric scanner which was used to
position the beam on the donor substrate. The laser beam has a Gaussian
intensity profile and was focused to a diameter of 40 um using an f-theta
lens (f = 100 mm) that was placed at the output of the galvanometric
scanner.

A commercially available conductive graphite ink (code 901970,
Sigma-Aldrich), which has a nominal viscosity of 1300-1700 mPa-s was
used as the donor material. Conventional microscope slide glass sub-
strates (75 x 25 x 1 mm) were used for LIFT trials. 250 um thick
Polyethylene terephthalate (PET) (GoodFellow Cambridge Limited,
Huntingdon, UK) was used as a flexible substrate for the resistive heating
application trials. Conductive silver paint (RS Components) was used to
make electrical connections on non-solderable surfaces.

2.1. Donor film preparation

The donor graphite ink was deposited manually due to its high vis-
cosity. Firstly, the glass substrate was cleaned thoroughly with soap and
rinsed with ethanol and distilled water. A 50 ym deep miniature
reservoir was then created on the substrate by using 3 M Scotch Magic™
tape (invisible matt tape) as the reservoir walls. The graphite ink was
placed within this reservoir and spread using a doctor blade [30]. The
Scotch tape ensured that the donor film was of uniform thickness
(~50 pm).

2.2. LIFT setup

A schematic diagram of the LIFT setup is shown in Fig. 1. The
receiver substrate was held in place using a vacuum chuck and aligned
perpendicularly to the laser beam. Since stable jet formation is expected
when the donor film thickness matches the distance between the sub-
strates for high solid content inks [31]. A gap of 50 pm was maintained
in between the donor and receiver substrates using an invisible matt
tape.

The laser beam was focused on the interface between the transparent
donor substrate and the liquid graphite layer. As the laser pulse is
incident on the surface, the energy absorbed by the donor film leads to
the formation of a vapour bubble. The high pressure inside the bubble
leads to the ejection of a jet, which continues to advance towards the
receiver substrate depositing a liquid droplet [32]. The size of the de-
posits can be varied by changing the process parameters such as beam
diameter, laser pulse energy, and thickness of the donor film.



L. Munirgj et al.

2.8pd S5ud oud

Sensors and Actuators: A. Physical 373 (2024) 115442

13pJ 17.5pJ 21pd

Fig. 3. Graphite deposits printed at increasing pulse energies.

Fig. 4. Graphite deposits printed at decreasing scan speeds: a) 1000 mm/s, b) 500 mm/s, ¢) 400 mm/s, d) 300 mm/s, €) 200 mm/s, f) 100 mm/s.

2.3. Curing

After printing, the deposited graphite ink was cured at 90 °C for
5 minutes in a conventional oven to enhance its functionality. Silver
electrodes were manually added using a paintbrush and left to air dry for
48 hours.

2.4. Characterisation

The morphology of the deposited layers was characterised using a
conventional optical microscope (model AX10, Carl Zeiss), scanning
electron microscope (SEM) (Vega, TESCAN) and a confocal optical mi-
croscope (S Neox, Sensofar). The resistance of the heaters was measured
using a DC power supply (Aim-TTi EL302-USB Bench Power Supply
(0-30 V, 2 A)) to vary the voltage and recording the consequent current
using a digital multimeter (34401a, Hewlett Packard), as shown in
Fig. 2. A 2D temperature map of the upper surface of the samples was
measured using a thermal imaging camera (i7, FLIR).

3. Results

3.1. Fabrication of graphite heaters by laser-induced forward transfer
First, we optimized conditions for printing high viscosity graphite

ink for fabricating the heaters by transferring individual deposits. A

range of pulse energies from 2.8 pJ (the minimum pulse energy
observed to lead to transfer) to 21 pJ, for a fixed 4 ns pulse length, was

used to LIFT an array of graphite deposits. The scanning speed and pulse
repetition rate were set to 1000 mm/s and 2 kHz, respectively, which
meant that a separate deposited spot was obtained for each laser pulse,
as shown in Fig. 3.

As can be seen, the diameter of the deposits increases with laser pulse
energy, a phenomenon generally observed in LIFT of liquids [18]. A
minimum diameter of 176 pm was measured for the deposit printed at
2.8 wJ, which is the transfer threshold, below which no deposits could
be printed. Most inks exhibit a narrow pulse energy window for
well-defined deposits, beyond which the jet becomes unstable due to
excessive mechanical stresses leading to non-uniform deposits [33]. The
graphite ink maintains uniform jetting even at high energies due to its
high viscosity [34]; with minimal debris around the deposits, without
compromising its functionality in terms of resistance.

In LIFT of inks, the transferred ink remains in its liquid state until
cured. Therefore, when printed close enough to each other, the depos-
ited liquid droplets coalesce, forming a line. To investigate the influence
of overlap, a range of scan speeds were tested, from 1000 mm/s to
100 mm/s, for a fixed pulse energy of 2.8 pJ. Fig. 4 shows the evolution
of droplets to lines at different overlaps. As coalescence begins, (Fig. 4d),
the droplets form wavy lines of maximum width equal to the diameter of
the individual droplets. This could lead to an unfavourable change in
cross-sectional area affecting the resistance for conductive inks. Beyond
300 mm/s (Fig. 4d) the width of the printed lines increases with the
degree of overlap. If the scan speed is too low (e.g. Figs. 4e and 4f), the
short distance between the droplets impacts the vaporisation bubble
resulting in an unstable jet [35]. This leads to break-up of the droplets
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Fig. 5. Graphite lines printed at 3.5 pJ and scanning speed of 250 mm/s.

during transfer and hence produce scattered satellite deposits or broken
lines with varying non-uniform widths. For this pulse energy, the
optimal scan speed is clearly between 300 mm/s (Fig. 4d) and
200 mm/s (Fig. 4e).

Further optimisation demonstrated that the most uniform lines are
obtained at a scan speed and pulse energy of 250 mm/s and 3.5 uJ,
respectively, with examples shown in Fig. 5. The average width of these
lines is 150 pm, with a maximum width of 180 pym and a minimum of
115 pm.

Using the optimised parameters, square graphite heaters of varying
sizes (5 x 5 mm?downtol x 1 mm?) were printed on a glass sub-
strate (Fig. 6) and cured. To enhance the thickness of the graphite heater
and hence reduce sheet resistance, multiple layers were printed
consecutively on top of each other. A fresh donor film was used for each
printed layer.

Fig. 7 shows the SEM image ofa5 x 5 mm? graphite square using a
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single, double and triple printings. The surface of all the printings looks
comparable, due to the high graphite content in the ink. However, with
additional layers the graphite particles are seen to form larger clusters.
Fig. 8 shows the cross-sectional view of a 5 x 5 mm? graphite
square using a single, double and triple printings on glass substrate.
There are no significant voids in between the layers and with the glass
substrate.
Example cross-sectional profilesof 1 x 1 mm?2 2 x 2 mm?and 3 x
3 mm? graphite squares printed onto a glass substrate are shown in
Fig. 9. The average thickness of a single print was 9.9 + 2.1 pm, a
double print 16 + 1.0 pym, and a triple print 24.6 + 0.8 um. With
additional layers the surface roughness is slightly improved, from an
average roughness of 0.39 pm (one print) to 0.29 um (three prints). The
homogeneity observed in multiple printings is attributed to the fact that
each stacked layer fills up any voids or defects left by the previous layer
[36]. Multiple over-printings, therefore, not only help in decreasing the
sheet resistance but also reduce any printing irregularities and flatten
them. This is helpful to maintain uniform resistance and hence uniform
heating throughout the heater. Furthermore, the thickness of the LIFT
printed layer (tens of um) is comparable to screen-printing and larger
than those obtained via inkjet printing (<1 pm), providing a unique
method to produce high-aspect ratio patterns.

3.2. Electrical characterization of the printed heaters

Next, we characterized the electrical properties of the printed
heaters. Assuming that the material properties are uniform, the elec-
trical resistance as a function of the resistivity of the material (p), length
(D, and cross-sectional area (A) of the printed square is given by,

1 )
R=p—=p— 3
PA=Pwr &)

where w is the width of the square and ¢ is the thickness.

Given that the printed heaters are square (i.e. w=I), R should be the
same for all sizes of square for a given thickness, i.e. the only variation
expected is that due to the number of printed layers. The resistance of

5mm 4 mm

3 mm 2mm 1 mm

Fig. 6. Microscope image of graphite deposits of varying sizes (5 x 5 mm?to 1 x 1 mm?). Silver electrodes are manually added for further characterizations.

Fig. 7. SEM image of a 5 x 5 mm? graphite square using a a) single, b) double and c) triple printings.
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Glass substrate Glass substrate

Fig. 8. SEM image of the cross-sections of 5 x 5 mm? graphite square using a) single, b) double and c) triple printings. Arrows denote the LIFT deposited layers.
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Fig. 10. Plot of electrical resistance as a function of number of printings. Box
plot bars represents the distribution of resistance obtained using 12 squares of
various sizes for print 1, print 2 and print 3 (a total of 36 graphite heaters).

the squares measured as a function of the different number of printings is
plotted in Fig. 10.

As expected, the resistance decreases with increasing thicknesses.
The surface properties of the substrate along with the morphology of the
ink determine the thickness and uniformity of the printed layer [37], as
indicated by the results plotted in Fig. 8. In particular, the interquartile
range for a single print is considerably higher than for multiple print-
ings. This can be attributed to the inhomogeneous surface distribution of
the deposited droplets during the printing process as fresh donor films
are used for every print. The variation in thickness of the donor films

80
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Fig. 11. Temperature profile of 18 mm? graphite heater (48.6 Q). a) Time-
dependent characteristic of the heater at different voltage inputs.

affects the thickness of the deposits, thus leading to changes in resistance
of the printed squares. This effect, however, gets averaged out with
multiple printings lowering the uncertainty. The average resistivity of
graphite heaters obtained by one print is 0.026 + 0.004 Q-cm, two
printsis 0.025 + 0.004 Q-cm and three printsis 0.024 + 0.002 Q-cm.
These values are comparable to the values quoted in literature for high
viscosity inks [38]. Overall, the resistance values can be adjusted by
adding layers demonstrating the ability of LIFT to control the surface
conductivity of the deposited structures.

3.3. Heater performance

Micro-heaters are used in a wide variety of applications depending
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Fig. 12. Thermal image of the surface temperature of a 18 mm? graphite heater printed on PET foil with a resistance of 48.6 Qata)2 V,b)3 V,c)4 V,d)5 V and
e) 6 V. Inset shows an enlarged thermal image marking the size of the heater, substrate, and electrodes. The big square on the images denotes the region of interest

and the marker is at the region with maximum temperature.
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Fig. 13. a) Maximum temperature reached by the heater as a function of different voltage inputs for 2 different heaters of size 18 mm? with electrical resistances
48.6 Qand 19.5 Q, respectively. Thermal image of the maximum surface temperature reached by the heater with an electrical resistance of b) 42.6 Qand c) 19.5 Q.
The big square on the images denotes the region of interest and the marker is at the region with maximum temperature.

on their size, response rate, and design. They are typically required to
provide a homogeneous temperature across the heater surface. Using a
substrate with low thermal conductivity and high specific heat capacity
can directly lower the heat loss due to diffusion and thereby reduce the
response time and overall functionality of the heater. Therefore, we
evaluated the heater performance by printing them onto PET foil using
the same laser parameters as optimised with the glass substrate (scan
speed and pulse energy of 250 mm/s and 3.5 pJ, respectively). How-
ever, it is worth noting that the temperature distribution and heat
dissipation would, in practice, depend on the thermal conductivity and
heat capacity of the base substrate on which the PET is placed.

A sample heater of size 6 x 3 x 0.012 mm (resistance 48.6 Q)
printed onto a PET foil of thickness 250 um was placed on top of a
stainless-steel block of dimensions 55 x 14 x 1.5 mm. Different voltage
inputs (varied from 2-6 V) were applied to the heater and its surface
temperature was measured over a period of 60 s using a thermal cam-
era. The temperature profiles obtained for the heater are shown in
Fig. 11. As expected, for a given applied voltage, the temperature of the
heater keeps increasing until a steady state temperature is reached,
typically after 10-12 s, and this final temperature increases mono-
tonically with applied voltage. Fig. 12 shows the thermal images
recorded by the IR camera at different voltages. The maximum
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Fig. 14. Thermal images of the surface temperature of a 25 mm? graphite heater printed on glass with a resistance of 40.2 Qata)2 V,b)3 V,c)4 V,d)5 Vand e)
6 V. Inset shows an enlarged thermal image marking the size of the heater, substrate, and electrodes. The big square on the images denotes the region of interest and

the marker is at the region with maximum temperature.
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Fig. 15. Cyclic heating performance of heater A with resistance 48.6 Q
(18 mm?) at 4 V.

temperature is indicated at the top left corner of the thermal images. As
can be seen from the thermal images, the PET foil provides good heat
confinement for the heater due to its low thermal conductivity. There is,
however, some heat dissipation at the electrical connections which can
be observed at the right-hand side of the heater, and hence the
maximum temperature was recorded at the centre of the heater geom-
etry. The heat dissipation surrounding the heater increases at higher
voltages, indicating the thermal losses, Fig. 12, caused by thermal
conduction, convection, and radiation.

Fig. 13 shows the voltage dependent temperature profiles of two
heaters with different electrical resistances; heater A (18 mm?) depos-
ited with a single LIFT print and heater B (18 mm?) deposited using two
LIFT prints leading to resistances of 48.6 Q and 19.5 Q, respectively.

The maximum steady-state temperature reached by heater A at
9.1 V (928 mW) was 114 °C and heater B at 5.2 V (608 mW) was
123 °C. Under the application of same voltage (5.2 V), the maximum
steady state temperature rise reached by heater B is two times the

temperature reached by heater A. As shown in Fig. 13 b) and c), the
square tracker from the camera display highlights the maximum tem-
perature within the area of interest. This is shown to be at the centre of
the heater in both the cases. There is, however, an increased amount of
heat dissipation at the edges and the electrical connections of heater B as
at higher temperatures one can expect higher heat accumulation and
thermal losses.

This experiment was limited because, beyond 150 °C, the PET foil
starts to get irreversibly deformed showing signs of damage around the
heater. Performing the same experiment (varying voltage (2-6 V) and
measuring temperature) with a heater printed on glass, higher temper-
atures can be reached (Fig. 14). A maximum of 213 °C was recorded at
9 V. Beyond this, the glass broke proving that the graphite heater can
handle higher temperatures.

The cyclic electrical heating performance of heater A at 4 V is shown
in Fig. 15. Upon periodically switching the voltage ON and OFF, we can
observe that the heater is able to repeatedly reach the same tempera-
tures. The similarity in the heating patterns demonstrates the stability
and repeatability of the heaters. Fig. 16 shows the heating performance
of the heater when subjected to one-off mechanical bending. Upon
deformation, the heater reaches higher temperature due to the decrease
in cross-sectional area. Using the related photos and IR images we can
confirm that the heater functions despite deformations without a sig-
nificant change in resistance.

With our basic design, we have demonstrated the stability, repeat-
ability, and flexibility of the printed graphite 3D heater using LIFT,
showcasing its ability to be used on various surfaces and materials.
Depending on the thermal properties of the base substrate, the tem-
perature distribution will vary. However, the geometry of the heater can
be tailored to customise heat distribution for specific applications.

4. Conclusions

LIFT can be successfully used to fabricate graphite-based heaters. We
have demonstrated the use of LIFT for printing 3D patterns of varying
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Fig. 16. a) Mechanical deformation induced on heater A. b) Temperature measured during the deformation using an IR camera. The big square on the images
denotes the region of interest and the marker is at the region with maximum temperature.

resistances using a cost-effective flexographic graphite ink. The size of
the heaters can scale from the diameter of a single deposit (176 um) to
larger areas, making them an attractive alternative to conventional
printing techniques. The heater performance of the fabricated graphite
structures on PET foil was investigated. A thermal equilibrium temper-
ature of 123 °C was obtained with 5.2 V, limited only by the PET foil
substrate.

The versatility of LIFT will enable integration of the heaters into
many functional devices where miniature resistive elements are often
essential components.
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