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Abstract 
Inkjet printing is one of the most suitable technologies to 

produce multi-material and multi-layered printed electronics 
due to its scalability, the wide range of substrates that it can 
accept and the possibility of mixing and combining numerous 
fluids in a single process. However, restrictions in material 
properties such as viscosity, typically below 25 mPa·s, limit the 
molecular weight of usable polymers and the solid content of 
inks. In some cases, this leads to volumetric shrinkage, longer 
post-process treatments and poor performance. Therefore, a 
high viscosity approach would widen the material catalogue for 
printed electronics without compromising the advantages of 
inkjet.  

In this work, drop-on-demand micro-dispensing valves 
that combine mechanic and pneumatic actuation were used to 
create 2D patterns and 3D structures of a conductive and non-
Newtonian carbon paint. The combination of this functional 
material with a non-conductive photo-curable resin allowed the 
creation of more complex 3D geometries using the layer-by-
layer approach typical from Additive Manufacturing. Printing 
parameters such as pneumatic pressure, valve closing speed, 
resolution and drying time are studied and optimised to 
produce multi-layered tracks, self-standing pillars and a 
functional demonstrator featuring a printed capacitive switch 
and an embedded commercial LED.  

Introduction 
The rise and consolidation of digital fabrication have made 

possible the manufacture of highly customised and complex 
products in almost every industry. This not only allows the 
creation of devices that were impossible just a few decades ago 
but also facilitates the production of small runs of products at a 
reasonable cost, which reduce the designing-prototyping cycles 
and boosts innovation. This next step in manufacturing has not 
been unnoticed by the electronics industry, whose fast pace 
require constant improvement, but this sector also introduces 
several challenges that traditional techniques cannot easily 
overcome. Particularly, even though well-established 
techniques such as screen printing [1] and reel-to-reel 
flexographic printing [2] have been successfully used to 
produce electronic tracks and devices on industrial scales, they 
are not ideal for the creation of complex 3-dimensional (3D) 
structures. This limitation comes from the requirement of 
different 2D patterns of the layer-by-layer approach, which in 
the aforementioned examples would imply as many screen or 
plate designs as layers on the object, increasing the total cost 
and time of the process. 

A more suitable technology to tackle the production of 
multi-material 3D parts could be inkjet printing, which is 
capable of depositing fluids in a drop-on-demand non-contact 
fashion on a variety of substrates, limiting also the amount of 
wasted material. Additionally, it offers the possibility of mixing 
and placing different inks alongside each other, raising even 
more the complexity of the achievable parts without a 

necessary increase in the cost. In fact, inkjet printing has 
already demonstrated its fitness to the electronic industry with 
the printing of devices such as functional transistors [3], strain 
sensors on fabric [4] or low-cost Radio-frequency Identification 
(RFID) tags [5]. However, inkjet imposes great restrictions on 
the properties of the inks that need to be carefully formulated to 
avoid nozzle clogging, exhibit long stability during storage and 
behave according to predictive models during the printing 
process. A major consequence of these restrictions is that the 
viscosity of the inks needs to remain typically under 25 mPa·s, 
which limits the molecular weight of the used polymers and the 
solid content of particulate inks. This not only narrows the 
material catalogue but also forces the addition of rheological 
modifiers such as solvents and surfactants that alter the 
properties of the deposited tracks [6]. It is especially relevant in 
the case of conductive materials, where the organic elements 
added to improve the processability of the ink need to be 
removed during a post-processing step to allow the percolation 
or sintering of the conductive particles dispersed in the ink.  

Therefore, a high viscosity approach would allow the 
deposition of inks or pastes with higher solid content, which 
translates into reduced volumetric shrinkage, increased 
mechanical properties and improved conductivity. This has 
been explored by different methods such as aerosol jet [7], 
where the material is atomized in a pressurized chamber prior 
to deposition; acoustic inkjet, where an ultrasonic perturbation 
is focused on the fluid free surface to induce the creation of 
droplets without the need of a nozzle [8]; and ultrasonic droplet 
generation, where the nozzle plate is specifically designed to 
focus the acoustic waves generated by a piezoelectric actuator 
and produce the ejection of droplets [9]. Alternatively, jetting 
valves that combine mechanical actuation and pneumatic 
pressure to overcome the surface tension and elastic 
components of the viscosity have also been used to create 2D-
patterns in a continuous inkjet approach [10] [11].  

In the present work high viscosity jetting is explored to 
deposit discrete drops of carbon paste and a photo-reactive 
resin to create 2- and 3-dimensional structures. However, 
before producing these structures, an overview on the 
optimization of the main printing parameters will be given. 

Materials and methods 

Materials 
A water-based carbon paint (Electric Paint, Bare 

Conductive) was chosen as a conductive and soluble support 
material and was used as received and within its recommended 
shelf life. The bottle was sealed and kept in an extra container, 
also sealed, to avoid solvent evaporation. Its resistivity was 
measured in earlier work as 1.09 ± 0.03·10-2 Ω·m [11]. 

A transparent photo-curable resin (Clear, Formlabs) with a 
curing wavelength of 405 nm was selected as a structural 
material, which was also used without any modification. This 
fluid was kept in a sealed amber bottle capable of blocking UV-
radiation to prevent partial curing before printing. 
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The embedded LED used in the demonstrator was a green 
PICOLED (P12 Series, ROHM) of 1.0 x 0.6 x 0.2 mm and was 
placed manually with a pair of tweezers between printing 
cycles. Its position was checked with the mounted camera of 
the printing stage and it was powered and controlled using an 
open source micro-controller (Arduino UNO, Arduino). 

High viscosity printing system 
The set-up consists of two identical micro-dispensing 

valves (PICO xMOD, Nordson EFD) mounted on a computer-
controlled 3-dimensional stage with an overall accuracy of 
5μm. The system is also equipped with a monochrome digital 
camera (Manta, Allied Vision Technologies GmbH) to monitor 
the printed patterns and select the printing origin. A UV-lamp 
(FireFly 25x10, Phoseon Technology) was installed to enable 
photo-curing of materials during the process. The software is 
based on a combination of C# and XML and is in charge of 
printing parameters such as printing speed, resolution (DPI) and 
curing speed. This code also communicates with the digital 
controller that provides the printing signal to the valves. 

 

 
Figure 1. (Top) Schematic illustration of the micro-dispensing valve with a 

description of its most relevant parts. Modified from valve user manual 

[12]. (Bottom) Description of the relevant parts of the driving pulse and its 

effect on the nozzle state. 

The working principle of the jetting valve is based on the 
combination of mechanic and pneumatic actuation. 
Specifically, the fluid is pressurized (up to 0.6 MPa) and 
injected on the jetting chamber along a fluid path that can be 
heated up to 100° C. There, a piezo-electrically driven plunger 
ended with a ceramic sealing ball is oscillated according to the 
printing signal (up to 500 Hz), opening and closing the nozzle 
as a consequence. These driving pulses are mainly described by 
its pulse time (tp) and cycle time (tc), which are set on the 
digital controller, and the opening and closing speed, which is 
not under user control but can be selected from a limited 
amount of pre-sets. This system allows the ejection of materials 
in the range of 50 – 200.000 mPa·s [12] through a nozzle of 50 
µm in diameter. A schematic illustration of this system is 
shown in Figure 1 along with a description of the printing 
pulses. 

Viscosity characterization 
The viscosity of the materials was measured with a 

combination of two different rheometers to map different 
ranges of shear rate. The low shear region is here referred to as 
the range of shear rates between 1 s-1 and 1000 s-1 and was 
measured with a rotational rheometer (Kinexus Pro, Malvern 
Instruments Ltd.) with a cone-plate configuration. However, for 

the carbon paint, the maximum shear rate achievable before the 
sample was driven outside the plates of the instrument was 100 
s-1. The measurements were performed leaving sufficient time 
for the fluids to rest between the plates of the rheometer to 
allow their micro-structure to reform after the sample loading 
process while the evaporation of the solvent (relevant for the 
carbon sample) was prevented using a solvent trap saturated 
with water vapour. Each curve was measured 3 times and 
averaged, the uncertainty in all cases was below 5%. The 
temperature was kept at 25° C, which is the intended 
temperature during printing. 

The high shear region was measured with a microfluidic 
rheometer (hts-VROC, RheoSense) equipped with a channel of 
100 µm width containing 3 embedded Micro Electro 
Mechanical System (MEMS) pressure sensors along its length. 
In this case the applied pressure of the system is fixed but the 
flow rate and achievable shear rate is determined by the 
combination of the depth of the micro-channel, the syringe used 
(1 ml in this case) and the viscosity of each sample. 
Consequently, the carbon paste was tested between 80 and 2500 
s-1, while the photo-reactive resin was measured in the range of 
1000 and 9000 s-1. In order to obtain the true shear rate and 
viscosity, the instrument automatically applies the 
Weissenberg-Rabinowitsch-Mooney (WRM) correction [13]. In 
both cases the experiment was performed 3 times at a constant 
temperature of 25 °C and the data averaged. The uncertainty in 
this case was lower than 3%.   

Jettability and deposition study 
The footprints of deposited drops on polycarbonate (PC) 

films resulting from different settings of pressure (0.1 – 0.5 
MPa) and valve closing time (120 – 400 µs) were studied with 
an optical microscope (Eclipse LV100 ND, Nikon) in reflection 
configuration. Its associated software (NIS-Elements) was used 
to automatically obtain the perimeter (P) and area (A) of the 
droplets, which are used to calculate their equivalent diameter 
and circularity with the intention of assessing their 
repeatability. Precisely, the equivalent diameter (deq) is the 
diameter that each drop would have according to their area if 
their shape was perfectly circular, as shown in (1). The 
circularity (fcirc) was calculated according to its definition (2) 
and would be 1 for the case of an ideal circumference: 

dୣ୯ ൌ 2ට
୅

஠
 (1) 

fୡ୧୰ୡ ൌ
ସ஠୅

୔మ
 (2) 

Tests at different resolutions (measured in drops per inch, 
DPI) and in situ monitoring of the printed layers was performed 
with the monochrome digital camera mounted on the carrier of 
the printing stage.  

Post-printing processes investigation 
UV-curable materials were post-processed with a UV-

lamp of 2 W/cm2 peak irradiance and 380 – 420 nm output 
(FireFly 25x10, Phoseon Technology) at 4.0 mm ± 0.1 mm of 
the printing platform. The sample is moved under the lamp at a 
constant speed referred to as the curing speed. Materials 
requiring evaporation of solvent between layers where left to 
dry at monitored temperature and constant humidity. To further 
study the linearity of the height of the samples with successive 
layers, multi-layered tracks were printed, allowed to rest during 
24 h and later characterised with a surface profilometer 
(Surftest SV-3100, Mitutoyo). 
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Results and discussion 

Viscosity characterization 
The viscosity of the carbon paste and the photo-curable 

resin was studied at different shear rates at 25°C, as can be seen 
in Figure 2. The lower shear rates were measured with a rotary 
rheometer with a cone and plate configuration while the high 
shear rates were measured with a microfluidic rheometer, 
obtaining with both systems compatible results. The carbon 
paint displays a typical “shear thinning” behaviour, since its 
viscosity decreases with the increment of shear rate, which is 
common for composites with significant solid loading [14]. 
Specifically, it is observed to go from 55 ± 3 Pa·s at 0.1 s-1 to 
3.68 ± 0.06 Pa·s at 1095 s-1. This is particularly helpful since in 
storage conditions the material presents a very high viscosity, 
which helps to maintain the micro-flakes of carbon in 
suspension and preserves the stability of the paint. On the other 
hand, when the material is carried along the pipes of the system 
and ultimately jetted at high shear rates, the viscosity is lower, 
improving the processability of the material [15]. Alternatively, 
the viscosity of the photo-reactive resin does not change 
significantly in the range of shear rates investigated and the 
material can be categorized as Newtonian for the purposes of 
this work, the average value for the shear viscosity is 818 ± 6 
mPa·s. In Figure 3 the relation between the shear stress and the 
shear rate is plotted for both materials, which confirms the 
Newtonian behaviour of the photo-polymer and reveals a non-
negligible yield stress for the carbon paint typical from 
Bingham plastics [16]. 

 

 
Figure 2. Flow curve of carbon paint and photo-curable polymer at 25°C 

measured by a combination of a rotary and a microfluidic rheometer. 

 
Figure 3. Shear stress dependency on the shear rate for carbon paint and 

photo-curable polymer at 25°C measured by a combination of a rotary and 

a microfluidic rheometer. 

 Jettability and deposition study 

Drop formation and deposition 
In order to choose the most appropriate values for the 

pneumatic pressure and the mechanical closing speed of the 
valve, different combinations of such variables were tested 
keeping constant other printing parameters such as the 
temperature (25° C), frequency (95 Hz), pulse time (2 ms) and 
the distance between the nozzle and the substrate (0.8 mm). 
These values were chosen based on previous experience with 
the same set-up [11]. Particularly relevant in the previous study 
was the observation via high speed video (18000 frames per 
second) that for these materials the ejection only happens 
during the closing of the valve, since the applied pressure is not 
enough on its own to initiate the flow through the nozzle. This 
explains why, as long as the pulse time is enough to raise the 
plunger completely, its length is not relevant. Additionally, 
from the mentioned videos it was also observed that a relevant 
factor for drop ejection and repeatability is the amount of 
material left behind on the outside of the nozzle plate after each 
stream of material is emitted. Specifically, if there is a 
significant volume of fluid on the outside of the nozzle the next 
drop would encounter a higher resistance than the previous one 
but would have the same kinetic energy, which leads to a higher 
material residue with each iteration until the ejection is 
eventually prevented. However, even though many conclusions 
can be extracted from the observations of high speed videos of 
the ejection with different printing parameters it is still a 
method that will require an external set-up, which is not ideal in 
terms of the speed of the optimization cycle of each material. 
Therefore, an approach closer to machine vision is used in this 
case, analysing with a microscope and a digital camera the 
samples produced by the main printing set-up, as can be seen in 
Table 1. Later the area and perimeter of each drop was 
automatically detected and used to plot the equivalent diameter 
and the circularity for each material and configuration, as is 
shown in Figure 5 and Figure 4. 

Table 1. Droplets obtained with different combinations of 
valve closing time and pneumatic pressure 
 Carbon Paint Photo-curable resin 
Closing 

time 
0.1  

MPa 
0.3  

MPa 
0.5  

MPa 
0.1  

MPa 
0.3  

MPa 
0.5  

MPa 
 

400 µs
 

No droplets generated 

 
200 µs

  
 

120 µs
  

 
In the case of the carbon paint, it was observed that there 

is not a clear trend relating the pneumatic pressure with the size 
and shape of the drops. This is in agreement with the previously 
observed ejection of the material only during the closing time 
of the valve and limits the role of the pressure to filling the 
nozzle chamber to avoid material stagnation. Nonetheless, there 
is a greater variation in the circularity of the drops with 
pressure for the slowest closing profile (400 µs), but this seems 
more likely to be related with the closing time, since these 
drops are slower and therefore their tail breaks in a more 
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uncontrollable way, as can be observed in Table 1. On the 
contrary, the fastest profile (120 µs) produces bigger drops with 
good repeatability, which is due to the fastest speed of the drops 
and their spreading on the substrate governed mainly by kinetic 
effects. Still, this configuration showed signs of splashing; 
indicating that the ejection speed was excessive. The profile 
with a closing time of 200 µs provides small drops (diameter of 
391 ± 2 µm at 0.1 MPa) and good repeatability across different 
pressures and was consequently selected for the rest of the 
work. 

 

 

 
Figure 4. Circularity (top) and equivalent diameter (bottom) calculated 

from droplets of carbon paint at different pneumatic pressure and valve 

closing speed, as shown in Table 1.   

 

 
Figure 5. Circularity (left) and equivalent diameter (right) calculated from 

droplets of photo-polymer at different pneumatic pressure and valve 

closing speed, as shown in Table 1.   

Regarding the photo-reactive resin, the first thing that 
stands out is the lack of drops with the slowest profile (400 
µm), which indicates that the kinetic energy administrated by 
the valve is insufficient to overcome other effects like the 
surface tension and the elastic components of the viscosity. 

Still, this was only tested within the pressure range achievable 
by the set-up and it is expected that a higher pressure would 
eventually induce ejection on its own. Additionally, high 
circularity and smoothness are observed for both successful 
profiles, which is attributed to its wetting behaviour, ruled by 
its low surface tension 34.9 ± 0.2 mN·m-1[11] and the lack of a 
significant yield stress, as shown in Figure 3. However, the 
profile with a closing time of 200 µs shows more repeatable 
results across different pneumatic settings, and was therefore 
selected for the rest of this report together with a pressure of 0.1 
MPa, yielding drops of 591 ± 2 µm in diameter.   

Once the drop formation and deposition were satisfactory, 
different square patterns were printed with resolutions between 
50 DPI and 250 DPI, as shown in previous work [11]. The 
optimum resolution is accepted as the one that yields patterns 
with connected drops without leaving holes but also presents 
edges as straight as possible without instabilities due to 
excessive fluid per unit area. In the case of the carbon paint the 
chosen resolution was 100 DPI, which corresponds to an 
overlap of 35%, while a DPI of 60 (28% overlap) was selected 
for the photo-resin, as it is shown in Figure 6.  

  

 
Figure 6. The printing resolution for each material is determined by 

looking at the corner of a printed square pattern. This tests resulted in a 

resolution of 100 DPI for the carbon paste (left) and 60 DPI for the UV-

curable polymer (right). 

Post-treatment and multi-layer tests  
The layer-by-layer approach to the fabrication of 3-

dimensional structures requires that each layer of material is 
deposited and treated before placing the next one, in order to 
avoid curved substrates and fluid coalescence between layers. 
This depends strongly on the post-treatment method chosen for 
each material. Specifically, the carbon paste was allowed to 
evaporate at 25°C during a certain period of time (0, 30 and 300 
s) before printing the next layer, whereas the photo-curable 
resin was treated with a moving UV-lamp at constant height (4 
mm) but different translational speeds (6 mm/s and 150 mm/s) 
to modify the photonic energy delivered to the material. 
Following the described methodologies for printing and post-
treatment, samples with 8 tracks of an increasing number of 
layers from 1 to 8 were produced for the different settings, as 
can be seen in Figure 7. The results for the transparent resin are 
indistinguishable by mere observation and require further 
analysis but this is not the case for the carbon, where it is clear 
that both 0 and 30 seconds were too short to allow total 
evaporation and linear growth in the Z-direction. This is 
particularly obvious in the 7th and 8th tracks in both samples, 
where a bulging effect due to the excess of fluid can be 
observed. This, however, does not seem to happen to the 
sample allowed to dry 5 minutes between layers, so this time 
was accepted as a valid drying process. These conclusions 
however cannot be generalised since the drying time is strongly 
related with the area exposed to air, which in turn would 
depend on the particular pattern. Nonetheless, this test provides 
a good estimation for processing purposes.  
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Figure 7. Multi-step structures with growing number of layers (a) were 

produced with different kinds of post-treatments after each layer. The 

carbon samples (b,d,f) were allowed to dry at 25°C while the photo-

polymer (c,e) was cured by a UV-lamp at different speeds. 

To further study the linearity of the height of the samples 
with successive layers, they were allowed to rest during 24 h 
and later characterised with a surface profilometer to obtain the 
height values per layer shown in Figure 8. Later, a linear 
regression was applied to the 3 sets of data to assess said 
linearity, as can be seen in Table 2. In the three cases the linear 
trend is maintained until the 8th step, indicating that consecutive 
layers are not exchanging material as it was observed for the 
carbon with short drying times. However, for the photo-resin 
the slower treatment seems to lead to a lower growth in Z-
direction despite delivering more energy to the sample. A 
possible explanation for this is the fast spreading of the fluid, 
which is pinned in place earlier with the 150 mm/s curing speed 
than with 6 mm/s, leading to an overall higher layer thickness. 
Therefore, 150 mm/s is accepted as the curing speed for this 
material not only for resulting in slightly thicker deposited 
layers but also because of its positive impact on the total speed 
of the process.       

 

 
Figure 8. Height evolution of three samples produced with different post-

treatments after each layer. 

Table 2. Results of a linear regression (y = m·x + b) for 
various post-treatment processes applied to both materials 

 Carbon 
(air dry, 300 s) 

Photo-resin 
(UV, 6 mm/s) 

Photo-resin 
(UV,150 mm/s) 

m 56 ± 1 µm 58 ± 1 µm 54 ± 1 µm 
b 2 ± 4µm 14 ± 5 µm 23 ± 4 µm 
r2 0.9989 0.9986 0.9989 

3-dimensional structures 

Self-standing pillars 
In order to initially explore the 3-dimensional capabilities 

of this approach, arrays of drops were jetted and post-treated 
several times in order to create straight pillars, as can be seen in 
Figure 9. Apart from opening the possibility of interconnections 
in 3-dimensions, these pillars also reveal a few interesting 
features of the process itself. For instance, their width is thinner 
than the diameter of individual drops for both materials. This is 
explained by the fact that the first drop lands on the substrate 
(polycarbonate film) but the rest land on top of solid convex 
material, therefore affecting is wettability. Also, some of the 
material flows on the sides, increasing the width of the base but 
maintaining a fairly constant the width of the pillar, which is 
particularly evident with the photo-resin structures. On the 
other hand, the UV-curable polymer seems to bond to itself 
without forming interlayers, which is the reason why these 
pillars display an almost undisturbed transparency. In the case 
of the carbon, however, horizontal lines delimit the interface 
between layers.  

Once pillars perpendicular to the substrate were proven, a 
similar process was followed to print tilted structures, with the 
only modification of shifting the patterns after every layer. This 
approach did not succeed for the photo-resin, whose smooth 
surface and fast spreading lead to elongated puddles instead of 
pillars. Nevertheless, pillars with 12° and 21° of inclination 
were successfully printed with the carbon paint (Figure 9), 
using a shift of 1.0 and 1.5 % respective to the drop spacing at 
30 DPI (847µm). It can be observed that 21° seems to be 
beyond the critical angle, since there is a noticeable amount of 
material at the base of the pillars. However, in this case it seems 
unlikely that it has so much to do with the flow of material 
along the pillar itself but with the landing position and speed of 
the consecutive drops. Specifically, if the shift is too big each 
drop would land on the edge of the growing pillar and would 
break due to the impact speed of the drop, spaying part of its 
volume towards the base of the pillar while leaving most of it at 
the top. 
 

 
Figure 9. Self-standing pillars perpendicular to the substrate printed with 

photo-curable resin (a) and carbon paint (b). Small shifts in the pattern 

after each layer lead to pillars with 12° (c) and 21° (d) of inclination. 

Soluble supports 
Once both the conductive and structural materials were 

characterised, several proof-of-concept samples were created to 
show the capabilities of the high viscosity approach. First, the 
solubility in water of the carbon paste was used to explore the 
possibility of printing more complex structures using a soluble 
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support material, which is an approach that other Additive 
Manufacturing techniques are already implementing in order to 
be able to create overhangs and hollow structures. Therefore, 
the sample shown in Figure 10 was created alternating the use 
of each material during the print. Specifically, the structure was 
divided in different “structural blocks” containing a different 
number of layers of each material in order to compensate their 
miss-match in thickness, as is described in Table 3. Also, due to 
the bigger diameter of the photoactive resin and their more 
noticeable spreading after deposition than that observed for the 
carbon paste, all the required layers of support material were 
printed first in each “structural block”, providing a guiding 
space for the structural material. This method worked 
reasonably well but it is the main factor of the curved profiles 
of the hollow channels observed in Figure 10, since they are in 
fact the profile of the support material before being dissolved. 

 
Figure 10. Two lateral views of a woodpile structure printed with the aid of 

the carbon paste as a water-soluble support material. 

Table 3. Description of structural blocks and materials used 
for the creation of a woodpile structure (Figure 10) 

Patterns Material 
(function) 

Number of 
layers 

  
Carbon 

(support) 5 

  
Photo-polymer  

(structural) 7 

 
Furthermore, the “structural blocks” approach was also 

used to create the spiral sample shown in Figure 11 with the 
printing steps given in Table 4. There it can be seen again how 
this method is providing good results in terms of overhangs that 
would be impossible without the presence of a support material. 
However, the miss-match of these two particular materials does 
not seem to be perfectly compensated, since the superior layers 
still display some curvature. Also, in the central column the 
same backbone-like effect that was observed on Figure 10 is 
present. Again, this is the consequence of the curvature of the 
support material, which cannot be removed completely but it 
can probably be reduced by printing thinner “structural blocks”, 
which will be further investigated in the future work.  

 

 
Figure 11. Spiral structure embedded on a cuboid of support material 

before dissolution (a). The cuboid has dimensions of 7,8 x 7,8 x 1,5 mm. 

General view of the spiral structure after the support was dissolved in 

water (b). Lateral views of the spiral structure (c and d). 

Table 4. Description of structural blocks and materials used 
for the creation of a spiral structure (Figure 11) 

Patterns Material 
(function) 

Number 
of layers 

Carbon 
(support) 4 

Photo-polymer  
(structural) 6 

Embedded electronics 
Additionally, the carbon paste was tested as a conductive 

material to create embedded tracks, which was the original 
reason to choose this particular formulation. Therefore, the 
same approach based on “structural blocks” was applied to 
create the sample presented in Figure 12 with the structural 
blocks described in Table 5. The presented device has three 
embedded tracks, the one in the middle runs flat across the 
length of the structure until it is raised at the other end, leaving 
its top surface exposed to act as a capacitive sensing electrode. 
The other two tracks start flat but then are raised to form a 
bridge over the middle electrode, providing current to the LED. 
Finally, the three electrodes are connected with jumper wires to 
different pins on a micro-controller, which will be in charge of 
controlling the capacitive sensor and light the LED when 
presence is detected. Additionally, the whole device is 
encapsulated on the photo-curable resin to extend its lifetime, 
however an external frame of carbon is printed to control the 
spreading of the resin and increase the sharpness of the design. 
This external frame was later removed with water, taking 
advantage of the solubility of the material. Once the component 
was finished it was tested with the 5V supplied by the micro-
controller, showing the desired behaviour. This indicates that 
the printed tracks were not interrupted or shorted at any point 
and that their resistance was not a hindrance for the emission of 
light by the LED.   

 

 
Figure 12. Functional demonstrator containing conductive tracks of 

carbon paint and a commercial embedded LED. The middle track is 

independent of the other two and acts as a capacitive switch. The sample 

was tested with 5V (left). The outer frame of carbon was dissolved with 

water to achieve a higher resolution (right). 

Table 5. Description of structural blocks and materials used 
for the creation of a functional demonstrator (Figure 12) 

Patterns Material 
(function) 

Number 
of layers 

  

Carbon  
(support and 
conductive) 

4 

Photo-polymer  
(structural) 5 
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Conclusions 
A high viscosity drop-on-demand approach to the 

fabrication of multi-material 3-dimensional structures was 
explored. To do it, a water soluble carbon paint and a photo-
curable resin were chosen as functional materials and their 
viscosity tested with the combination of a rotary and a 
microfluidic rheometer. The former was particularly useful to 
determine behaviour closer to storage or rest conditions while 
the latter provided the viscosity at a shear rate more comparable 
to the actual shear rates applied to the sample during ejection. 
From this characterisation and following experiments can be 
concluded that both Newtonian and non-Newtonian fluids can 
be jetted with these micro-dispensing valves. However, the 
higher viscosity at all tested shear rates together with the 
apparent yield stress of the carbon paint prevented its excessive 
spreading on the substrate, leading to higher resolution. 
Therefore, it seems reasonable to conclude that Bingham 
plastics have the desirable characteristics to be used with this 
kind of set-up and will be explored further in the future. 

Additionally, a method involving the automatic analysis of 
droplets generated with different configurations was also 
presented. This provided similar conclusions that the ones 
previously obtained analysing high speed videos of the ejection 
in such configurations but in a shorter time [11]. This method, 
if implemented completely on the system instead of using an 
external microscope, can significantly speed up the 
optimization process for new materials. Once the drop 
formation and deposition were fixed, the resolution and post-
treatment were studied. In particular, the carbon paint required 
between 30 and 300 seconds to completely dry at room 
temperature. Allowing the evaporation of the solvent during 5 
minutes resulted in a linear growth of the sample with 
successive layers. This was satisfactory for the study here 
presented but thermal treatments should be studied in the future 
to obtain the same results in a fraction of the time. Similarly, 
the photo-polymer was cured with a UV-lamp at 6 and 150 
mm/s, observing that the fastest method not only was more 
suitable in terms of process speed but also pinned the fluid 
faster to the substrate, partially limiting the negative effects of 
material spreading. These post-treatments were put to use in the 
successful fabrication of self-standing pillars. The photo-resin 
flow properties did not allow the creation of tilted pillars, but 
the carbon showed promising results up to 21°. Finally, the 
conductivity and water solubility of the carbon paint and the 
transparency and structural integrity of the photo-polymer were 
combined to produce 3-dimensional structures. Particularly 
remarkable is the final demonstrator that combines all these 
properties into a functional device capable of switching on and 
off an embedded LED responding to a capacitive switch. This 
proves that the studied method is capable of producing such 
complex structures and open many opportunities in the area of 
multi-material and multi-functional fabrication. 

Finally, it is noteworthy that the materials tested in this 
work were originally formulated for other applications, such as 
brush painting and stereolithography, but were used 
successfully without any modification. This brings the 
encouraging conclusion that many more materials nowadays on 
the market intended for technologies such as screen-printing, 
robocasting, extrusion or moulding could be incorporated 
effortlessly to the jetting catalogue.   

 

References 
[1] D. Y. Shin, Y. Lee, and C. H. Kim, “Performance characterization 

of screen printed radio frequency identification antennas with 
silver nanopaste”, Thin Solid Films, 517, 21, pp. 6112–6118 
(2009). 

[2] D. Deganello, J. A. Cherry, D. T. Gethin, and T. C. Claypole, 
“Patterning of micro-scale conductive networks using reel-to-reel 
flexographic printing”, Thin Solid Films, 518, 21, pp. 6113–6116 
(2010). 

[3] T. Sekitani, Y. Noguchi, U. Zschieschang, H. Klauk, and T. 
Someya, “Organic transistors manufactured using inkjet 
technology with subfemtoliter accuracy”, Proc. Natl. Acad. Sci., 
pp. 4976–80 (2008). 

[4] P. Calvert, D. Duggal, P. Patra, A. Agrawal, and A. Sawhney, 
“Conducting Polymer and Conducting Composite Strain Sensors 
on Textiles”, Mol. Cryst. Liq. Cryst., 484, 1, p. 291–302 (2008). 

[5] V. Subramanian, J. M. J. Frechet, P. C. Chang, D. C. Huang, J. B. 
Lee, S. E. Molesa, A. R. Murphy, D. R. Redinger, and S. K. 
Volkman, “Progress Toward Development of All-Printed RFID 
Tags: Materials, Processes, and Devices”, Proc. IEEE, 93, 7, pp. 
1330–1338, (2005). 

[6] S. Magdassi, Ed., The chemistry of inkjet inks. (World Scientific, 
2010). 

[7] M. Hedges and A. Marin, “3D Aerosol Jet Printing-Adding 
Electronics Functionality to RP/RM”, DDMC 2012 Conference, 
pp. 1–5 (2012). 

[8] S. a. Elrod, B. Hadimioglu, B. T. Khuri-Yakub, E. G. Rawson, E. 
Richley, C. F. Quate, N. N. Mansour, and T. S. Lundgren, 
“Nozzleless droplet formation with focused acoustic beams”, J. 
Appl. Phys., 65, 9, p. 3441 (1989). 

[9] D. W. Rosen, L. Margolin, and S. Vohra, “Printing High 
Viscosity Fluids Using Ultrasonic Droplet Generation”, 
International Solid Freeform Fabrication Symposium – An 
Additive Manufacturing Conference, pp. 239–253 (2008). 

[10] H. Yang, Y. He, C. Tuck, R. Wildman, and R. Hague, “High 
viscosity jetting system for 3D reactive inkjet printing”, 
International Solid Freeform Fabrication Symposium – An 
Additive Manufacturing Conference, pp. 505–513 (2013). 

[11] J. Ledesma-Fernandez, C. Tuck, and R. Hague, “High Viscosity 
Jetting of Conductive and Dielectric Pastes for Printed 
Electronics”, International Solid Freeform Fabrication 
Symposium – An Additive Manufacturing Conference, pp. 40–55, 
(2015). 

[12] Nordson EFD, PICO x MOD Valve Operating Manual, (Nordson 
EFD, 2013). 

[13] C. J. Pipe, T. S. Majmudar, and G. H. McKinley, “High shear rate 
viscometry”, Rheol. Acta, 47, 5–6, pp. 621–642, (2008). 

[14] Malvern Instruments Limited, “Quantifying shear thinning 
behavior on a rotational rheometer using the power law model” 
(2014). 

[15] J. Duffy, “Optimizing high-performance ceramic inkjet inks”, 
Paint & Coatings Industry, September, pp. 1–4, (2014). 

[16] H. Barnes, A handbook of elementary rheology. (University of 
Wales, Institute of Non-Newtonian Fluid Mechanics, 2000). 

 

Author Biography 
Javier Ledesma-Fernandez received his BSc in physics at the 

University of Valencia in 2011. In 2012 he obtained the “La Caixa 
Foundation” scholarship and continued his studies with a MSc in the 
area of nanoscience at the Bristol Centre for Functional 
Nanomaterials. Later he joined the Additive Manufacturing and 3D 
Printing Research Group at Nottingham University where he is 
currently completing his PhD thesis on the jettability of high viscosity 
materials for multifunctional Additive Manufacturing 

47Printing for Fabrication 2016 (NIP32)


	INTRODUCTORY INFORMATION
	Copyright 2016
	ISBN: 978-0-89208-323-7 (usb stick)
	Table of Contents
	Conference Sponsors
	Exhibitors
	Conference Committees
	Week At-a-Glance
	Technical Papers Program
	IS&T CORPORATE MEMBERS
	CorporateMember Conference Sponsors

	AUTHOR INDEX
	KEYNOTE AND INVITED TALKS
	Novoselov, Materials in the Flatland…pg.1
	Weber, HP’s Jet Fusion 3D Printing Technology - Enabling the Next Industrial Revolution…pg.2
	Sirringhaus, Low-Temperature Organic and Oxide Transistors for Printable Electronics…pg.3
	Kyogoku, The Objectives of a National Project of ‘Manufacturing Innovation through Development of Next Generation 3D Printers’ in Japan…pg.4
	Groll, Materials and Fabrication Methods for Biofabrication…pg.5

	DIGITAL FABRICATION AND 3D PRINTING TRACK
	3D Printing and Additive Manufacturing I
	Baek, Material Jetting 3D Printing Process by Thermal Inkjet Head…pg.6
	Takagishi, Finishing Processes of Fused Deposition Modeling (FDM) 3D Printer…pg.10
	Norikane, Three Dimensional Inkjet Fabrication of Nano-Composite Hydrogel…pg.14
	Tokito, Newly Developed Printing Technologies for 3D Printed Electronics…pg.18
	Simske, Inkjet Printing and the Steady State Macroscopic Mechanical Energy Balance (SSMMEB) Equation…pg.21
	Song, Implementation of the Four-Flux Model for Spectral and Color Prediction of 2.5D Prints…pg.26
	Schuster, Development of Inks Suitable for the Manufacturing of Micro-Scale Polyurethane Foams…pg.31
	Taniguchi, On-Demand-Like FDM 3D Printhead Consideration…pg.37
	LedesmaFernandez, 3D High Viscosity Jetting of Functional Materials…pg.41
	Liniger, Advancements in Inkjet Technology for Materials Deposition and Manufacturing…pg.48
	Hoshino, Depth Feeling Dependence on Array Condition of Objects…pg.52

	3D Printing and Additive Manufacturing II
	Weber, Fine Particulate and Chemical Emissions from Desktop 3D Printers…pg.121
	Takahashi, Intensive 3D Structure Modeling and Seamless Data Flow to 3D Printers Using Voxel-based Data Format FAV (Fabricatable Voxel)…pg.124
	Johnson, Polymer Spray Deposition: A Novel Aerosol based Electrostatic Digital Deposition System for Additive Manufacturing…pg.129
	Slomowitz, The Impact of 3D Printing on US Copyright and Trademarks…pg.134
	Norazman, Estimation of High Speed Sintered Nylon-12 Tensile Strength Using Visible Reflectance Spectroscopy…pg.137
	Downey, Spinal Bracing for the Future…pg.138
	Sasaki, Coated Powder based Additive Manufacturing Using Inkjet Technique…pg.139

	Printed Electronics I
	Hodgson, Offset Printing of Conductive Features onto Paper Substrates…pg.143
	Hakola, Inkjet Printable Anode Ink for Fuel Cell Applications…pg.149
	Zhou, Analysis on Printed Electronics Circuit Design…pg.153
	Pleaa, Fabrication of Printed Switches…pg.156
	Molaire, A Novel Printable Process for Fabricating Large Size OLED Display…pg.160
	Danesh, Low-Voltage Printable OFETs for Sub-ppm Detection of Ammonia under Humid Conditions…pg.162

	Printed Electronics II
	Bollgruen, Optical Waveguides Fabricated by Combination of Inkjet and Flexographic Printing…pg.294
	Hartwig, Investigation on an Inkjet Printed Passive Sensor for Wireless Ice Detection on Wind Rotor Blades…pg.298
	Nishi, Flexible Pressure Sensor Driven by All-Printed Organic TFT Array Film…pg.305
	Mitra, Intense Pulsed Light Sintering of an Inkjet Printed Silver Nanoparticle Ink Depending on the Spectral Absorption and Reflection of the Background…pg.309
	Oda, The First International Standards for IEC/TC 119 Printed Electronics Materials Substrate and Conductive Ink…pg.314
	Kobayashi, Multicolor Electrochromic Device with LSPR of Silver Electrodeposition Toward Color Reflective Display…pg.319

	Printed Sensors
	Belsey, Switchable Passive Wireless Vapour Sensors from Inkjet Printed Electronic Components on Poly(dimethylsiloxane)…pg.323
	Jakovljevic, Packaging Added Value Solutions by Thermochromic Liquid Crystal-based Printed Labels…pg.325
	Araujo, A Part Complexity Measurement Method Supporting 3D Printing…pg.329
	Guo, Watermarking Embedding Algorithm for Color QR Code based on Image Normalization and Contourlet Transform…pg.335
	Wang, Inkjet Printed Micro Saddle Coil for MR Imaging…pg.339
	Koivunen, Inkjet Printed Polyelectrolytes for Microfluidic Paper-based Analytical Devices…pg.343


	DIGITAL PRINTING TECHNOLOGIES TRACK
	Inkjet-Based Processes I
	Kwon, Evaluation Method of Inkjet First Drop Dissimilarity…pg.56
	Reinhold, Measurement of Inkjet Printhead Reliability by Detecting Every Single Droplet in Flight…pg.60
	Turner, Titanium Oxo-alkoxide Clusters as a New Source Material for High Quality TiO2 Structures by Inkjet Printing…pg.64
	Li, Reproduction of HDR Image on Paper Medium Using Inkjet Printer…pg.68
	Chen, Interaction of Sequential Pulsed Electrohydrodynamic Jets for Drop-on-Demand Printing…pg.71
	Kido, Development of New Aqueous Resin Ink for Sign Graphics…pg.75
	Morita, Breakthroughs Required in Piezo-on-Demand Inkjets for Production Printing: Satellite Drops, Ink Penetration, and Evaporation…pg.79
	Liu, Influence of Z Number and Pulse Voltage on Drop-on-Demand Inkjet Printability…pg.83
	Ishihara, Laser Drying Technology Applied to Improvement of Density Variation on Offset-Coated Paper…pg.85
	Wickström, Application of Antibacterial Coatings on Resin Composite Implant Materials Using Inkjet Printing Technology…pg.89

	Inkjet-Based Processes II
	Best, Key Design Considerations for Measurement of Drops-in-Flight Using Machine Vision…pg.165
	Kazmierski, Inkjet Printing onto Patterned Substrates…pg.170
	Samusjew, Inkjet Printing of Elastomeric Optical Waveguides…pg.175
	Liu, Improved Color Performance of Reactive Dye Inkjet Printing on Cotton Fabrics by Controlling Ink Droplets Spreading…pg.177
	Dijksman, Refilling Characteristics of High Frequency Piezo Driven Inkjet Print Heads…pg.181
	Ding, Textile Inkjet Printing to Support US Manufacture Reshoring…pg.189
	Hoath, Multi Pulse Train Modelling of Piezo-Drop-on-Demand Inkjet Print-Head Response…pg.194
	Chu, The Effect of Paper's Properties on the Dot Reproduction of Image in Inkjet Printing…pg.203
	Crankshaw, Ink Recirculation – Xaar TF Technology™: A Study of the Benefits…pg.207
	Palo, Development of Wound Dressings for Biofilm Inhibition by Means of Inkjet Printing…pg.212

	Workflow
	Kuo, Optimized Image Rendition with White Colorant in a Digital Electrophotographic Printing Process…pg.217
	RojasArciniegas, Development of a Supervision System: Towards Closing the Control Loop in 3D Printing Systems…pg.221
	LeGaludec, Functional Coating Developments for the Digital Manufacturing Age…pg.227

	Printing and Fabrication Principles and Processes
	Ravasio, Meniscus Motion Inside a Drop-on-Demand Inkjet Print-Head Nozzle…pg.348
	Till, Digital UV Printing of 3 Dimensional Objects at High Speeds…pg.353
	Chang, Geometric Element Test Targets (Getts™) for Determination of 3D Printers’ Resolutions…pg.354
	Yang, Inks of Organic Cu-Precursors with Short Carbon Chain…pg.359
	Battat, Elastomer Fatigue in Belt Fusing…pg.360
	Komatsu, Toner Mask Method for Imaging on Niobium…pg.366
	Nakamura, Control of Titania Layer of Dye-Sensitized Solar Cell (DSC)…pg.370
	Huson, 3D Printed Ceramics: Current Challenges and Future Potential…pg.374
	Harlen, Simulations of Drop Formation in Complex Rheological Fluids - Can Rheology Improve Jetting Performance?…pg.378

	Ink Substrate Interactions
	Mielonen, The Effect of Nanoparticle Binders and Modified Precipitated Calcium Carbonate on Ink Absorption Behavior in a Multilayered Coating Layer…pg.457
	Kasperchik, Inkjet Alchemy - Inkjet Printing of Thin Metal Oxide Films with Dichroic and Metallic Appearance…pg.461
	He, Controlling “Coffee Staining” Effect of Inkjet-Printed Droplets from Graphene Oxide Inks…pg.466


	MATERIALS, METHODS AND PERFORMANCE TRACK
	Metrology Tools for Digital Printing Processes
	Martin, Measurement of Inkjet Drop Volume -- The Role of Image Processing…pg.94
	Ebihara, Development of a Small Built-in Spectrophotometric Sensor for Color Printers…pg.103
	Lin, A New Out-of-Gamut Determination Method of Image based on Irregular Segmentation…pg.107
	Fukue, Basic Study on Evaluation Method of Thermal Conduction through Printing Papers Using 1-Dimentional Thermal Conductivity Measurement…pg.112
	Minegishi, Study on Visibility of Density Unevenness in Printed Images Affected by Characteristics in Input Images…pg.116

	Performance of Print Products (Quality, Robustness, Permanence, and Functionality
	Suzuki, The Relationship between Dispersion Stability and Print Qualities on the Coated Paper…pg.229
	Momose, Visualization and Quantitation Technology of Carbon Black Dispersion State in Intermediate Transfer Belt Using Confocal Laser Scanning Microscope…pg.233
	Mizutani, Development of Image Quality and Reliability Enhancing Technology for 29 x 23 Size Digital Inkjet Press ?KM-1?…pg.237
	Otsuki, Motion Illusion Brought by Arrays of Arrowhead Patterns…pg.241
	MicoVicent, Evaluating Gonio-Appearance in Advanced Printing Materials with Quality Control Procedures and Instrumentation Used for Automotive Coatings…pg.245
	Nikitichev, 3D Printing in the Development of an Endoscopic Probe…pg.251
	Kaneko, Quantification of Faithful “Color Appearance” Reproduction, and Application to New Products…pg.255

	Physics and Chemistry of Materials I
	Yamada, Dispersion Control of Liquid Toner by Dispersant and Analysis of Adsorption Structure…pg.259
	Jackson, Understanding Dynamic Relaxation of Inks at a Timescale Relevant to High Frequency Drop-on-Demand Printing…pg.264
	Sharma, Inkjet Printed MoS2 Electronics…pg.269
	Wang, Preparation and Application of Polyurethane Polymer Modified by Nano Silica…pg.270
	Nie, Shape Control Synthesis of Silver Hierarchical Microcrystals…pg.274
	Johns, Inkjet Printing with Inks that Phase Separate during Drying…pg.275
	Davies, Semi-Conductive Printing Rolls for Improved Print Quality…pg.281
	Yoo, Predicting Paper Wrinkles in Fusing Process of Laser Printers Using Dynamic FEA…pg.282
	Ataeefard, Preparing Anti-Bacterial Printing Toner via Emulsion Aggregation Method…pg.286
	Li, Synthesis of Guar Gum Derivatives in [BMIM]Cl Ionic Liquids and Their Application on Pulping and Papermaking…pg.291


	Colleague Connections: Overview of the UK Innovation Landscape
	DIGITAL PRINTING APPLICATIONS TRACK
	Security Printing
	Hodgson, Security Print Features based on Additive Manufacturing - Threat or Opportunity?…pg.382
	Ulichney, Effect of Non-Integer Scaling on the Recovery of Data Bearing Marks…pg.386
	Mizen, Comparison of Technologies for Card Printing Applications…pg.392


	BIOPRINTING
	Bioprinting I
	Stier, Dispensing of Hydrogel Ink onto Electrospun Biodegradable Paper for Biomedical Applications…pg.397
	Zhang, Regenerated Silk Fibroin as Inkjet Printable Biomaterials…pg.406
	Robertson, 3D Printed Ultrasound Phantoms for Clinical Training…pg.410
	Zou, A Method for Detecting the Fluorescence-Emission Wavelength and Visualization of Biological Traces…pg.416
	Edney, The Use of Inkjet Printing and Thermal Phase Change Inks to Create Sacrificial Prevascular Networks…pg.419
	Lehmann, Novel Approach for Predicting Coffee-Ring-Effect in Drying Droplets based on Binary Solvent Mixture from Substance Data…pg.424
	Boland, In Vivo Characterization of Bioprinted Capillaries…pg.428

	Bioprinting II
	Dodoo, Effect of Thermal Inkjet Printing on Bacterial Cells…pg.402
	Subramaniyan, Fabrication of ZrO2-SiO2 Binary Oxides Scaffold by Inkjet Printing for Bone Tissue Engineering Applications…pg.429
	Nikitichev, Placenta Vasculature 3D Printed Imaging and Teaching Phantoms…pg.431
	Li, Printed Electronics and 3D Printing as New Manufacturing Technologies - New Opportunities for Bio-based Materials…pg.435
	Tse, Reactive Inkjet Printing Applications for Tissue Engineering…pg.442
	RodriguezDevora, Growth-Inhibitory Effect of Chemotherapeutic Drugs Dispensed by Inkjet Bioprinting on Cancer and Non-Cancer Cells…pg.446
	Gregory, Altering the Bubble Release of Reactive Inkjet Printed Silk Micro-Rockets…pg.452


	TECHNOLOGIES IN DIGITAL PHOTO FULFILLMENT 2016
	Welcome Remarks and Company Introductions
	Tools and Strategies of Print Preservation
	Photo Book Construction and Preservation
	Factors that Influence Permanence and Durability of Photo Books

	MATERIALS, METHODS, AND PERFORMANCE TRACK
	Physics and Chemistry of Materials II
	Walker, Hi Resolution Inkjet Printing of OLEDs at Merck…pg.469
	Shu, Fully Solution Processed Organic Light-Emitting Electrochemical Cells (OLEC) with ZnO Interlayer for Lab-on-Chip Applications…pg.472
	Edler, Application of Vinylcarbonates as Low-Toxic Monomers in Digital Inkjet Inks…pg.475
	Afroj, Inkjet Printing of Graphene Inks for Wearable Electronic Applications…pg.480
	Smith, Multi-Functional Carbon Fibre Composites Obtained Using Inkjet Printed Polyme…pg.482
	Forsberg, Liquid Exfoliation of Layered Materials in Water for Inkjet Prinitng…pg.486

	Laser Imaging and Patterning
	Kishi, Development for Secondary Color Graininess Separation Method for the Electrophotographic Imaging…pg.493
	Nemoto, Laser Color Marking Using Thermo-Sensitive Recording Paper - Study of Condition for Magenta and Cyan Development…pg.498





