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N. LUMBY: PREFACE

The Print Media Research Center, together with the School of Graphic Communications Management
at Ryerson University in Toronto, Canada is thrilled to host the 43 annual iarigai conference

Natalia Lumby
Conference Chair

E-mail: nlumby@ryerson.ca

The Print Media Research Centre (PMRC) is a Faculty-based Research Centre within the Faculty of
Communication and Design at Ryerson University. The PMRC’s Scholarly Research and Creative (SRC)
agenda focuses on advancing the broad areas of premedia, printing and finishing on an international scale.
The PMRC combines the SRC efforts of faculty in the School of Graphic Communications Management
(GCM) and other collaborators within the university and internationally, with those of undergraduate and
postgraduate students across the university and other institutions around the world. The PMRC forges
short and long-term research partnerships with industry at local, national, and international levels.
Funding from industry partners results in a one-of-a-kind print media research centre that establishes
Ryerson University as the premiere print media research institution in Canada.

Ryerson is Canada’s leader in innovative, career-focused education. Being located in the core of downtown
Toronto, it is distinctly urban, with a focus on innovation and entrepreneurship. The roots of Ryerson
University are in applied education, with the School of Graphic Communications Management being one of
the original programs launching in 1948. As Canada’s only degree program for the printing industries, we
are serious about developing qualified graduates to move our industry forward.

Hosting the 43™ annual iarigai conference is an example of how our school fosters collaboration and
innovation within our industry. The breadth of topics for the conference is a testament to the high level
of expertise that is a part of the iarigai community. With industry’s ability to print circuits, solar cells and
3D objects the applications are far reaching. Gathering international researchers from a dozen countries
provides us with opportunities to learn from one another and create opportunities to collaborate to further
the growth of this important industry.

In addition to covering topics new to the graphic arts, there is a great deal left to learn and discover about
more traditional uses of print media. With the changing media landscape, print is constantly adjusting to
respond to new demands. Printed advertisements often have to connect to digital counterparts, and the
design we use today needs to reflect this new behavior. In addition, our ability to manufacture high quality
images, with excellent colour accuracy both traditionally and digitally continues to improve. The topics
covered include advancement in each of these critical areas.

We are also thrilled to have an excellent set of keynote speakers represented at the conference. Covering
topics of colour, haptics and integration of audio content these speakers used their graphic arts industry
knowledge to push our thinking beyond the page, while reminding us that the page persists to be critical
tool in the media landscape.

Further, in addition to academic presentations, this conference also included a morning of industry focused
workshop sessions. Challenging the Status Quo industry day featured several relevant workshops on topics,
which include big data, e-mail communication and targeted marketing. In addition to workshops, iarigai
in partnership with Ryerson delivered a Drupa update session. Attendees consisted of regular conference
participants as well as industry guests.
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In total the conference featured 17 academic presentations, representing the work of 63 researchers,
3 keynote presentations as well as 4 industry focused workshops. In addition to attending presentations
conference goers were able to explore the majestic Niagara Falls, as well as visit the Mackenzie Printery
Museum, which houses Canada’s largest collection of operational antique presses.

On behalf of Ryerson [ would like to thank you for your participation in this year’s conference.
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From Biological Molecules to Industrial Printed Products:
the challenges facing new functional printed applications development

Michael Pruneau?, Eric Athlan'?, Laurent Desfontaines?, Christiane Lecomte? Michel Martineau? and Chloé Bois?

! Collége Ahuntsic, 9155 Rue St-Hubert, Montréal, QC H2M 1Y8, CANADA
2CI - Printability and Graphic Arts Institute, 999 Avenue Emile Journault, Montréal, QC H2M 2E2, CANADA

Short Abstract

The biosensor strips are used as blood glucometer by diabetic patients worldwide. The strips convert an elec-
trochemical signal of an enzymatic redox reaction that takes place in the presence of glucose into a digital sig-
nal. The price of these strips is a major parameter as the daily number of strips used by patients is significant
and critical for monitoring their condition. To achieve a lower production cost the potential of conventional
printing methods on industrial press using less expensive raw materials and paper substrate is investigated. ICI
establishes the proof a concept of a fully printed biosensor device by flexography using commercially available
inks and in-house carbon-based and enzymatic formulated inks. The control of the enzymatic activity during
formulation optimization and printing is the core challenge faced in this project. Therefore, the influence of sol-
vents and temperature on the enzymatic activity is investigated to formulate an ink which preserves the func-
tionality of the biological material. Moreover, the required printability and electrical performances of silver and
carbon-based conductive inks used as electrodes is achieved by superimposing multiple inks layers and specific
drying conditions. Finally, fully printed functional devices on paper are obtained, which signal is proportionate
to the glucose amount of several solutions mimicking diabetic blood ranges. Thereafter, the technical transfer
of these results from lab-scale to industrial flexography printing press will demand formulation adaptation,
substrate properties adaptation, device geometry optimization and characterization method development.

Keywords: functional printing, biosensors, ink formulation, industrialization, diabetes, printed electronics

1. Introduction

The enzymatic biosensors are widely used to diagnose particular diseases or as a monitoring tool of a bi-
ological marker for which they are made specifically. Combining reliability and ease of use, these devices
provide quick solutions to the medical field. As diabetes continues to grow, Self-Monitoring Blood Glucose
(SMBG) devices based on enzymatic biosensors for monitoring blood glucose levels are now widely used
(Cardosi and Liu, 2012). These sensors have the distinction of being portable and reliable in addition to
requiring a small volume of blood for analysis. Strips, which constitute the biosensor; are associated with a
reader and display device. They transform the electrochemical signal into a digital signal. Diabetic patients
must therefore undeniably use test strips to monitor their blood glucose levels and an average of three per
day. The price of these stripes is significant. Hence, one of the challenges for this type of biosensor is the
reduction of the strips production costs.

The strips that are found on the shelves of pharmacies are mainly produced on a polymeric substrate such
as PolyEthyleneTerephthalate (PET). This method of manufacture in accordance with the use of ink based
on noble metals (gold, platinum, etc.) greatly increases their selling price. To achieve a reasonable produc-
tion cost and therefore a lower price for the consumers, one possible solution is the printing by conven-
tional methods on industrial press using less expensive raw materials and paper substrates (Tudorache
and Bala, 2007).
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2. Objectives of the research

ICI objective is the development of an enzyme biosensor fully printable on paper that can be used for blood

glucose monitoring for diabetic patients.

From the selection of the active materials to the proof of concept of the product, the challenges that are

addressed are:

1. Reduction of the raw material cost
- New conductive materials
- Enzyme selection
- Paper substrate

2. Functional inks formulation
- Activity preservation
- Conductive inks

3. Device manufacturing
- Optimization of characterization methods
- Printability of functional inks on paper
- Industrial transfer

3. Research materials and methods

3.1 Biosensor devices design

The device which is developed is composed of three different types of inks. The steps and respective de-
signs for each layer are detailed in the following Figure 1, Figure 2 and Figure 3. The dimension of the

printed areais 70 x 90 mm.

- m

Figure 1: Step 1: Enzymatic layer Figure 2: Step 2: Current
collectors and reference electrode

Figure 3: Step 3: Working
electrode and auxiliary electrode

The original devices design requires three electrodes in order to perform current measurement using an

ammeter (Rahman et al,, 2010):

- aworking electrode where the reaction occurs,
- an auxiliary electrode (for measuring the current generated),

- and finally a reference electrode that fixes the value potential throughout the process.
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3.2 Enzymatic activity characterization
3.2.1 Enzymatic solution

The enzyme selected for this application is the glucose oxidase (GOD or GOx). The glucose oxidase catalyz-
es the oxidation of glucose using oxygen as an electron acceptor (Heller and Feldman, 2008).

Glucose oxidase extracted from the fungus Aspergillus Niger (Tsuge et al., 1975) was purchased from
Sigma (Cat# G0543). It was found that 0.05 U of the enzyme (in a volume of 5 pl of 50 mM sodium acetate,
pH = 5.1) was the smallest amount capable of completely digesting 5 pl of 0.5 % glucose in 5 min at room
temperature after drying the enzyme on a filter paper. This proportion was used for all experiments.

The steps followed to optimized the formulation of the complete active ink will be summarized in the re-
sults part of this abstract.

3.2.2 Testing glucose solutions

In order to evaluate the enzymatic response, a glucose solution is: 0.5 %w/v glucose in 50 mM acetate
buffer, pH = 5.1. Then, several glucose solutions are prepared to mimicking diabetic bloods from severe
hypoglycemia (2 mmol-L? glucose) to strong hyperglycemia (32 mmol-L! glucose) (Higgins, 2013).

3.2.2.1 Color scale

The enzyme solution is transferred onto a Whatman filter paper discs and dried at least 10 min before use
atroom temperature. The discs retain their full enzymatic activity for several months at room temperature.

Once the discs are dry, 5 pl droplet of the solution at 0.5 % glucose in 50 mM sodium acetate is spotted on
the discs and left to incubate for 5 min at t room temperature. The reaction is stopped by transferring the
filters to 500 pl of 6 % O-Toluidine (in glacial acetic acid).

The O-toluidine is used for the determination of glucose in biological materials (Dubowski, 1962). This
enzyme, in the presence of an aldose (a sugar containing an aldehyde function), leads to the condensation
between the amine and the aldehyde function of the free glucose. The resulting complex is a green colour.
The colour develops by boiling 5 min in a water bath at 100 °C.

W

Figure 4: Color scale used to determine the percentage of enzyme activity
(From left to right: 100 %, 75 %, 50 %, 25 % and 0 % of enzyme activity)

Semi quantitative analysis are performed using comparisons of experimental samples to a visual colour
scale as shown in Figure 4. Under experimental conditions, any glucose left after the 5 min incubation pe-
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riod reflects a loss of enzyme activity. Various amounts of 0.5 % glucose are used to represent 100 % (no
glucose), 75 %, 50 %, 25 % and 0 % (5 ul of 0.5 % glucose) of the expected enzyme activity.

This method is used for characterized enzymatic activity in different drying conditions and solvents ratio
in the solution.

3.3 Conductive inks

Silver and carbon-based inks are printed after the enzymatic ink, one of the challenges was to obtain a low
resistance with drying time and temperature that do not drastically degrade the enzymatic ink activity.

3.3.1 Silver-based ink

Several commercial silver ink samples suitable for flexography lab proofing were tested to determine
which one appears to be suitable with the biosensor manufacturing process.

3.3.2 Carbon-based ink

The two other electrodes were manufactured with a carbon ink. As the electrodes layers are in direct con-
tact with the enzymatic layer, carbon was chosen for its chemical inertness during the oxidation-reduction
occurring in the functional layer. In order to reach required conductivity, an in-house formulation with
several ratio of graphite/carbon black are tested to find the optimum ratio.

3.4 Conductive inks and device current measurement

All electrical measurements are performed using a multimeter:

- An ammeter is used to measure the response of the printed enzymatic varnish with glucose
solutions, the measurement accuracy is + 0.1 pA. For these pilot experiments, the negative
electrode was connected to the reference electrode and the positive electrode was connected to
the counter electrode.

- The electrical properties of the conductive inks are evaluated by resistance measurement with an
ohmmeter. The distance of measure is set to 1 cm.

3.5 Substrate

Whatman lab filter paper was selected for its absorption and rigidity properties. The substrate influence
on the enzymatic activity and its cost was not investigated at this state of the project.

3.6 Lab scale printing

The flexography printing tests were performed on a sheet-fed laboratory proofing device: the Flexiproof
(Testing Machines Inc. TMI, New Castle, USA).

Similarly to the flexography printing unit, the system is composed of a flexography printing group that
transfers the ink from the doctor blade, to the cells of anilox cylinder. The ink is deposited onto the plate’s
relief, which transfers the ink onto the substrate in the nip zone formed by the plate cylinder and the print-
ing cylinder.
In the Flexiproof device, micrometric settings control the gap between:

- the anilox and the plate,

- the plate and the printing cylinder.
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It modifies the ink transfer by adjusting the pressure in the nip zone.
The selected anilox volume was 18 cm?/m? or 11.6 BCM.

4. Summary of results

The results provided in this abstract focus on the impact of drying conditions and solvents on an in-house
formulated enzymatic ink, and the lab-scale printing of a functional device acting as a glucometer biosensor.

4.1 Formulation of the Enzyme ink

Enzymes are extremely sensitive constituents in all the surrounding physicochemical parameters.
Therefore, glucose oxidase is first subjected to various physical and chemical stress in order to determine
the limits of its use in the field of industrial printing and select suitable formulation solvents and resins.

4.1.1 Thermal enzymatic activity

Industrial screen printing or flexographic inks require drying temperatures around 100 °C and even more
for ashorttime (a few seconds). At this step of the project, only lab-scale flexography is tested. Consequently,
higher ranges of temperature and drying time can be investigated. Although such conditions of drying are
not suitable for industrial printing, they are compatible with the commercial flexography conductive inks
that are tested so far.

The enzyme ink is printed first, then carbon and silver inks are superimposed. It was therefore necessary
to verify whether the enzyme could withstand high temperatures (up to 120 °C) for a long time (about
several minutes). The objective was to define a temperature limit at which no loss of enzyme activity could
be due to exposure to heat.

100
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5 40
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0

70 80 90 100 110 120
Drying temperature [°C ]

Figure 5: Enzymatic activities after imposing different temperatures for 5 minutes evaluated by
comparison with the colour scale
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The enzyme solution is transferred to filter paper discs and placed into a fixed temperature oven. After five
minutes, the paper discs are removed from the oven, stored in room conditions. Glucose solution droplets
are deposited to cover the enzymatic layer, then the colour response is visually evaluated within a minute
after.

Figure 5 displays the colour-evaluated activity of the enzymatic ink layers when submitted to 70, 80, 90,
100, 110 and 120 °C for 5 minutes. The results demonstrate that the enzyme can withstand temperatures
of 100 °C for 5 minutes without any loss of enzyme activity. On a separate experiment, a 20 min treatment
at 100 °C had no apparent impact on the activity.

4.1.2 Enzymatic activity in different solvents

The formulation of the varnish with the enzyme may contain a solvent to dissolve the resin portion. A vol-
umetric ratio of the water in the solution of glucose has been replaced by solvent: n-propanol and ethyl ac-
etate. The latter are two solvents commonly found in flexography and compatible with most of the selected
resins for the formulation of inks used in this research.

100
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g 40
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Volumetric ratio of solvent in water %
B water n-propanol ethyl acetate

Figure 6: Enzymatic activities as a function of the volumetric ratio of solvents (water and n-propanol or water and
ethyl acetate) compared to the water-based enzymatic solution evaluated by comparison with the colour scale

As shown in Figure 6, the enzyme was not affected by n-propanol at all concentration tested. Ethyl acetate
reduces the activity by about 25 % at concentrations of 50 % and 75 %.

4.1.3 Thermal enzymatic activity in different solvents

Since the printing of the biosensor requires the combination of drying conditions and solvents presence,
various combinations of these parameters are investigated. The enzyme was prepared with different ra-
tios buffer/solvent solution which have been subjected to several relevant temperatures. The results allow
testing the limits of the enzyme cope with the increase in temperature when integrated with the solvent or
observing a synergistic effect that greatly affect the activity of glucose oxidase.
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Figure 7: Enzymatic activities as a function of the ratio of solvents (water and n-propanol or water and ethyl acetate)
compared to the water-based enzymatic solution at 80 °C for 5 minutes evaluated by comparison with the colour scale

The Figure 7 details the evaluated enzymatic response of solvent-containing solutions that are dried in a
oven at 80 °C for 5 minutes. The combination of heat (5 min, 80 °C) and organic solvents leads to a drastic
reduction of the enzymatic activity. Therefore, compared to the enzymatic activity in water, the enzymatic
activity reaches 40 % in solutions with 25 % of N-propanol and ethyl acetate and 50 % of ethyl acetate, it
reaches 20 % in solution with 50 % of N-propanol and 75 % of ethyl acetate, finally the enzymatic activity
was undetected in solutions containing 75 % of N-propanol.

4.1.4 Resin

According to the previous results, the strategy has to be revised: water-soluble resins were preferred for
the formulation of the varnish containing the enzyme. Therefore, PolyVinylPyrrolidone (PVP K30) was
tested. It offers proper viscosity (63 cp) and full enzyme activity at a 33 % w/v concentration. The use of
such water-soluble binder allows the formulation of a water-based ink suitable for flexography lab-proof-
ing. Moreover, Prussian blue was integrated as it acts as mediator for the reaction and as support for facil-
itating the registration during printing due to its colour.

4.2 Device printing

The Flexiproof was used to transfer the silver and carbon-based inks and the enzymatic ink on the filter
paper samples. As no significant printability issues were observed when printing the three inks, the op-
timization of the ink transfer focuses on achieving the required electrical performances required for this
application.

Figure 8 highlights the appearance of a printed device. The manufacturing steps include:
- two layers of the enzymatic varnish, no drying step is applied,
- two layers of commercial silver-based ink, with drying at 100 °C for 5 minutes after each ink
transfer, the measured resistance is below 2 (),
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- and three layers of carbon-based ink, with drying after the transfer of the three layer for 100 °C
for 5 minutes, the measured resistance is about 1 k().

Figure 8: Printed devices; the enzymatic ink appears blue, the silver-based ink is grey and
the carbon-based ink has a black appearance

4.3 Biosensor functionality characterization

The last step was to check the functionality of the printed biosensor. The electrodes were connected to a
simple electrical circuit for measuring the current and voltage during the reaction. Subsequently, several
solutions having very different glucose concentrations, but remaining in the relevant field of the applica-
tion (from 2 to 32 mmol-L?! glucose) are tested to establish the linearity of the signal. A volume of 20 pL
solution was deposited on the electrode surface and the test tap starts. The signal was measured every 10
seconds until the loss of a response, which indicates the end of the reaction. In Figure 9, current intensity
values are reported for a fixed time at 2.5 minutes which corresponds to the maximum signal intensity
about. The linearity of the device response confirms the proper functioning of the printed system.
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Figure 9: First trial of printed biosensor; intensity as a function of the glucose amount in a solution
deposited on the device electrodes

The ammeter resolution is + 0.1 pA, which is not sufficient considering the resolution required for such an
application. It will therefore be necessary to repeat the measurements with a nanoammeter.

10
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5. Conclusion

This project establishes the proof of concept of an enzyme biosensor fully printable by flexography on pa-
per that can be used for blood glucose monitoring for diabetic patients.

The study investigates the impact of different parameters on the enzymatic activity of the ink. First, the
heating temperature demonstrated the degradation of the enzymatic color response to the glucose test
solutions over 100 °C. Secondary, different ratios of two organic solvents (ethyl acetate and n-propanol) in
water were tested. No strong activity reduction was noticed when the enzyme solution was introduced in
the water-organic solvent solutions. However, after drying at 100 °C for 5 min, the enzymatic activity di-
minished drastically, which led to a change of the formulation strategy to favour water-soluble resins. Using
such enzymatic ink and conductive inks, fully printed functional devices on filter paper were obtained
using lab-scale flexography. The measured electrical signal was proportionate to the glucose amount of
several solutions mimicking diabetic blood from 2 to 32 mmol-L* glucose, which demonstrates the redox
activity of a new enzymatic ink for flexography printing.

In order to go from the proof of concept to a prototype, numerous technological challenges should be ad-
dressed. First concerns are related to the formulation:

- carbon-based and enzyme inks fine-tuning,

- adaptation to large batches of ink production,

- industrial scale drying time.

Further investigations on the substrates are required:
- substrate properties selection and adaptation to the reader,
- inks and substrate printability assessment.

The current size of the device is about ten times the desired final product. Geometry optimization has
to be done in order to fit with the harvested human blood samples that are only about a few microliters.
Moreover, the strip design depends on the reader device.

Press management includes:

prototyping,

adequate printing supplies,

and in-line characterization method development to ensure the reliability of the devices,
compatible with medical applications requirements.

Moreover, a complete industrial ecosystem needs to be built if a valuable market is defined.

11
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Short Abstract

The aim of this paper is to introduce the first step towards a new inkjet-based fabrication approach for low cost
and high throughput radio frequency identification tags (RFID) as well as to demonstrate the feasibility of using
double-surface radio frequency chips (RFIC) with a capacitive coupling instead of a direct contact (soldering)
between the antenna coil and the chip itself. These RFICs can be delivered, using an inkjet-based process, onto
one pad of an antenna coil instead to be precisely placed using flip-chip method. This will allow producing
RFID tags only with printing steps, reducing considerably the assembly and hence the overall costs. Simulation
results show that an optimization of the capacitive coupling between the chip and the antenna coil is possible
and thanks to the boost of the quality factor of the tag, acceptable load voltages can be easily reached, even in
unfavourable situations.

Keywords: RFID, inkjet printing, capacitive coupling, single chip delivering

1. Introduction and background

RFID technology is a well-established technology with billions pieces fabricated every year. The applica-
tions span from retail, to transportation, automotive, manufacturing, logistics, pharmaceutical, security,
safety, etc. and the market is still in hunger for cheaper, large volume productions and increase the demand.
In the HE, UHF and microwave frequency domain, tags are usually composed of an integrated circuit (IC)
and an antenna; the fabrication of these two components is responsible for more than 50 % of the final
cost. The remainder, are costs related to the assembly which are strongly dominated by the flip-chip step
(more than 90 %) (Sarma, 2001; Swarmy and Sarma 2003). Flip-chip is a widely used technique for in-
terconnecting integrated circuits to external circuitry with solder bumps deposited on the chip pads. For
example, a high-end FCM 10000 (Muehlbauer AG) flip chip assembly system can assemble approximately
9500 chips per hour achieving a placement accuracy of 20 um. However, the assembly towards smaller
chips, such as 100 um and less in lateral dimensions, becomes unfeasible because of unstable behavior in
the atmosphere. In fact, in dry environments, the chips are negatively affected by electrostatic and the Van
der Waals forces, which can cause them to either stick together, creating aggregated structures or fly apart.
Precise positioning of the chips with small surface bumps onto external antenna metal terminals become
also very difficult without trading off the speed. Furthermore, the fabrication of narrow space precise an-
tenna patterns become also very difficult using either printing technologies or chemical etching methods.

1.1 State-of-the-art on micro-parts assembly processes
Many research projects have been done in order to reduce the overall costs and increase the assembly

throughput of micro-components. The most promising techniques are the one based on the self-assembly
processes which use the principle of minimum potential energy. These techniques are based on surface
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tension and capillary forces (Park et al., 2014; Sato et al., 2003; Tsai et al., 2007; Zheng W. and Jacobs 2004;
Srinivasan et al,, 2001; Routa et al,, 2013; Chang et al., 2012), mechanical shape recognition (Chang et al,,
2012; Alien Technology Corporation, 1999), magnetic force (Perkins et al.,, 2002) and electrostatic force
(Bohringer et al., 1998). Park et al. recently demonstrate the first implementation of a fluidic self-assembly
machine, based on surface-tension-directed-self-assembly (Knuesel, 2010), capable of placing 15 k chips
per hour using a 2.5 cm wide assembly region. Even though the above-mentioned technologies proved
their competitiveness against the traditional fabrication process, in terms of efficiency and production
rate, most of them have been demonstrated in favorable cases. In fact, Chang et al. pointed out the fact
that the reported self-assembly methods have been applied in cases in which the densities of the receptor
sites are very high and the spacing of the receptor sites and the size of the components are of the same
magnitude. This, of course do not reflect the real case of an assembly of RFID tags where the size of the an-
tenna can be several centimeters and the size of one RFID die is only few hundreds of micro-meters. Such
difference in scale can reduce the efficiency of assembly process and to achieve a good fill rate, it requires
either a huge number of components or a very long time. In order to cope to this limitations and deal with
RFID chips, they proposed a hybrid technique (Chang et al., 2010; 2011; Saiola et al., 2008), which combine
the two major branches of micro-handling: high speed and low-cost robotic micromanipulation for coarse
positioning of multiple pads chip near the binding sites and droplet self-alignment for fine positioning.

Hitachi propose a new concept for RFID chip, called “p-chip” which consists in using one pad on the top of
the chip and the back of the silicon die (bulk) acting as the second pad (Usami et al., 2003). With this ap-
proach, precise positioning to the antenna terminals is not necessary because there is only one connection
on each surface. Moreover, the chip orientation can be arbitrary as long as one of the two contacts faces
the landing pad. They also proposed a new water-based techniques for the double-surface radio frequency
integrated circuits (RFICs). It is known that, when immersing microscopic objects in liquid, electrostatic
and Van der Waals forces markedly decrease and the capillary forces become the dominant factor as the
adhesive trigger between chips. In a first technique (Noda et al., 2009; Noda and Usami, 2008), the chips
are kept dispersed in a liquid, and only a single chip is captured and manipulated using a micropipette. In a
more recent technique (Noda et al., 2011), however, before their deposition onto the antenna, a micro-liter
liquid droplet is dispensed onto a hydrophilic/hydrophobic patterned allowing a stress-free self-assembly
process.

The advantages in using a double-surface RFIC clearly lead to an increasing of the fabrication rate.
However, the fabrication process proposed by Hitachi is complicated and expansive, therefore, even if the
assembly is easier than for traditional pick-and-place machines, the whole fabrication is less cost effec-
tive. Furthermore, the water-based techniques still suffer from the serial behaviour of the micropipette
handling.

2. Materials and Methods
2.1 Printing of the antenna coil

The antenna coil has been inkjet-printed on polyethylene naphthalate (PEN - 125 pm Teonex Q83 from
DuPontTeijinFilms) substrate. The latter has been cleaned by immersion in isopropanol and deionized
water and subsequently dried in an oven at 150 °C for 1 h. After that, the PEN foil has been plasma treat-
ed in order to modify its surface, resulting in an improvement of wettability for the conductive ink onto
the substrate. The conductive ink (Sicrys I30EG-1 from PVNanoCell) is based on single-crystal silver na-
noparticles (30 % by weight) in ethylene glycol (EG). A custom printer with a RICOH MH5440 printhead
with 7 pL drop volume and native resolution of 150 dpi has been used. Two rows out of four were used to
print the conductive layer in order to have a resolution of 300 dpi. Printing was performed with a custom
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multipass algorithm (original image unravelled in four random images that recreate the original one when
superposed) for improving layer homogeneity avoiding coalescence effects between drops. Our multipass
algorithm randomizes the nozzles to be used in order to minimize the effects of malfunctioning nozzles.

2.2 Liquid phase single chip delivering concept

As shown in Figure 1(a), the idea of our new liquid phase single chip delivering concept is to fill a chip-res-
ervoir with double-surface RFICs and a liquid solution (e.g. water or a dielectric ink) and singularizing
them in order to enter the delivering channel one-by-one. A high frequency communication test will be
performed before the delivering step in order to separate non-working RFICs from the working ones. The
single chip detection will be done using a Charged Coupled Device (CCD) camera. The delivery will be
performed by a piezoelement driven by a control logic which will be in turn driven by the information
from the CCD camera in the region of interest (ROI). The RFICs will be delivered onto the antenna (printed
before the delivering) encapsulated in the liquid solution and after landing, positioning of the chips will be
performed by self-assembly. As shown in Figure 1 (c), the contact between the chip and the antenna will
be purely capacitive increasing connection reliability (removing any soldering step) and allowing the pro-
duction of RFID tags only with printing steps. In addition the RFIC will be protected against short circuits
when printing the antenna bridge (top conductive layer).

Such approach will reduce considerably the assembly and hence the overall costs. Furthermore, this sys-
tem is intended to be integrated in industrial inkjet printers for RFID fabrication as a specialized printhead.
This will lead to very high throughput due to the high potential of parallelization (e.g: use a multi-channels,
multi-printheads or a mix of both configurations).

Piezoelement |

...........

Test step

[ {capacitive coupling)

Rejected because of the proximity

~—— = = B R

~ Chip Delivered while encapsulated in o
" droplet

Channel filled with RFID chips ‘
Substrate

CCD camera Antenna contact

(a)

Bridge contact Dielectric

Only for test \ = —— pr s 1

Double-surface IC > p :
Antenna coil contacts

PEN foil

(b) (c)

Figure 1: (a) Conceptual view of the new liquid phase single chip delivering approach;
(b) Antenna coil with capacitive coupling; (c) Exploded view of the capacitive coupling with double-surface RFIC
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3. Results and Discussion
3.1 Capacitive coupling analysis

A typical RFID system can be separated into two parts: the reader and the tag. An equivalent electrical
circuit is presented in Figure 2(a). In this model the reader is represented by a voltage source V, with an
internal resistance R . In order to deliver maximum power to the antenna, the impedance of the source has
to be matched to the antenna impedance. The antenna can be modeled by an inductance L, and a series re-
sistance R, in order to take ohmic losses into account. The tag antenna is modeled in the same way by an in-
ductance L, and a resistance R,. In order to significantly improve the efficiency, the tag impedance is tuned
to the resonance frequency by a capacitance C,. The value can be calculated using the following equation:

1

C=——7———-C =——
2 (Zﬂfo)sz t w(z)Lz

- C [1]

where f, is the resonant frequency and C, is the load capacitance. In Figure 2(b) is shown the modified
electrical model considering the capacitive coupling introduced by our fabrication approach. The values of
C.,and C_, can be estimated using the following equation:

A
Cer = Cep = 82 - [2]

where, A is the effective coupling area which is equal to the chip surface, €, is the vacuum permittivity, € is
the relative dielectric constant of the dielectric layer and d is its thickness. The tag load is modeled by an
impedance made up of a capacitor (C,) and a resistor (R, ). The latter define the current consumption of the
RFIC. A detailed analysis of the circuit shown in Figure 2(a) can be found in Finkenzeller (2010).
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Network | CL + CZ | Cz CL
| |
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| |
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(a) (b)
Figure 2: (a) Typical reader-tag electrical model; (b) Detail with the capacitive coupling

In a first step, we simulated the voltage on the load (u,) without capacitive coupling (direct contact from
antenna to load). This voltage can be seen in Figure 3(a) (solid line) for a tag with properties as specified
in Table 1. In a second step we simulated the voltage on the load considering the capacitive coupling and
using the same numerical values. As shown in Figure 3(a) (dashed line), the load voltage is attenuated and
the resonant frequency of the tag is slightly shifted toward higher frequencies. This is due to the additional
capacitors in the circuit.
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High frequency RFIDs require high value of the parallel capacitor C, in order to reduce the resonant fre-
quency. Such high values create a lower impedance path than the impedance of the coupling capacitors (C,.,
and C_.). In fact, the available voltage at the chip level is strongly attenuated for small values of C,.and C_,.
As shown in Figure 3(b), the frequency shift as well as the resulting attenuation become very small by in-
creasing the values of C . and C,,. This can be explained by the fact that the quality factor (Q) is also low. In
fact, as shown in Figure 4(a) and Figure 5(a), for the values given in Table 1, Q is less than 10.
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Figure 3: (a) Frequency behavior of the load voltage (UL) around f, with and without coupling capacitors (C,.and C_.);
(b) Left side: relative (to f,) frequency shift due to C . and C ., Right side: attenuation due to the frequency shift;
the reader excitation frequency is kept constant at f,; the simulation has been carried out using the values of Table 1

One possibility for increasing Q, is to reduce the value of R, this can be done by stacking up more layers of
the conductive ink, hence by increasing the thickness of the inductance L,. Due to the capacitive coupling,
for small R, Q is boosted to higher values compared to the case without coupling. This is of a great inter-
est since Q is directly related to the read range to be achieved. However, this solution has limitations as
explained in section 2.1. Another solution to increase Q is to have larger value of L,. However, in this case,
the improvement is very limited.
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Figure 4: Improvement of the Q factor by reducing the value of R,; (a) simulation using the values of Table 1,
and (b) evolution of the Q factor with C_.and C_, around 1pF; for coupling capacitors = 1pF, the Q factor is not
significantly affected
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An optimization for reducing the frequency shift, hence the related attenuation, can be done by adapting
the value of C, according to the value of the coupling capacitors.
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Figure 5: Improvement of the Q factor by increasing the value of L, (a) simulation using the values of Table 1
and (b) evolution of the Q factor with C,.and C_, around 1pF; for coupling capacitors = 1pF, the Q factor is not
significantly affected

However, the advantage of tuning the tag to f, is counter balanced by a higher attenuation due to a higher
value of C, compared to the value given by equation 1. In addition, this optimization strongly depends on
the ability of the fabrication process to have the desired dielectric thickness, especially for sub-micron

values.

Table 1: Simulation parameters

Symbol Description Value Unit
f, Resonant frequency 13.56 MHz
k Coupling factor 0.05 -
L, Reader inductor® 2 uH
L, Tag inductor® 2 pH
R, L, internal resistance 40 Q
R, Load resistance? 10 kQ
C, Load capacitor? 10 pF
C, Tag parallel capacitor 59 pF
Ce, “Top” coupling capacitor 1 pF
Cep “Bottom” coupling capacitor 1 pF
Tl Reader current 500 mA
A Antenna dimension A 80 mm
B Antenna dimension B 50 mm
S Coupling surface 1 mm?

3.2 Antenna coil fabrication

The optimization of the thickness of the conductive layer is fundamental for controlling ohmic losses,
hence the quality factor of the antenna coil. The thickness can be controlled by stacking up several layers.
We initially printed continuously each pass with the substrate heated up to 60 °C. As shown in Figure 6(d),

18



L. PIRRAMI ET AL.: NEW FABRICATION APPROACH FOR Low CosT RFID TAGs

despite the multipass approach, we observed agglomerations of ink starting from the second layer. In this
case it was difficult to control the thickness of the antenna coil. In addition, the ink start to spill onto the
track of antenna coil. In order to cope with these limitations, we introduced a 60 s waiting time between
each pass and the substrate temperature has been increased to 80 °C. In this way, each pass was pre-cured
at 80 °C and the drops frozen quickly giving the topology shown in Figure 6(b) and (c). The profile was still
not homogeneous; however, we had a much better control of the thickness.

|

- "
v

Figure 6: (a) Printed antenna coil; (b) Magnified (x100) optical micrograph of the printed coil using the 60 s waiting
time; (c) Zoom (x200) with detail of the frozen drop; (d) Magnified (x50) optical micrograph of the printed coil without
waiting time

4. Conclusions

New fabrication approaches are required to reduce the fabrication costs of passive RFID tags. Our prop-
osition will allow a simple delivering method for double surface RFICs onto the antenna contacts using a
capacitive coupling instead of direct contact (soldering). The capacitive coupling introduces an attenuation
on the load voltage as well as a frequency deviation compared to the direct contact case. According to the
simulation results, an optimization is required in order to maximize the voltage available for the RFIC. This
optimization consists in decreasing as much as the printing process allows the thickness of the coupling
capacitors in order to decrease the impedance at HF frequencies. Furthermore, the antenna coil resistance
has to be decreased in order to boost the quality factor, hence increasing the load voltage as well as the
reading range of the tag. However, the quality factor has to be defined in order to have sufficient bandwidth
for the communication (e.g. NFC protocol).
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Short Abstract

In this applied research, the feasibility of using Carbon NanoBud (CNB®) depositions which is a hybrid of car-
bon nanotube (CNT) and fullerene, then being restructured as a sensor element, was proven and able to detect
changes in absolute and relative humidity in room temperature environment in vitro and in vivo. In this inves-
tigation, the sensor element is fabricated to be of the capacitive kind. Carbon nanotube bundles were chosen
because they can be used in flexible thin film structures. The humidity sensing functionality is demonstrated
by a reversible change of the device capacitance, from a few to hundreds of pF, as the relative humidity level
changes from 15 % to 99 % and over four decades of measurement frequencies starting from 100 Hz and end-
ing in 100 kHz. Proofing was done taking humidity measurements in parallel from a position 1 cm distant. Then
a climate controlled chamber was used to verify these findings with two individually fabricated sensors of later
generations.

Keywords: carbon NanoBud (CNB®), capacitive sensor, hybrid media technology

1. Introduction and background

Since carbon nanotubes (CNTs) were created more than two decades ago (lijima, 1991), they have been
used as gas sensors due to their high surface area and ability to interact with gas, and, as a result, exhibit
a change in electrical conductivity upon gas adsorption. What is more, these properties are manifest at
room temperature, contributing to ease of use (Adjizan et al., 2014; Ricciaidella et al., 2015). CNTs can
also conduct electricity, therefore they can additionally be utilized as capacitive sensors. We chose to study
their properties in respect to humidity because humidity is one of the factors most contributing to aging
of electronic circuit boards, mechanical systems and stationary structures. It changes the electrical charac-
teristics, corrodes metallic surfaces, warps water sorbent materials and allows for fungi to grow wildly if
left unattended, not to forget all the industrial manufacturing processes that require some humidity mon-
itoring, such as on a printing press and in the whole value chain of the paper and board printing process.

New technological advantages also enable the supply of flexible smart systems (Reuss et al., 2015;
Hackler et al., 2015). There have been a lot of studies dedicated to printed sensors, which, as well, contin-
ue to motivate the testing of new materials and processes for these purposes (Rivadeneyra et al,, 2015;
Islam et al., 2015).

Capacitive humidity sensors (CHSs) are broadly used because they have higher sensitivity and lower pow-

er dissipation than other humidity sensors (Kouda et al., 2008). Use of CNB® has not been investigated in
such a manner prior to the work reported here.
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The research questions in this study are:
- How to design, prepare, and test a flexible thin film humidity sensor with CNB®?
- What would be the plausible applications for this type of CHS?

2. Materials and Methods

The experimental measuring setup, which was designed in order to determine the feasibility of using CNB®
to sense humidity, consisted of thin layer CNB® supplied by Canatu (Canatu Oy, Helsinki, Finland) deposit-
ed on polyethylene terephthalate (PET) substrate.

The sample specifications were constructed from proprietary non-densified CNB® depositions, with pa-
rameters only known in detail to Canatu. During the experiments we did not notice any significant variance
in sample performance, with only occasional “faulty” sensor readings that gave exceptional capacitance
and resistance values, and so easily identifiable. These we attributed to fabrication errors that happened
during our processing or synthesizing of CNB®. We also noticed that the CNB® samples were deposited
such that the random Moiré optical fringe pattern generating formations of the PET substrate was still
visible due to the transparency and optical uniformity of deposition (Figure 1).

Figure 1: Scan of CNT deposition at 300 dpi. The dark area is formed from deposited CNB®, and Moiré fringe formation
is visible across the figure

Deposited areas on the PET sheets were cut into an intersecting comb structure (Figure 2) using an auto-
mated cutting table to ensure uniform results with all sample sensors. The cutting table was chosen so that
the process of fabrication could be replicated with minimum experimental error. Adobe Illustrator CC (Al)
was used to produce the cutting pattern for this experiment.

After cutting, the samples were assembled on a support structure and laminated with Scotch® Transparent
Tape (Figure 3), and contacts were coated with silver using a flex conductive pen (CircuitWorks® CW2900)
to prevent further contamination of the CNTs and ensure reliable contact after multiple measurements.
Silver-coating of contacts was also done because it was theorized that measurement clamps would other-
wise scratch the contact surfaces rendering them useless after repetitive measurements. This, though, was
not tested to the point of identifying the protective effect. Sensing elements were finally taped onto a CD
holder to provide a rigid support structure. Sensing while the sensor element was twisted was not investi-
gated in these experiments (Figure 4).
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Figure 2: Sample with comb structure

'Scotch tape®
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Figure 3: Laminated sensor structure layout, with Scotch® Tape coating
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Figure 4: Sensing element on a CD holder

Preliminary measuring was performed by breathing onto a sensor element and pouring liquid substanc-
es on it, following the practice illustrated by Regoni et al. (2014). The measurement was confirmed by
taking a reading from a proximity of 1 cm, using a sensor tag (CC2541 SensorTag Development Kit, Texas
Instruments Incorporated), equipped with an integrated relative humidity (RH) sensor, according to the
setup depicted in Figures 6 and 7. In the case of having an actual liquid on the sensor, a visual inspection
was deemed sufficient. Sensor data were in the form of capacitance change between two sensing elements,
and this change was measured using an RCL meter (Fluke PM6304 Programmable Automatic RCL Meter).
Since the change in capacitance was the most important factor in determining the intended operation,
variation of initial values of individual sensor elements was initially ignored. Later it was noticed that even
though deposition thickness and Moiré pattern varied randomly, noticeable by variation in initial values,
every sensor behaved essentially the same, as shown in Figure 5b. In this experiment, sensors were sub-
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merged inside and outside a cold drink cup, which was made from polylactic acid (PLA) transparent plastic
of thickness 0.4 mm, filled with distilled water (Figure 5a). The cup served a purpose to gauge sensitivity of
the sensor, therefore, it was important to see what values would be reached while the sensor is experienc-
ing different states of matter interaction. For both samples, as seen from the charts, generally both sensors
behave the same way under same RH in the room at each data point. Biggest difference exists between
being submerged half way and submerged inside the glass, respectively.

= .'“

Figure 5a: Sensor was submerged inside and outside the cup

Measurement of Sensor2
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1000 g—— = . — o —
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Figure 5b: States measured are init = initial; subi = submerged inside Cups; subo = submerged outside Cup;
hsubi = half submerged Inside the Cup; hsubo = half submerged outside the Cup, where X axis shows measuring points
with same parameters and timeframe, while in Y axis, number is the measurement, unit of which is marked in the legend
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Figure 6: Sensor setup schematic

Figure 7: Sensor measurement setup

These experiments were confirmed in a climate chamber CTS (Temperature/Climatic Stress Screening
Chamber, Model: CS-70/350-5) twice, each time with different samples but with the same setup. Samples
were stored in an uncontrolled environment as it was deemed unnecessary to protect them because the
tested medium was considered to be sufficiently sealed from external contaminants. Prevention of enter-
ing of contaminants, post-process, was ensured by lamination and hot-gluing the edges, thus preventing
further contamination from interfering with the ongoing measurement (Figure 8 and 9). These experi-
ments were performed under constant temperature, 25 °C and pressure, 1001.7 mBar, though they varied
insignificantly when humidity in the chamber changed. The contamination of CNB® samples, that may
have happened during the processing of the samples, at this stage of research, has no significance because
to our current understanding it should only affect initial values of the samples, and not contribute to pro-
gressive change. This does not mean that some significant irregularities are in themselves insignificant, but
we report this work only as the first stage of the applied research, and such factors are the next things to
investigate when this part of the proof of principle research is done. Adsorption and absorption parame-
ters of the coating were also left out of scope of this applied stage research.

Next we seized some opportunity to test our creation in vivo at the Teknologia 2015 exhibition in early
October in Helsinki, which was a 3-day event where thousands of people handled this sensor as a capaci-
tive switch for a voltage control of air cooling fans and LED lighting (Figure 10) by squeezing their fingers
with different firmness around the sensor element. A month later we had the same setup driving just the
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LEDs for a week in Shanghai NDIW15 (Nordic Design and Innovation Week) which was in the first week of
November 2015, Figure 11.

Figure 8: Setup inside the CTS; sensor tag is placed next to the sample, with clamps that are sealed in low-density
polyethylene (LDPE) to prevent interference from them

Figure 9: Data comparison of sensor tag, which is used as reference, and thermal couple imbedded in CTS
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Figure 11: Design and test in NDIW15, the harder you squeeze the more LEDs light up
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3. Results
3.1 In vitro

Fabricated samples seem to possess similar initial capacitance characteristics within + 0.5 pF range. The
sensitivity of four different samples during measurements varied from + 0.09 pF to + 0.10 pF. Measurements
yielded a positive result that was indicated by increased capacitance on the RCL meter, this change was re-
corded on camera in both sensors, commercial and fabricated alike.

First measurements that included ejecting liquid, here distilled water, from a syringe on top of the sensor
(Figure 13) yielded interesting results. Namely, capacitance continued increasing as more liquid was add-
ed onto the sensor element until the whole area was covered. This revealed that the sensor can be used for
different purposes, such wetted area measurement, though a further test would need to be devised based
on these results.

When measurements were taken again a week later, it became apparent that something has happened to
the CNB® structure over time. This was indicated by increased initial capacitance from 1.09 pF (at 44.9 %
RH, ambient) to 1.40 pF (at 55.5 % RH, ambient). In spite of this unexpected change/contamination, the
initially measured sensitivity did not significantly change.

Later tests in the CTS chamber confirmed the experimentation (Figures 12a and b), and sensors were able
to measure humidity verifiably in range of 10-100 % RH at the defined temperature (Figure 9) and ambi-
ent pressure.

Test 2 Capacitive sensitivity
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Figure 12a: Measurement from first CTS chamber testing
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Figure 12b: Both sensors show the same trend in the second experiment in CTS chamber

When investigating for the effect of temperature drift, during the second measurement, the sensor initial
values showed themselves to be surprisingly stable in the temperature range of 5-40 °C. For this experi-
ment, humidity was set at 70 % RH to speed up the change in temperature inside the CTS chamber.

3.2 In vivo

During these experiments, durability of the packaging was the important factor. It was tested by letting
the public twist, turn and squeeze the sensor constantly, only a few of the sensors stopped working due to

mechanical failure when stressed excessively.
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4. Discussion

It was discovered (Figure 13) that in higher ambient humidity the sensor had developed extra capacitance.
This change in initial values can also be contributed to the change in ambient relative humidity in the test
environment, this was confirmed under controlled environment.

.
-
By

-—
-

Figure 13: Measuring liquid surface dispersion measurability, using distilled water

During measurements with an aqueous liquid substance, it was noticed that when adding the liquid sub-
stance drop by drop (< 1 ml/drop), the more liquid was added onto the sensor the bigger was the resulting
capacitance of the measured sensor sample. It was concluded that the capacitance was modified by the
liquid gradually covering the whole sensing area, suggesting that capacitive field is relatively large in the
current construct. This effect was exploited in in vivo experiments as a pressure sensitive touch sensor ap-
plication. Also it was reported that when humidity (in Shanghai) got too high (Figure 14), the experimental
setup needed manual calibration so it would not consume power due to environmental factors triggering
the hardware-logic.

Daily Weather History & Observations

2015 Lampotda *C| Kastepote [°Cl Hemankosteus ) Ses Level Press. [ha) Nakyvyys [bm wind [km/h) Precip. Imml Tapahtumat

Source: The Weather Company, LLC
Figure 14: RH in Shanghai averaged 81.5% in the first week of November, where ‘Ldmpétila’ means temperature,
‘kastepiste’ means dew point, ‘ilmankoskeus’ means humidity, ‘ndkyvyys’ means visibility, ‘tapahtumat’ means events,
‘sadetta’ means rain, and ‘ukkosta’ means thunder

Sensors were able to show measurable changes on both sides, front and back, according to working prin-
ciples of a capacitor. It was also noticed that applying a different coating on each side produced varying
sensitivity, also adding different materials on top of the coating attenuates the measuring magnetic field,
reducing sensitivity considerably.
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In in vivo experiments we found out that our weakest link in the design was the hot-glue that was meant as
a suspender of the metallic connector legs. Hot glue is flexible and the connector was noticed to be too rigid
for the purpose, this compromised adhesion between the two materials over time.

4., Conclusions and future work

In this investigation the research hypothesis was answered, i.e. CNB® deposited on a PET substrate can
produce a capacitive humidity sensor. Further testing of this sensor needs to be done in an automated man-
ner, in order to approach industrial scale production and applications. For this purpose we have reduced
the sensor electronics to an analogue low-pass filter to reduce the complexity needed. The future measure-
ment setup will be: one sensor, one resistor and any conveniently available microcontroller with analogue
input. For multiple simultaneous measurements a measuring matrix or multiplexing solution needs to be
developed along with logging to a server.

The automated setup is going to be designed initially for monitoring the relative humidity conditions in
a traditional printing lab, and monitor/visualize the effects of furniture and human interaction inside
the lab.
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Short Abstract

Laser marking is a widely used technique to form individualised identification, such as product numbering or
2D coding. The technique is based on ink removal via laser ablation, which requires local heating with a laser
beam, i.e. the coating layer must absorb at the particular wavelength of the laser to provide the heat to vaporise
the ink layer. Calcium carbonate shows a very low absorption at the wavelength peaks of the typical CO, lasers
used, which has led to the need to incorporate a threshold amount of other minerals, however generally at
the cost of losing natural brightness. Post application of an ultrathin nanoclay or nanosilica layer onto a high
brightness calcium carbonate coating is shown to support laser ablation of offset ink with all the standard laser
wavelengths, without compromising the optical appearance.

Keywords: laser marking, irradiation of coatings, light absorption, ink ablation, digital printing

1. Introduction and background

Product numbering or 2D coding can today be found on almost every package, to enable tracing or ease
product handling, and in some cases, such as for medicine packaging, it may even be mandatory. A com-
monly used technique for applying the coding, as an alternative to printing, is laser marking. The tech-
nique is based on ink removal via laser ablation, i.e. local heating of the coating structure to such an extent
that the overlaying ink is removed via vaporisation and/or discoloured by heat-induced oxidation. To
enable local heating with a laser beam, the coating layer must absorb at the particular wavelength of the
laser.

As a direct background work for this study we refer to an earlier publication (Gane et al., 2005), where a
set of variously coated papers were tested for their ability to be patterned with exposure to laser irradia-
tion. In that study a clear correlation between a high infrared absorbance and the laser marking threshold
could be seen. Similar results were also recently reported by Hiorns et al. (2012), a study carried out on
double coated board. The characteristic infra-red wavelengths of the typically used CO, lasing are 10.6 pum,
9.6 um and 9.3 um (Witteman, 1987) (Figure 1A). Calcium carbonate shows a very low absorption until a
peak at ca.11.4 um, lying outside the intense laser peak region, which has led to the need to incorporate a
threshold amount of other mineral pigment(s), such as kaolin, talc or silica to increase the absorbance at
the lower wavelengths. It could be shown that with a higher absorbance, to mark satisfactorily required a
significantly lower laser intensity per unit area, as shown in Figure 1B vs. Figure 1C, the pattern achieved
with the same laser intensity was clearly better on the substrate with the increased absorbance. Kaolin
could be shown to be the most efficient infrared absorbing mineral and the kaolin based coatings resulted
in the best laser patternability. However, the drawback with kaolin, as a less bright mineral, compared to
calcium carbonate is the resulting in a less white and thereby poorer visual appearance.
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Figure 1: Absorbance spectra for different minerals versus standard laser wavelengths (A); Calcium carbonate, in both
the calcite form as well as in the aragonite form show an extremely low absorbance in the wave numbers higher than
900 (wavelengths below 11 um), this is indicated with the comparison in laser marking efficiency, with a laser having

the wavelength of 10.6 um, tested on pure calcium carbonate (B) versus a blend with 80 pph calcium carbonate and
20 pph kaolin (C) - graphic taken from Gane et al. (2005).

In this study we introduce a novel concept for increasing the absorbance in the desired infrared region.
Post application of an ultrathin nanoclay or nanosilica layer onto a high brightness pure calcium carbonate
coating acts to support laser ablation without compromising the optical appearance. The layer thinness
ensures a minimal path length for the light passing through the otherwise lower brightness material, with
the nanoscale of the particles ensuring virtual transparency.

2. Materials and Methods
2.1 Pigment coated substrates

Sheets of impermeable SuperYUPO® (Yupo Corporation) carbonate pigment filled polypropylene film, for-
merly known as Synteape®, of 80 um thickness and 62 gm basis weight, were used as a base substrate for
the coatings to ensure that no basesheet interference was occurring. The mineral pigments used for the
coatings were ground calcium carbonate (GCC), Hydrocarb 90 ME (Omya International AG), and glossing
kaolin, Hydragloss 90 EM (KaMin Performance Minerals LLC). As the binder in all the coatings, 10 pph,
based on 100 parts by weight of pigment, of a styrene acrylic latex, Acronal S 728 (BASF Germany), was
used. Each of the coating colours were coated to three different thicknesses with a K202 Control Coater
(RK PrintCoat Instruments Ltd.) and dried under hot air, resulting in dry coating weights of 10, 45 and
90 gm™. The respective coating formulations used are shown in Table 1.

Table 1: Substrate coating formulations.

GCC (pph) Kaolin (pph) Latex (pph) Solids content GCC (pph)
(w/w %)
100 - 10 70 100
95 5 10 70 95
90 10 10 70 90
85 15 10 70 85
80 20 10 70 80
- 100 10 69 -
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2.2 Nano-mineral dispersions

Two dispersions, one based on nanoclay and one based on nanosilica were prepared to be applied by
spray coating. To ensure adequate wetting of the surface, the surface tension of the water based suspen-
sion was decreased by addition of ethanol. The nanoclay dispersion, based on bentonite, Optigel-CK (for-
merly Rockwood Additives GmbH (currently BYK-Chemie GmbH)), was prepared to a solids content of
2.1w/w% in a 9:1 water: ethanol solution. The nanosilica dispersion, based on Sipernat® 350 silica
(Evonik Industries), was prepared to a solids content of 2.5 w/w % also in a 9 : 1 ratio water : ethanol solu-
tion. As binder in both dispersions, 5 w/w % PVOH (BF05, Omya International AG), defined as weight per
weight of the mineral, was used. To avoid agglomeration, potentially leading to nozzle clogging, the disper-
sions were stirred under sonication in a water bath.

2.3 Spray coating

Application of the nano-mineral dispersions, intended for creation of a thin infrared light absorbing layer,
were applied with a handheld air brush (Sparmax SP-575), keeping ~25 cm distance from the substrate.
The applied amount was approximately 50 cm®m?, resulting when dried in a gravimetrically virtually im-
measurably thin layer (calculated weight, based on a density of 2.35 gcm™: 0.25 gm™2).

2.4 Absorbance spectra

The absorbance spectra of the samples were recorded with a Spectrum OneTM FTIR spectrometer
(PerkinElmer, Inc., USA). The attenuated total reflection (ATR) crystal was a 3-reflection diamond/zinc
selenide crystal, and the scan speed 0.2 cms™.

2.5 Gloss and brightness

Brightness (R457) was measured with an Elrepho instrument according to the DIN 53145-1 standard, and
the gloss (Tappi 75 °) with a Zehntner instrument according to the Tappi 75 EN ISO 8254-1 standard.

3. Results and Discussion

The absorbance for the coating structures was measured over the wavenumber range 800 to 1 200 cm™ (A1)
(Figure 2). The standard lasers used are normally described in application based on their peak wavelength
(A), i.e. astandard CO, laser, for example, has major peaks at 9.3 um and 10.6 um, with a neighbouring peak
at 9.6 um, however other wavelengths may also be achieved with special optics by longitudinal lasing.

A normalisation of the absorbance, setting the maximum peak to 1.5, was made for all the infrared (IR)
spectra. Calcium carbonate shows a negligible absorbance at wavenumbers greater than its peak value at
872 cm™ (11.4 um). For kaolin the main absorbance peaks are at 1025 cm™ and 1003 cm™, where at the
latter the pure kaolin coating shows its highest absorbance. Comparing the coatings, calcium carbonate
blended with kaolin shows a systematic decrease at the kaolin specific wavenumber as the ratio of carbon-
ate to clay increases. Similarly systematic is the decline in the absorbance at 943 cm?, as shown in Table 2.

The difference in absorbance as a function of coating colour thickness was also studied. In addition to the
normal coating weight of 10 gm?, amounts as high as 45 gm™ and even 90 gm™. As shown in Table 2, the
increased coating weight, and thereby layer thickness, had no influence on the absorbance, which may be
explained by the Beer-Lambert law as the thickness of these coating layers are far thicker (10-100 um)
than the penetration depth of the infrared radiation (0.5-1 pm).
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Table 2: Absorbance at 943 cm™ for the coating colour formulations at different coating weights.

Coating colour formulation Absorbance (scaled to max. 1.5) at 943 cm™ (10.6 pm)
GCC/pph kaolin/pph 10 gm? 45 gm™ 90 gm

100 - 0.03 0.03 0.03
95 5 0.04 0.05 0.04

90 10 0.10 0.10 0.10
85 15 0.20 0.21 0.20

80 20 0.27 0.27 0.29

- 100 0.70 0.69 0.64

Post application of nanoclay or nanosilica via spray coating, to form an ultrathin layer on top of the
pure calcium carbonate coating, increased the absorbance over the whole measured absorbance range,
Figure 2. Both nanoclay and nanosilica showed broad absorbance peaks. Nanoclay resulted in a peak value
at 1006 cm™?, the same wavenumber as one of the main peaks for the standard kaolin. With such a broad
distribution then all the standard laser wavelengths are effectively covered. The peak value for the nanosil-
icais at 1084 cm, being almost optimal for the laser wavelength of 9.3 um and with good absorbance also
for the 9.6 um laser. However, the absorbance decreases to a relatively low value at 943 cm, i.e. for a laser
at 10.6 pm. Based on the overall absorbance over the whole infrared range, one might therefore conclude
that bentonite nanoclay provides the most universal layer, enabling use of all standard laser wavelengths.

— 100 pphkaolin 80 pph GCC + 20 pph kaolin —— 85 pph GCC + 15 pphkaolin
— 90 pph GCC + 10 pphkaoclin | 95 pph GCC+ 5 pphkaolin 100 pph GCC
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Figure 2: Absorption spectra for the substrates (coat weight 10 gm?); indicated with purple lines are the typical
wavelength peaks for available CO, lasers; the higher the absorbance at these particular wavelengths, the likelier is a
successful laser patterning, according to Gane et al. (2005).

The limitation in respect to laser post print marking due to the mismatch in IR absorption with the com-
monly used laser wavelengths, led to the inability to use 100 % calcium carbonate coatings to achieve the
brightness levels required without optical brightening aid (OBA), due to the ever-present required kaolin
in the coating blend. This has more recently become a critical problem, since OBA is no longer desirable
from a regulatory perspective in packaging, especially when considering food contact. Thereby, the demand
for achieving higher brightness coatings “naturally” at ever lower cost is rapidly growing. The brightness of
calcium carbonate is higher compared with kaolin, as is shown in Figure 3 for the test coatings, where the
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pure calcium carbonate and the pure kaolin display the high and low extremities in brightness, 91.0 % and
81.8 %, respectively. As seen also in Figure 3, blending in kaolin in the calcium carbonate coating system-
atically decreases the brightness as a function of the added amount.

In contrast to the pure carbonate and kaolin, and the blends between them, post application of the na-
no-mineral solutions by spray coating showed, interestingly, a slight increase in the brightness. Without
conducting further detailed surface analyses this is most probably explained by the creation of an addi-
tional interface modifying the light scattering by multiple reflectance, i.e. a combination of diffuse and
multiple reflectance across a boundary of slightly contrasting refractive index: calcium carbonate average
index being ~1.66 and that of bentonite being ~1.5. The same additional interface, however, results in a
decreased gloss. From the literature we know that thin layers of bentonite and montmorillonite are essen-
tially transparent (Ebina and Mizukami, 2007), being promoted for example as transparent barrier films.
The observed brightness increase in our study may thereby be considered as a confirmation for the trans-
parency, as the high brightness of the coating layer beneath it is transmitted through.

100 pph GCC sprayed with a thin nanoclay layer
100 pph GCC sprayed with a thin SiO2 layer

100 pph GCC

95 pph GCC + 5 pph kaolin

90 pph GCC+ 10 pph kaolin

85 pph GCC+ 15 pph kaolin

80 pph GCC+ 20 pph kaolin

100 pph kaolin

0 10 20 30 40 50 60 70 80 90 100

Gloss Tappi 75° Brightness R457

Figure 3: Gloss (Tappi 75°) and brightness (R457) for the different coated substrates.

Given the absorbance level match between pure kaolin and the calcium carbonate with the superposed
nanoclay layer, we can conclude that the concept fits the criteria for excellent post-print laser marking. The
advantages of applying the thin nanoclay coating are that in principle it could be applied only where the
laser marking is actually required, making this a very low volume specific, speciality application, and thus
in principle a low cost technical solution to achieving high natural brightness on 100 % calcium carbonate
coated packaging paper board.

Further work will study the practicality of developing a spot specific application device for use either in
converting or during printing. Additionally, post application to the already printed area will be researched,
taking into consideration the surface energy requirement for satisfactory transfer.

4., Conclusions

In this study we analysed and compared the absorbance in the infrared (IR) wavelength range for a set of
coating structures; pure kaolin, various mixture ratios of kaolin with calcium carbonate and pure calcium
carbonate. In correlation with what is already known from the literature, kaolin showed a clearly broader
absorbance spectrum compared with calcium carbonate over the whole infrared region. As a novel con-
cept, we introduce a post application via spray coating of a dispersion of nano-sized minerals, namely silica
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and bentonite, with the target to achieve high enough absorbance to enable laser patterning. Both minerals
show broad absorbance spectra, silica with its peak in the longer infrared wavelength area and bentonite/
montmorillonite nanoclay in the mid-range. Post application of nanoclay or nanosilica on the pure calci-
um carbonate coating resulted in the required functional absorbance for all the standard CO, laser wave-
lengths. The measured absorbance of the calcium carbonate coated substrates with post added nanoclay
or silica, were approximately the same as for the substrate coated with pure kaolin, however, the nanoclay
layer applied on the 100 % calcium carbonate coating resulted in a significantly higher brightness.

The solution proposed of applying a thin layer of nanoclay to achieve post print laser markability, there-
fore, not only meets the IR absorbance requirements for good laser marking, but enables the paper board
maker to achieve a new high level of brightness in those packaging fields where post print laser marking
is required whilst remaining within the regulatory limitation pertaining to the use of optical brighteners.
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Short Abstract

The development of highly porous coating structures for reaction platforms, especially for enzymatic testing,
is the focus of work presented here. Four types of coatings are formulated combining a highly porous form
of pharmaceutical grade functionalised calcium carbonate (FCC) with two types of micro-fibrillated cellulose
as binder (MFC A and MFC B), in which the fines content of MFC A and MFC B differ, MFC A having less freely
dispersed film forming fines than MFC B. Additionally, two binder levels are adopted, namely 5 pph and 10 pph
based on 100 pph by weight of FCC. Rod coating is used to meter the formulations onto an impermeable pig-
ment filled polypropylene film. The coated substrate is then used as a base for hydrophobic patterning formed
by printing each of two hydrophobic inks formulated based on polystyrene (PS) or alkyl ketene dimer (AKD),
respectively. The study includes characterisation of the coating formulations, platform performance testing and
design development at the stage prior to final application testing. The results show that the choice of binder
as well as the binder amount has a significant effect on the porosity of the coatings, thus affecting the volume
uptake and wetting capabilities of a test liquid in respect to a printed hydrophobic circular ring pattern. MFC A
was seen to block/fill the inter-particle pores less than MFC B, though the volume uptake and evaporation times
were greater for MFC B containing coatings, due to a slightly greater thickness of the coatings and the depend-
ence of evaporation on diffusion and surface film flow rather than bulk flow. The results show inkjet-printing
provides a convenient way to create patterns that can be easily adapted to suit the desired purposes depending
on the functional properties of the coating. In future work, the suitability of the platforms will be tested using
a model enzymatic reaction and ultimately developing a self-standing platform for enzymatic testing of phar-
maceutical compounds.

Keywords: microfluidics, wicking, patterned coated paper, hydrophobic barriers, reaction platform

1. Introduction and background

Microfluidic paper-based analytical devices (LWPADs) represent one of the most promising future applica-
tions in functional printing and a fast-growing new field in analytical chemistry. Patterned paper consisting
of millimetre-sized hydrophobic channels offers a small, simple, low-cost, portable and self-standing plat-
form for bioassays (Martinez et al., 2007), which already has been shown to be suitable for multiple appli-
cations, including blood type analysis (Khan et al., 2010), liver function assessment based on enzymatic
markers (Vella et al., 2012) and detection of morphine (Teerinen et al., 2014).
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Conventional analytical microfluidic devices consist of silicon glass or polymers such as polydimethylsilox-
ane (PDMS) (Iliescu et al., 2012). Both conventional and paper-based platforms enable the use of small vol-
umes and diverse analyses, but compared with conventional microfluidic platforms, paper-based devices
require no external pumps due to two main factors, the microcapillarity of the pore structure and the con-
stant fluid evaporation for typical liquids, which function as a negative pressure pump, and provide for the
use of simple detection methods, such as colorimetry (Yamada et al., 2015). Paper,; as a material also offers
many other advantages for microfluidics offering high surface-to-volume ratio enabling a greater capacity
for bound analytes (for reaction and detection), and the ability to keep reagents active within the fluidised
fibre network, and the white background is particularly suitable for colorimetric detection (Cate et al.,
2015; Martinez, 2011). The majority of the researchers utilise cellulose-based chromatographic and filter
papers, in which the sample wicks along cellulose fibres (Khan et al., 2010; Martinez et al., 2007, 2010).

Despite the attractiveness of paper it has some distinct disadvantages as a platform for analytical devices
due to its fibrous and heterogeneous consistency, as well as the coarse scale of its pore structure. Depending
on the method of detection, (i) the organic nature of the fibres and the generally high light absorbance may
not be well suited optical measurements (Ellerbee et al., 2009), (ii) the wicking rate of paper is seldom
completely uniform, depending on the channel dimensions and test conditions (Martinez, 2011), and as a
consequence of the two abovementioned factors (iii) current paperfluidic devices have limitations in posi-
tional accuracy and analytical sensitivity (Liana et al., 2012). These disadvantages can be largely overcome
by utilising highly porous coatings, which provide a more homogeneous surface, a finer and designable
pore network structure, a primarily inorganic largely inert substrate. Further control can be provided by
the choice and amount of binder (Jutila et al., 2015). It is possible to fabricate narrower, spatially better
resolved channels, and so enable smaller volumes of sample to be applied, as well as provide better colour
contrast during optical sensing, having a more pure white background.

Paper can be patterned in several ways utilising hydrophobic material including photolithography
(Martinez et al., 2007), wax printing (Carrilho et al,, 2009), flexographic printing (Olkkonen et al., 2010),
inkjet printing (Koivunen et al., 2015), spraying (Nurak et al., 2013), stamping (de Taso Garcia et al., 2014)
or alternatively by embossing or cutting (Thuo et al., 2014). Printing-based fabrication methods are the
most utilised methods nowadays, because they are simple, cost-effective, reproducible, and can be adapted
for mass production. Furthermore, inkjet printing provides an efficient fabrication tool, because it can used
to both fabricate the hydrophobic barriers and to deposit reagents (Yamada et al., 2015). In this paper, we
introduce a microfluidic reaction platform designed for enzymatic testing of pharmaceutical compounds,
which has been fabricated utilising speciality coated substrates and inkjet printing.

2. Materials and Methods

The materials used in the coating formulations, the hydrophobic inks, pattern designing process and pig-
ment coating characterisation methods are described in the following sections.

2.1 Coating Materials and Formulations

Table 1 shows the formulations and properties of the coatings which were used in the fabrication of a re-
action platform for enzymatic testing of chemical actives. The chosen coating pigment is a highly porous
form of pharmaceutical grade functionalised calcium carbonate (FCC) provided by Omya International AG,

Oftringen, Switzerland.

Two types of micro-fibrillated cellulose (MFC A), a commercially available Arbocel MF-40-7 (J. Rettenmaier
& S6hne GmbH + Co KG, Rosenberg, Germany), and a mechanically fibrillated carboxymethyl cellulose (CMC)
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dispersed micro nanofibrillated cellulose (MFC B) (Omya International AG, Oftringen, Switzerland), were
used as binders.

Sheets of impermeable SuperYUPO® (Yupo Corporation), known formerly as Synteape®, a pigment filled
polypropylene film of 80 um thickness and 62 gm basis weight, were used as a base substrate for the

coatings.

Table 1: Coating colour formulations

Abbreviation Pigment Binder Binder amount Solids content
(pph) (w/w %)
FCC+5pph MFC A FCC micro-fibrillated cellulose 5 16.4
(commercial grade)
FCC+ 10 pph MFC A FCC micro-fibrillated cellulose 10 15.6
(commercial grade)
FCC+5 pph MFCB FCC micro nanofibrillated cellulose 5 7.8
(CMC dispersed)
FCC+ 10 pph MFC B FCC micro nanofibrillated cellulose 10 6.6
(CMC dispersed)

Coating colours were applied with a K202 Control Coater (RK PrintCoat Instruments Ltd.) employing two
spirally wound rods, applying a 150 pum (MFC A containing coatings) and 400 um (MFC B containing coat-
ings) thick wet layer, respectively, with a speed setting of 6 m-min™ to achieve as thick coating layers as
possible. The difference in wet layer thickness during application relates to the difference in solids content,
with the aim in mind to achieve close to equivalent dry coating layer thickness in each case. The coatings
were allowed to dry freely in the laboratory atmosphere. The dry thickness of the samples is presented in
Table 1. Figure 1 displays scanning electron microscope (SEM) images of FCC in combination with 10 pph
of both MFC binders, in which the greater film forming tendency of MFC B is clearly seen, indicating a great-
er degree of dispersed nanofibrillatred fines.

MY« 600W  Bhoms Ne = 203
WOs S0mm  Signel A« 562

Figure 1: SEM images of a) FCC + 10 pph MFC A and b) FCC + 10 pph MFC B
2.2 Functional Inks and Printing
Two functional inks, PS ink and AKD ink, were prepared using two different hydrophobising agents,
polystyrene, PS, (Sigma-Aldrich, St. Louis, USA, product code 331651) and alkyl ketene dimer, AKD,

Basoplast 88 (BASF, Ludwigshafen, Germany), dissolved in p-xylene solvent (VWR, Vienna, Austria, prod-
uct code 28984.292). The PS ink was coloured with Sudan Red G (Sigma-Aldrich, St. Louis, USA, prod-
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uct code 17373), and the AKD ink was coloured with Blue 807 Dye (Kremer Pigmente GmbH, & Co. KG,
Aichstetten, Germany, product number 94030) to enable clear visibility of the ink-applied areas. The inks
were printed with a DMP-2831 research inkjet printer (Fujifilm Dimatix, Santa Clara, USA) employing
DMC-11610 ink cartridges with ten picolitre nominal drop volume. The ink preparation process and print-
ing details are described further in publications by Koivunen et al. (2015a; 2015b).

2.3 Pattern Design

Various pattern designs were printed and tested starting from printed circular rings with a width of 2 mm
and a 5 mm inner diameter using both the PS and AKD inks, respectively. This ring cell pattern was then
evolved into a design consisting of a possible reaction area with a ~5 mm diameter followed by a channel
with a width of ~3 mm through which the end products of the reaction could be transported by the means
of elution and liquid wicking. The actual dimensions of the patterns may vary slightly from the nominal
dimensions due to the spreading of the hydrophobising agent and the colorant. Different concentration
zones, adopting pattern features such as an arrowhead, circle and square shapes, were also printed at the
end of the channel to investigate how end products could possibly be concentrated during localised evap-
oration for detection purposes. The additional patterning was also printed with both PS and AKD inks, re-
spectively, and combination patterns were made. The full design is shown in the Results section in Figure 3.

2.4 Pigment Coating Characterisation Methods

The solids content of the coating slurries was determined with a Precisa HA 300 Moisture Balance (Precisa
Gravimetrics AG, Dietikon, Switzerland). Coating weight was determined by measuring the weight of
5 x 5 cm pieces of the coated polypropylene film, using a Mettler AE260 analytical balance (Mettler-Toledo
International Inc., Columbus, Ohio, the United States), and deducting the equivalent proportional basis
weight of the film, measured from uncoated pieces of film. Five measurements were taken per coating. The
total dry coating plus substrate thickness was measured with an SE250D micrometer (Lorentzen & Wettre,
Kista, Sweden), having a 2 cm? measurement area spindle and measurement pressure of 100 kPa. The dry
coating thickness was determined from the measured coated films by subtracting the nominal thickness,
80 um, of the polypropylene film. Ten measurements were taken per coating.

Scanning electron micrographs (SEM) were obtained with a Sigma VP field emission scanning electron mi-
croscope (Carl Zeiss AG, Oberkochen, Germany). Coating pore volume was measured with an Autopore IV
mercury intrusion porosimeter (Micromeritics, Norcross, USA) from coating samples dried in a petri dish
(diameter 5.5 cm) in normal laboratory conditions.

2.5 Platform Performance Testing Methods

The maximum liquid volume uptake of each coating was determined by applying as high a volume of
100 mM Tris buffer solution (pH = 7.5) onto the ink-free interior of the AKD-printed rings (inner diameter
~5mm) as could be delivered, using an adjustable volume pipette (Finnpipette, Thermo Fisher Scientific,
USA), without leaving a film of water on the surface of the ring. Several such liquid loaded ring samples
were tested to determine the specific volume uptake.

Evaporation (mass as a function of time) was studied to determine how long the interior of the AKD-
printed rings stay wet. The measurement volumes applied ranged 1.0-1.8 pl corresponding to the pre-
viously measured volume uptake of the respective coating. The change in mass was recorded manually
every 10 s with a Mettler Toledo MT5 microbalance in combination with Mettler Toledo Balance Link - DSC
software. Three such evaporation rate measurements were made per coating. Standard paper testing con-
ditions were not adhered to in this case, since the balance equipment used in the evaporation experiments
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was situated in a laboratory with a temperature of 20 °C and relative humidity of approximately 28 %. As
a reference, one experiment was also repeated using 1.0 pl buffer and a 20 x 20 mm glass substrate in the
form of a microscope cover slip.

The additional pattern features were also tested by filling the AKD-printed channels, exemplified by an
arrowhead, with 15 pl of the buffered water to see if the coating withstands large volumes of liquid, which
could be used to elute the end products from the reaction area to the concentration zone. The introduction
of an absorbent pad consisting of Whatman GF/F glass microfibre filter (GE Healthcare), aimed at keeping
the reaction area wet for longer periods of time, was investigated. This was achieved by creating a pattern
with an absorbent pad zone and testing the pad with and with pre-saturation and adding a few microlitres
of water on top of the pad.

3. Results and Discussion

The findings from the experimental procedures are reported here, beginning with the characterisation of
the coatings, followed by some examples of platform performance and discussion regarding the important
features of the pattern design.

3.1 Coating Properties

Table 2 presents the coat weight, thickness and specific pore volume distributions of the coatings. The
value d* represents the size at which the two pore size components of the discretely bimodal distribution
are separated, i.e. the inter-particle and the intra-particle pore volumes, respectively, and d** is the upper
limit of the inter-particle pore volume region. The coating formulations were optimised in a way that a
maximum solids content was achieved while still maintaining good “coatability”, meaning in effect that the
solids content had to be lowered when more MFC was added, which is seen as a decrease in the coat weight
values. Due to the different solids contents, two different rods were used in coating to achieve similar dry
coating thicknesses between the coatings consisting of the two different MFC binders. The aim was to
achieve as thick coating layers as possible with a single coating step to maximise the volume uptake with-
in the hydrophobising patterns and thus to extend and elongate the wetting capabilities of the patterned
coating.

Table 2: Measured substrate properties for coatings including the total specific mercury intruded volumes into the
samples over the diameter range 0.004-10 um.

Coating Coat weight | Thickness Intra-particle Inter-particle da* d**
formulation (gm?) (dry) volume: 0.004-d* volume: d*-d** (um) | (num)
(um) (um/cm’g™) (um/cm’g?)
FCC + 5 pph MFC A 371+14 102+7 0.98 1.17 0.64 3.50
FCC+ 10 pph MFCA | 33.8+1.3 92+3 0.95 1.10 0.64 3.50
FCC + 5 pph MFCB 433+23 137 £ 11 0.92 1.26 0.51 3.50
FCC + 10 pph MFC B 33.6+0.6 109+6 0.86 1.05 0.51 2.80

As mentioned above, FCC compacts from the coating colours have a bimodal pore size distribution consist-
ing of both intra-particle and inter-particle voids. The sample compacts were formed from equal volumes
of coating samples dried in a petri dish. This is seen as two peaks in Figure 2, which shows the first deriv-
ative of the cumulative mercury porosimetry intrusion curves. The data are presented in terms of specific
pore volume, i.e. the pore volume in a given size range per unit weight of the sample. The main peak in the
pore size distribution between 1-3.1 pm represents the interparticle pore volume. The secondary peaks
below 1 pm represents the intra-particle pore size distribution, i.e. the internal pore volume of the FCC
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particles. The MFC binder amount was decreased from 10 pph to 5 pph, based on 100 parts by weight of
pigment, to enhance the porosity of the coatings. The results show a clear increase in pore volume espe-
cially in the inter-particle region as the MFC portion is decreased. With smaller binder amounts, less fine
pores are filled/blocked with MFC. More inter-particle pores are filled/blocked in the case of MFC B, as is
also apparent when the SEM images of Figure 1 are examined. This effect reduces the permeability of the
coating. The MFC B containing coatings are somewhat thicker than the MFC A coatings, a fact that also con-
tributes, for example, to the volume uptake of the coating, as will be seen in the next section.
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Figure 2: Pore size distribution of the coating formulations
3.2 Platform Performance

Table 3 presents the calculated volume uptake capacity, the measured volume uptake, the evaporation
time and drying rate related to printed ring cell patterns with a nominal inner diameter of 5 mm. The
actual diameter of the circles may vary due to spreading of the hydrophobising agent and its colorant.
The intra-particle, inter-particle and total volume uptake were each calculated by multiplying the internal
unprinted area of the circular ring cell, the coat weight of the given coating and the corresponding specific
pore volume data from Table 2, and the values converted into microlitres. The measured volume uptake
was experimentally determined by applying different volumes of water into the centre of the ring until a
reflective liquid layer remaining on the surface was just apparent. The measured uptake volumes corre-
sponding to each coating formulation were used in the evaporation rate experiments.

The calculated and measured volume uptake of the ring cells correlate quite well when 5 pph binder was
used. The calculated values are slightly higher, because the actual diameter of the circles is probably slight-
ly less than 5 mm due to the spreading of the hydrophobising agent. In the case of 10 pph MFC A, the calcu-
lated volume uptake is also somewhat higher than the experimental uptake, also for the abovementioned
reasons. In the case of 10 pph MFC B, however, the measured volume uptake was greater than the calculat-
ed uptake, which is considered to be caused by the ability of the MFC in question to swell and absorb water.
There might also be a small effect related to the difference in sample preparation for the porosimetry anal-
ysis, being a bulk dried sample, versus a thin coated layer, but such a systematic error would be expected to
be seen for both MFC A and MFC B, which is not the case. Furthermore, the porosimetry data are truncated
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at 10 um to remove any macroscopic effects, such as sample cracks, arising from the bulk drying sample
preparation method.

Table 3: Calculated and measured volume intake, evaporation time and drying rate
of ring cell patterns with a nominal diameter of 5 mm.

Coating Calculated | Calculated | Calculated Measured Total Drying rate
formulation intra inter total volume sample (s-ult*)
particle particle volume uptake evaporation
volume volume uptake (ul) time
uptake uptake (ul) (s*)
(1) (1)
FCC+5pph MFC A 0.71 0.85 1.56 1.50 913+49 337+13
FCC+ 10 pph MFC A 0.63 0.73 1.36 1.00 830+17 404 +22
FCC + 5 pph MFCB 0.78 1.07 1.85 1.80 1060+87 345+16
FCC+ 10 pph MFCB 0.57 0.69 1.26 1.50 967 £ 65 376+32

*a total sample evaporation time of 1 727 + 99 s and a drying rate 695 + 47 s-ul* were obtained on the glass substrate (in the
form of a microscope glass cover slip)

The evaporation time data show that the ring cells stay wetted for approximately 15-18 minutes under the
experimental conditions. The evaporation times correspond with the applied uptake liquid volumes. The
longest times, therefore, were achieved with MFC B coatings followed by 5 pph MFC A and 10 pph MFC A,
respectively. The drying rates were calculated from the slopes of the linear part of the evaporation curves
(t=200-600s). The density of the Tris buffer was assumed to be 1 gcm™. The drying rate shows how many
seconds it takes for one microlitre to evaporate. The results show that the drying rate is rather similar
between the samples containing 5 pph of binder, MFC B providing a very slightly slower evaporation, but
well within the standard deviation of the measurement. These rates correspond well with the porosimetric
pore volume results presented in Table 2, when 5 pph MFC A and MFC B are compared. With the higher
binder amount the difference in evaporation rate between the binders is more pronounced, though still
borderline in respect to the standard deviation of the measurement, being slower in the case of MFC A.
This is somewhat surprising since the inter-particle pore size, and hence permeability, is reduced (but not
volume) in the case of MFC B when the dose is increased from 5 pph to 10 pph. However, if we consider
the surface area increase presented by the inter-particle MFC matrix providing for the finer inter-parti-
cle pores at the same pore volume (Figure 1 and Table 2), and that evaporation is diffusion and film flow
driven rather than bulk flow driven, the reduction in bulk permeability is probably compensated by the
evaporative surface area increase.

As these coatings are to be used as reaction platforms for enzymatic testing, it is important that the re-
action area stays wet under elevated temperatures, typically 37 °C, for extended periods of time, typical-
ly ~10 min or more, for the reaction to take place. These results show that the evaporation time can be
altered by changing the formulation of the coating and thus affecting the porosity, volume uptake and
pore size-related internal surface area of the coating structure within the confines of the hydrophobising
printed pattern. The evaporation time under heating, would of course require further testing. Since the
deviation in the experimental evaporation rate data were relatively large in respect to the differences seen,
a more macroscopic tool is probably needed to control the retained wetting. In this case we provided an
absorbent pad pre-saturated with water and placed onto a designed absorbent pad zone so as to retain the
wetted character of the system. This proved to be the more viable way to extend the wet time by providing
replenishment of the water during evaporation.
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A sufficient amount of binder is required to bind the pigment particles to each other and to the base sub-
strate and, thus, to maintain the integrity of the coating. Elution experiments revealed that 5 pph MFC A
is not sufficient when larger liquid amounts are applied onto the reaction channel (Figure 3). The coating
separated from the base substrate and travelled with the eluent. This shows that finding an optimal coating
formulation requires balancing coating integrity and absorption and wetting capabilities. In this respect,
the fibrillated cellulose binder seems to provide a good compromise.

3.3 Pattern Design

Inkjet printing with hydrophobic inks provides a convenient pattern fabrication method, which allows
patterns to be printed that are specifically designed for a given purpose. The pattern for future pharmaceu-
tical active enzymatic testing evolved from a simple printed circular ring cell into a design with channels,
concentration zones and an absorbent pad zone to counter evaporation. The coating properties, especially
the porosity, permeability and thickness of the coating, affect not only the liquid dynamics of the microflu-
idic elements, but also the printing parameters required to achieve the boundary hydrophobisation. More
details concerning the pattern printing have been published by Koivunen et al. (2015a; 2015b), and will be
discussed further in future publications. Figure 3 shows some examples of test patterns.

Red = PS ink
Blue = AKD ink

—
Smm

Ring cells  Ring cell, Application cell, Elution ring cell
channeland  welling pad, reaction  with semi-barrier
conceniration area with flow control

zone semi-barrier, and
‘arrowhead”  concentration zones
"arrowhead” and "square’

Figure 3: Examples of pattern design for reaction platforms for potential enzymatic reaction

Both PS and AKD inks provide reliable hydrophobic barriers, which are able to keep the test liquids inside
the patterns and wicking channels. However, on the one hand, the AKD ink hydrophobises the coating more
efficiently, and thus fewer printing layers and less time are required for printing with AKD than with PS,
especially when employing thick coating layers. On the other hand, since PS does not hydrophobise the
coating layer so efficiently, it can be used with higher sensitivity to control liquid flow momentarily when
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used to form a semi-permeable or height controlled barrier. For example, in the case where an absorbent
pad might be applied to keep the reaction area wet for a certain time, such a semi-barrier could be em-
ployed to prevent the liquid wicking through the whole channel, and after the reaction the end products
could later be eluted with larger free flowing liquid volumes through the semi-barrier into the channel and
to the concentration zone.

The circular ring cell patterns could also be used for reactions, but if some component used in the reac-
tion disturbs the subsequent detection, for example in fluorescence detection, the design shown with a
reaction area and a channel is preferably used instead. With this kind of design, the end products can be
transported to the concentration zone rather quickly by eluting a few times. If the reaction area should
stay wetted for longer periods of time, contact with an absorbent pad can be accommodated. Elution with
this kind extended wetting design, however, takes much longer and larger eluting volumes are required,
than with a design with no absorbent pad. The elution time can be modified by changing the dimensions,
particularly the length of the channels between the absorbent pad zone and the reaction area, and between
the semi-barrier and the concentration zone and in turn the concentration of the end products by altering
the concentration zone geometry.

4., Conclusions

FCC-based coatings in combination with inkjet-printed hydrophobic patterns could be used as reaction
platforms, for example for enzymatic pharamaceutical actives testing. The results show that the coating
formulations can be altered to enhance porosity and wetting capabilities of the coatings by utilising differ-
ent types of microfibrillated and micro nanofibrillated cellulose as binder at different amounts, and that
inkjet-printing provides a convenient way to create hydrophobised patterns that can easily be adapted to
control aqueous microfluidics to suit a given desired purpose.

In future work, the feasibility of the developed platforms for carrying out in vitro drug metabolism assays
will be tested using a model pharmaceutical agent enzyme reaction. This involves testing compatibility of
the coating and ink components with the drug-metabolising enzyme(s), determining achievable detection
limits and comparing them with detection limits achieved with other platforms, such as filter or chroma-
tographic paper, finding a suitable heating method such as printed thin-film resistors, selecting an optimal
detection method and ultimately developing a self-standing platform for such enzymatic testing.
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Short Abstract

Aerosol Jet printing is a non-contact process capable of printing on conformal and flexible surfaces. Aqueous
or solvent nano-inks are pneumatically atomized under nitrogen. The atomizing gas flow through the atomiza-
tion cup leads to evaporation and removal of volatile solvent(s). As the ink solid loading fraction increases with
the loss of solvent during atomization, the rheological changes eventually lead to instabilities in print output.
A potential solution to this problem is to moisten the incoming atomizing gas with a solvent add-back system.
In this study, neat co-solvent solutions of ethanol and ethylene glycol at 85: 15 and 30 : 70 mixing ratios were
atomized using nitrogen flow rates ranging from 600 to 1000 ccm. It was observed that ethanol, being the more
volatile solvent, was depleted from the neat solution at a much higher rate than ethylene glycol. When nitrogen
gas was passed through a bubbler prior to atomization, an excessive amount of ethanol was returned to the neat
solution. The solvent loss rate from an ethanol rich neat solution (80 %) was higher compared to an ethylene
glycol rich neat solution. Perfecting the solvent add-back rate to an ink will enable longer print runs in a man-
ufacturing environment.

Keywords: aerosol jet printing, direct write, ink stability

1. Introduction and background

Direct-write (DW) printing refers to a class of additive manufacturing processes in which inks or pastes
are digitally deposited in any desired geometric pattern onto a substrate of interest. Substrate examples
could include molded plastic parts, 3D printed parts, composite panels, etc. DW printing is rapidly gaining
importance in several industries. For example, significant weight reductions are possible when electrical
traces are printed onto or even within a non-planar component surface instead of using externally routed
wires and connectors (Kessler, 2009). Printed antennas that conform to non-planar surfaces provide tre-
mendous flexibility in location, number, and size of antennas (Deffenbaugh, 2013). A broad spectrum of
electronic components such as ring oscillators (Ha, 2013), thin film transistors (Jones, 2010), and hydro-
gen sensors (Liu, 2012) can be printed directly on a wide-variety of substrates, regardless of whether or
not the substrate is planar.

Whereas conventional lithography processes have much higher feature resolutions than current di-
rect-write printing technologies, direct-write processes are able to deposit a much wider array of ma-
terials. Practically speaking, any nano-material that can be synthesized in ink form can be direct-write
printed. For example, solid oxide fuel cells employing yttria-stabilized zirconia (YSZ) electrolyte layers
and YSZ-nickel oxide composite anodes have been aerosol jet printed (Sukeshini, 2012). Specifically, aero-
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sol jet printed poly(3-hexylthiophene) (P3HT) polymer semiconductor inks for use in printed transistors
(Kim, 2013). Aerosol jet printing was also used to deposit biologically active inks (Grunwald, 2010). When
used in printed electronics applications, direct-write processes are also attractive from an environmental
perspective. Rather than plating copper, conductive inks (e.g. copper, silver, gold, etc.) can be selectively
printed thereby minimizing material use and hazardous waste disposal.

For any relatively new manufacturing technology, the transition from a research and development envi-
ronment to a production environment is largely dictated by factors such as cost, throughput, and process
stability and repeatability. This paper specifically focuses on run-time printing stability on a production
scale aerosol jet printing platform when using co-solvent blended ink systems that have, in many cases,
vastly different boiling points or evaporation rates.

1.1 Aerosol Jet Printing
1.1.1 Process Fundamentals

Aerosol Jet (A]) printing is a direct-write printing technique for depositing a pre-set pattern or layout (Hon,
2008). It is capable of producing fine pitch structures below 50 pm using nano-ink suspensions with par-
ticle sizes up to a recommended maximum of approximately 700 nm and with a ink viscosity range from
0.7-2500 cP (Goth, 2011). The AJ process steps are illustrated in Figure 1. A fluid can be atomized in the
reservoir either pneumatically with nitrogen gas or ultrasonically. The maximum wet droplet diameter is
typically on the order of 2-5 uym (Mahmud, 2010).

Moist Nitrogen Gas

e

Focused

Aerosol

Stream

o OO

. Substrate
Bubbler Ass« ('IIII"

Figure 1: Schematic representation of the Aerosol Jet printing process.

Table 1. Aerosol jet printing process parameters

Process Parameter Units Recommended Range
Atomization Flow Rate ccm 500-1200
Virtual Impactor Flow Rate ccm 400-1100
Sheath Gas Flow Rate ccm 30-100

Tube Heater Temperature °C RT-90

Platen Temperature °C RT-90

Nozzle Diameter um 100, 150, 200, 250, 300
Nozzle Stand-Off Distance mm 3-10
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Although AJ printing has been used for numerous interesting applications produced in very small quanti-
ties, the process as a manufacturing option has not been widely studied. Hoerber et al. studied the effect
of process parameters (Table 1) on printed line width and thickness (Hoerber, 2011). They observed that
the line width increased with increases in atomization and sheath flow rates. Also, line width and height
increased when the number of print passes was increased. Conversely, line width decreased when the
translation speed increased.

Sukeshini et al. studied the effect of varying the nozzle stand-off distance and virtual impactor exhaust
flow rate values (Sukeshini, 2010). It was observed that for the YSZ ink used in the study, the amount of
material deposited increased to a maximum; and then, decreased as virtual impactor exhaust flow rate was
increased. Several studies determined a process parameter window that influences the line quality, electri-
cal properties and adhesion of A] printed silver lines (Verheecke, 2012; Mahajan, 2013).

1.1.2 Current Aerosol Jet Challenges

For A] printing to be a viable production tool, run-time stability will depend on a consistent ink com-
position. Many inks are colloidal dispersions in a solvent (single solvent or co-solvent). Surfactants are
optionally included to lower the ink surface tension, and dispersants are often used to prevent particle
coagulation. During atomization, nitrogen gas flow over the ink surface causes preferential loss of high
volatile components through evaporation. Preferential component loss will create changes in the physical
ink properties. The high vapor pressure (low boiling point) solvent removal rate would depend on the dry
atomizing gas flow rate (nitrogen gas flow rate) over the solvent, and the component fractional vapor pres-
sure as illustrated in Equation 1.

Q,=Qy, (P /(P-P)) [1]

where Q _ is the flow rate of solvent vapors (ccm), Q,, is the flow rate of atomizing gas (ccm), P_is the total
pressure (kPa), and P_ is the vapor pressure (kPa) of volatile solvent component.

600 ccm
w700 cCcm
~3¢=800 ccm

w900 ccm

1000 ccm

20 25 30 35 40 45 50
Temperature (°C)

Figure 2: Ethanol flow rate versus temperature curve at different atomization flow rates.

With a 69 Kpa (10 psi) atomization cup pressure, Figure 2 illustrates the simulated loss of ethanol (P )
from the atomizing cup via evaporation at different nitrogen flow rates and temperatures using Equation 1.
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Antoine’s equation was used to calculate the partial pressure due to ethanol as a function of temperature.
To illustrate a common solvent blend used in aerosol jet printing, ethylene glycol is another commonly
used co-solvent in ink systems. Ethylene glycol loss, however, during atomization is approximately 1 %
that of ethanol due to significantly higher boiling point. In co-solvent inks, therefore, with both low and
high vapor pressure constituents, one can effectively focus on the high vapor pressure solvent composition
when trying to control ink stability. As shown in Figure 2, the expected rate of solvent transfer with the
atomization gas, and therefore solvent loss in the atomization cup, increases significantly with both carrier
gas flow rate and temperature.

We propose to control solvent loss by feeding the atomizing gas through a bubbler system prior to the
atomizing cup as seen in Figure 1. The idea is that moist atomizing gas will “add back” solvent into the
atomizing cup. We are not aware of any research using such an add-back method. The aim of this paper is
to study the impact of this solvent add-back approach by monitoring the solvent blend composition during
atomization over time and temperature.

2. Materials and Methods

All experiments were conducted using an Optomec Aerosol Jet system equipped with two pneumatic at-
omizers. A bubbler add back system as seen in Figure 1 contains the more volatile solvent of a co-solvent
blend. Nitrogen gas was bubbled through the solvent, thereby transferring solvent vapor. The saturation
state, of the more volatile component, in the atomization cup will depend on flow rate and cup tempera-
ture. In this study, atomization cup temperature was kept constant at approximately 23 °C.

In order to study A] ink stability as a function of process parameter values, two types of neat co-solvent
solutions of ethylene glycol (higher boiling point, lower vapor pressure) and ethanol (lower boiling point,
higher vapor pressure) were prepared. No pigment components were added in this study. The co-solvent
blend is used in a number of commercial nano-inks, and is therefore a representative co-solvent system
of practical significance. The less volatile ink blend consisted of 30 wt. % ethanol and 70 wt. % ethylene
glycol. The more volatile ink blend consisted of 85 wt. % ethanol and 15 wt. % ethylene glycol. These two
inks were A] printed over an extended period of time at different atomization flow rates ranging from
600 ccm to 1000 ccm. Experiments were conducted without the solvent add-back system and then again
with the solvent add-back system. Samples of the neat solutions were extracted from the atomization cup
at 30 minute time intervals in order to determine the stability of the neat solution as measured by the rel-
ative proportions of the two co-solvents.

The relative ethanol and ethylene glycol proportions in a given sample were determined by measuring
the refractive indices on an Abbe Refractometer. Using the rule of mixtures, the percentage of ethanol in
any sample can be determined using Equation 2 in order to quantitatively determine the rate at which the
more volatile ethanol solvent is being lost during atomization.

RIgg—RIg

% Ethanol = PYp—T—
EG—HIEt

[2]

where is the refractive index of ethylene glycol (measured value = 1.4293), is the refractive index of the
extracted ink sample, and is the refractive index of ethanol (measured value = 1.3616).
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3. Results and Discussion
3.1 Ink stability without solvent add-back

Figures 3 and 4 show results of experiments for the low volatility and high volatility inks respectively run
without the solvent add-back system.
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Figure 3: Weight percent of ethanol versus time plot for atomization a 30 % ethanol 70 % ethylene glycol co-solvent
mixture without bubbler add-back.
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Figure 4: Weight percent of ethanol versus time plot for atomization of 85 % ethanol 15 % ethylene glycol co-solvent
mixture without bubbler add-back.

Figures 3 and 4 clearly demonstrate a substantial ethanol loss in a relatively short amount of time
(3 %2 hours) when atomization was done with dry nitrogen gas. For the 30 % ethanol ink, nearly half of
the ethanol was lost in just three hours of printing. The high vapor pressure solvents (e.g. ethanol) allow
aerosol ink droplets to rapidly dry on the substrate. As high vapor pressure co-solvent is depleted in the
ink, the drying speed and surface energy of the ink changes - sometimes dramatically. As the drying time
of printed lines increases due to loss of high vapor pressure co-solvents in the atomizing cup, the printed
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lines have time to both (1) spread out and form wider traces, and (2) to retract into discontinuous beads
resulting from a surface tension increase. Practically speaking, this means that the quality of the printed
lines, as indicated by line width, thickness, and overspray, will change as the high vapor pressure solvent is
depleted. Figures 3 and 4 point towards a strong need for an alternative approach to atomization with high
vapor pressure co-solvent blends. The aforementioned solvent add-back system was a relatively simple
low-cost approach.

3.2 Ink stability with solvent add-back

In order to quantitatively assess effectiveness of the solvent add-back system on ink stability, a second
set of experiments were run using the solvent add-back system (see Figure 1). The bubbler contained the
more volatile ethanol since the rate of evaporation of ethylene glycol at room temperature is substantially
lower than that of ethanol. Figures 5 and 6 show results of experiments for the 30 % and 85 % ethanol inks
respectively at 600 (low flow) and 1000 (high flow) ccm nitrogen atomization flow rates respectively. The
dry nitrogen (no solvent add-back) results are also plotted for comparison.
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Figure 5: Weight percent of ethanol versus time plot for atomization of 30 % ethanol 70 % ethylene glycol co-solvent
mixture with solvent add-back.
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Figure 6: Weight percent of Ethanol versus time plot for atomization of 85 % ethanol 15 % ethylene glycol co-solvent
mixture with solvent add-back.
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Figure 5 shows ethanol concentration for the low ethanol (30 wt. %) solution. The ideal outcome would be
a horizontal line indicating that the ethanol concentration remains constant over the 3 % hours of atomi-
zation. As opposed to the trends observed without an add-back system, Figure 5 illustrates that the ethanol
concentration actually increased with each flow condition using a bubbler. Clearly, the rate of ethanol addi-
tion to the atomization cup was greater than ethanol loss from the cup. Possibilities to be explored further
are differences in the ethanol evaporation rates, in the two cups, due to differential flow rate anomalies or
ethanol partial pressure depression created by the mixed solvent system used in the atomization cup.

Figure 6 illustrates a similar trend for the high (85 %) ethanol ink solution. As expected, the ethanol loss
rate with dry nitrogen was greatest at high atomization flow rates (1000 ccm). When the solvent add-back
bubbler technique was used, the ethanol concentration was nearly consistent with run-time.

Since it appears that a simple solvent add-back technique was able to compensate for the loss of low boil-
ing point solvent during atomization is promising. Figure 5, however, points to the need for further devel-
opment work to overcome excessive solvent add-back.

4. Conclusions

Many ink formulations used in AJ printing use blends of low and high boiling point co-solvents. In some
applications, slow drying inks that flow out and form a continuous coating are desired, whereas other
applications call for fast drying inks used to print narrow lines and/or features with high aspect ratios.
Depending upon the application, the low boiling point solvent composition may range from just a few
percent up to nearly 100 %. This paper has demonstrated that AJ printing with dry nitrogen gas leads to
rapid loss of low boiling point, high evaporation rate, solvent(s). As the ink concentrates, the nanoparticle
loading fraction increases, and the wetting and spreading behavior of the ink may dramatically change.
Ultimately, inks with high concentrations of low boiling point solvents may become unprintable due to a
rapid shift in the higher boiling point solvent concentration. A potential solution to this problem is to add
solvent back into the atomizing cup through the use of a bubbler.

The solvent add-back method uses a bubbler to moisten the nitrogen gas before it enters the atomizing cup.
This study has shown that the bubbler solvent add-back approach has the potential to overcome the loss
of low boiling point solvents under certain conditions such as those shown in Figure 6 where the concen-
tration of a comparatively low boiling point solvent, ethanol, was high. It is, however, also possible to add
back an excessive amount of solvent when the concentration of low boiling point solvent is relatively low.

In studying Figure 5, one can envision that a blend of dry and moist nitrogen gas in the correct ratios will
lead to continuous printing with a constant ethanol concentration. We will present new results demon-
strating the effects of mixing two mass flow conditions - dry and vapor flows. Two mass flow controllers
are used to independently control the ratios of dry and wet nitrogen in order to maintain equilibrium.
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Short Abstract

In the print-production of full-colored packaging, cyan, magenta and yellow process colors are coded to con-

struct a color gamut. Coding is done in such a way that the produced color gamut fits with the customer expec-

tations. Important variables in this color-coding process are:

- Use of black ink. Darker colors have a large degree of freedom regarding the use of black ink. Identical
colors can be produced with different amounts of black ink.

- Maximum ink limit. A maximum ink limit is set for the color gamut. The total area coverage can vary from
200 to 330 %.

In this research an optimized amount of black ink and maximal ink coverage is determined in order to:

- Fulfil the customer demand for color quality

- Ensure the best process stability in printing

- Minimize the risk for set-off

- Minimize ink costs

Keywords: packaging, color

1. Introduction and background

Food packaging printing is a challenge. Use of proper materials and appropriate manufacturing process-
es are necessary to produce regulatory food safe printed packaging. The 'good manufacturing practice'-
regulation (Regulation EC 2023/2006) states that there is no contact or migration from the printed side
towards the food contact side! The biggest risk for this type of migration, known as “set-off” in offset
printing, is logically to be found at printed areas with the highest ink coverage. In order to minimize the
risk for set-off, a minimum needed amount of ink has to be defined and used during printing. For this pur-
pose a specific test form was developed and printed in a production packaging company. Analyses of the
printed results returns information about the use of black ink and maximum ink limit in the construction
of separation profiles. The results are applied on “proof-of-concept” print runs in commercial packaging
companies.

2. Materials and Methods

A printing test form is developed for standardized printing on coated paper substrates, as defined in
[SO 12647-2:2004. The test form exist of following elements:
- “Colormatch” print target: used to determine the degree of color standardization of the printing
process.
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- “Dark colors” print target: used to determine the influence of the maximum ink coverage on the
color gamut.

- “Black curve” print target: used to determine the influence of grey component replacement on
print accuracy and stability.

- “set—off” print target: used to determine the level of visual set-off during the printing process.

2.1 Colormatch

Starting point is a standardized printing process with colors that are can be predicted, proofed and veri-
fied. The packaging company uses the FOGRA39 dataset, based on [S012647-2:2004 type 1, as the refer-
ence color gamut for their workflows and printed products. Process colors, halftones and grey—balances
are evaluated against their standardized aim values.

2.2 Dark colors

This chart is used to investigate the impact of the maximum ink limit on the size (loss) of the color gamut.
Colors from all hue directions that are positioned on the gamut borders, are selected. For every selected CIE
L*a*b* color of the list, 3 different CMYK-separations are calculated and grouped into the dark colors chart
(Figure 1). The maximum ink limits of the 3 separation types are 320 % (basic industry profile), 260 %
and 220 % (chosen limit). The lower limit is determined on basis of the color errors that are introduced by
limiting the amount of maximum ink in the separation type. Table 1 shows a number of industry color pro-
files with their maximum ink limit and amount of color and black in the separation. The VIGC-profiles are
calculated from the FOGR39 dataset through X-rite i1Profiler software. For every profile the introduced
color error by the corresponding maximum ink limit is calculated on basis of the dark colors chart.

Table 1: Differences in ink consumption of ICC profiles with different maximum ink limits., where the differences are
based on the 80 darkest colors of the FOGRA39 color gamut; in separation types with less than 220 % maximum
coverage, the maximum color error becomes significant.

ICC-profile maximum Color deviation ink consumption difference
ink limit (DE2000)

average | maximum Cyan Magenta | Yellow Black
ISOcoated_v2_eci 330 % 0 0 reference | reference | reference | reference
Coated Fogra 39 (Adobe) 330% 2 4 8% 9% 9% -10%
Coated_Fogra39L_VIGC_320 320% 1 2 -15% -16% -20% 7%
[SOcoated_v2_300_eci 300 % 0 1 -4% -4% -5% 2%
Coated_Fogra39L_VIGC_300 300 % 1 1 -17% -18% -22% 7%
Coated_Fogra39L_VIGC_280 280 % 1 1 -18% -18% -23% 8%
Coated_Fogra39L_VIGC_260 260 % 1 1 -20% -20% -26% 8%
Coated_Fogra39L_VIGC_240 240 % 1 2 -24% -24% -30% 9%
Coated_Fogra39L_VIGC_230 230% 1 2 -27% -26% -34% 10 %
Coated_Fogra39L_VIGC_220 220% 1 3 -30% -29% -38% 10%
Coated_Fogra39L_VIGC_210 210% 2 4 -35% -33% -43 % 11%
Coated_Fogra39L_VIGC_200 200 % 2 6 -40 % -37% -48% 12%
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TARGET DARK COLORS test chart
iTProfiler Test Chart Page: 1 of 1: Size: 272 % 11.1 cm

Figure 1: The dark color chart with 3 separation types, where the samples colors (1-2-3) have identical Lab values but
different CMYK values (inkcoverage 219 % - 320 % - 253 %).

2.3 Black curve

By building up a large black separation the total ink amount can be further reduced. 80 midtone CIE L*a*b*
defined colors are selected out of the FOGRA39 color gamut to investigate more in detail the influence of a
large black separation. In this case the colors are selected closer towards the L-axis, here the effects on ink
consumption will become more obvious. In Table 2 the differences in ink consumption are calculated for a
number of industry color profiles. The test chart uses 3 different types of separation: separation with only
color ink (no black), medium black ink and maximum black ink (Figure 2).

BLACK CURWE Chart
iTFrofiler Test Chart Page: 1 of 1: 5ize: 27 % 11,1 cm

Figure 2: Black curve print target with 80 midtone color combinations, where the sampled colors have the same Lab

values but different separations values: without black ink, medium black and maximum black.
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Table 2: Differences in ink consumption of ICC profiles, based on the black curve chart, where the ink consumption of
the profile “ISOcoated_v2_eci” is set as a reference; it is clear which profiles are using more black ink, replacing color

inks, the maximum ink limit has no effect on these midtone colors.

ICC-profile % ink consumption difference

Cyan Magenta Yellow Black
[SOcoated_v2_eci reference reference reference reference
ISOcoated_v2_300_eci -5% -5% -5% 7%
Coated Fogra 39 (Adobe) 7% 9% 8% -17%
Coated_Fogra39L_VIGC_320 -19% -19% -19% 27 %
Coated_Fogra39L_VIGC_260 -20% -20% -21% 28%
Coated_Fogra39L_VIGC_220 -22% -21% -22% 30%

2.4 Set-off print target

This target enables to check how the ink drying speed is related to the maximum ink limit. In Figure 3. The
maximum ink coverage of industry color profiles is shown. The ink amounts are the result of relative color-
imetric rendering with black point compensation of a Lab color with coordinates 0,0,0. Most popular max-
imum ink limits were printed and analysed in an IGT drying tester. In this tester the wet printed strokes
(dark black color) are brought slowly into contact with an unprinted back side. This will cause set-off that
will become less visible in time because of the drying of the ink layer.

NO0K s 100 e Ak I NOOK T i &1 180 100 100K
MM P cabed_¥ Bocosted_vi_scl SCcnatid_VIGE_¥9 BOcoated_ VIGE_¥9 Pl ot VIGE_ 19 10008
Da0ed FIO_wd L_120_wd L 0w POl 1008

abwcd_ WG
100y

Figure 3: Construction of the set-off print target, where each combination consists of a solid dark black that after
printing will be transferred through an IGT set-off tester.

3. Results and Discussion
3.1 Evaluation of the maximum ink limit
Figure 4 and Figure 5 show what happens when different maximum ink limits are put under pressure in

the IGT drying tester. Inks for food packaging have a long drying time (the inks are almost only dried by
absorption in the coating). To overcome this, the print is covered with a water-based lacquer (fast drying).
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Figure 4: The risk for set-off is significantly lower for a 220 % ink limit than the widely used 320 % limit of the
ISOcoated_v2_eci-color profile.
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Figure 5: Microscopic images of the set-off directly after printing; the risk is lowered as a function of the maximum ink
limit of the used color profile.
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3.2 Evaluation of black in separation

The color differences between the measured printed charts and the target values are illustrated in a
CIE L*a*b* graph in Figure 6. This chart shows the color differences for the 80 patches of the black curve
chart. The separation without the black has the largest errors, the separation with the maximum use of
black ink the smallest.

@  Noblackink( CMY only)
@ Maximum use of black ink

@  Medium use of black ink

Figure 6: Lab chart containing the color differences between print and target, where each axis shows the color
difference, a plot in the middle is the “perfect print’, and the distribution shows the best result for the separation with
maximum use of black ink!

Main reason for the better black reproduction is the presence of a finishing glossy lacquer layer. Gloss lac-
quer causes printed black ink to look darker (lower L* values). Substitution with black ink makes use of
this advantage. Figure 7 shows the measurement results of the separation with maximum black, with and
without a finishing glossy lacquer. The presence of the glossy lacquer lowers the L* value of the printed
colors.

Maximum use of black ink

@ Maximum use of black ink +
lacquer

Figure 7: Lab chart showing the cause of the better results with maximum use of black, and the presence of a glossy
laquer over the printed black lowers the L* values significantly.

To measure the color stability of the different separation types, 20 samples were taken out of a print run of
3000 copies. From every sample the average deviation of the 80 colors of the black curve chart is calculat-
ed (expressed as a CIE2000 number). Figure 8 shows the average and maximum result for the 3 different
separation types. The maximum black separation shows the smallest variation in color.
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CMY (no black) medium black black
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Figure 8: Color stability of different black separations in a print run.

As a proof-of-concept a “chocolate” packaging design (Figure 9) was printed in 2 versions: One with the
traditionally ink limit of 320 % and low/medium black, and one with a maximum ink limit of 220 % and
maximum black separation. Design colors were samples and compared by the CIE2000-formula. The result
of this is shown in Figure 10.

ar Klour

»

&

L

5

8

£

MY PRECIOUS

Retits Chocolats

Figure 9: Proof of concept with a real-life chocolate design.
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Figure 10: Proof-of-concept of a chocolate design, where the CIE2000 color

differences between the 2 versions almost never exceed 1!
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4., Conclusions

The results of the print trials show that packaging printers can significantly lower the amount of ink with-
out sacrificing visual design aspects. Use of appropriate color profiles enables designers and prepress to
work with the best suitable combination of maximum ink limit and black separation. In this specific proof-
of-concept, a maximum ink limit of 220 % was sufficient to reproduce the needed color gamut. In the up-
coming months more proof-of-concept print runs are planned to check these findings.
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Short Abstract

As of now, the creation and use of tabular devices in society has been strictly focused on the benefits for com-
mercial use. While other device such as monitors or cameras are capable of device-specific colour management,
tabular devices have been left behind with only manufactured colour adjustments available. This has resulted
in a limited use for tabular devices such as the Windows Surface, Apple’s iPads and Samsung’s Galaxy Tabs, in
the professional /printing industry. In particular, the use of these tablets have had limited integration with an al-
ready existing and functioning colour management workflow. This study has analyzed and identified the colour
reproduction capabilities of specific tabular devices so that possible workflow or industry integrations can be
established. This tested evaluated each device through the creation of a ICC profile using i1Profiler. The profiles

were then compared to Macbeth ColorChecker Classic Chart for colour difference values (AE, ) and amongst

2000
themselves for general colour gamut using ColorThink Pro software. The outcome of the tests has shown that

each device tested thoroughly resulted in acceptable industry set AE,  standards with average well below 2.

2000
It was also seen that each device consists of various roadblocks or concerns when looking for future integration
into industry workflows. Overall, while technically usable, the use of tabular devices in the industry is limited

by the progress towards acceptable hardware for the industry.

Keywords: Windows Surface, iPad, Samsung Galaxy, tablets, colour management

1. Introduction and background

In the commercial setting of electronic displays, it is evident that a difference in colour exist between
various brands and specific devices including televisions, cameras, monitors, mobile, and tablets. While
some of these devices such as monitors and cameras can undergo device-wide colour management, others
including tabular devices are left behind with only manufactured colour adjustments being made available.
These adjustments cannot be changed creating limited control over colour accuracy especially if the pur-
pose of the device requires specific colour management. From an average consumers stand point, colour
management capabilities is not a dire necessity with many being accustomed to middling colour accuracy.
With basic technology consumers are capable of viewing devices that are comparable to the best electron-
ic displays of the past and as such manufacturers as of now do not see the importance of incorporating
the feature of expanded colour management inclusion. From a professionally related stand point, specif-
ically with regards to the printing industry, tabular colour management is a promising integration to the
practical production workflow. This when related to commercial monitors used for average viewing and
respectively targeted colour managed monitors. With colour management not only would these devices
be capable of mediocre comparisons, but would be capable of absolute colour accuracy for soft proofing,
beyond simply content.

Display Mate Technologies conducted a set of lab experiments to understand display technologies of var-
ious tabular devices (Soneira, 2015). In doing so, the analyzed absolute colour accuracy, where reference
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points were devised from four sub-categories including full colour gamut accuracy, facial skin tone colour
accuracy, organic colour accuracy, and blue region (cyan to magenta range) colour accuracy. In light of
this, Display Mates research was limited to the commercial use of tabular devices, particularly aiming at
home photography rather than professional work. As such, identifying and understanding factors brought
upon by the printing industry would be beneficial. Additional research was conducted by the University of
Novi Sad with backing from Acta Graphica performed experiments regarding tabular colour management
as it relates directly for their use in colour soft proofing or other colour accurate dependent applications
(Zori¢, 2014). The devices were tested using digital versions of the Macbeth ColorChecker card (calibrated
tiff files use on the device) as well as of Datacolour’s SpyderGallery application, which allowed for colour
management calibration. It searched the possibility of in-application colour management, but identified
the limitations to using specific device software for viewing rather than expanding hardware capabilities.

While in-application colour management would benefit particular industries, the inability to connect with
our devices limits integration with print. With this belief, there resides a need for research and experimen-
tation on various tabular devices to examine existing colour reproduction capabilities of hardware and
identify future industry possibilities.

2. Materials and Methods

In order to study the colour reproduction capability and identify possible future uses of tabular devices in
the printing industry, a set of quality reports were produced for each tablet. The tabular devices employed
and tested in this study were the Windows Surface Pro 3, Apple’s iPad 2, Apple’s iPad Mini 4 and Samsung’s
Galaxy Tab S. Each tablet was measured using the i1Profiler software and i1Pro 2 to calibrate and identify
an ICC profile. Measurement conditions for each device used a CCT white point of D65, a Native luminance,
a gamma of 2.2 and a Native contrast ratio. All these settings were used to best simulate standard device
conditions. To perform the measurements, an additional Duet Display software was used to simulate the
iPads as second monitors. The Surface Pro 3 was capable of installing i1Profiler directly on the device. The
Samsung device required the use of Splashtop’s remote desktop software both on the tablet and a sec-
ondary computer. The Samsung device was then set to view the secondary computer, allowing the tablet
to be measured while the i1Profiler ran on the desktop monitor. The Samsung/Splashtop measurement
method was later scrapped due to inaccuracies later discussed. After initial measurement and possible
ICC profile integration (unavailable on iPads), a quality measurement was performed. The measurement
compared to the 24-patch Macbeth ColorChecker Chart embedded in the i1Profiler software. This was then
used to identify and evaluate the colour difference (AE, ) in CIELAB colour space. The AE,  equation
(CIEDE2000, AE)) was used, despite other options as it is an accepted method seen in standards such as
[S012647. In addition, this equation has been found to better correlate with small differences of colour in
a human observer (Habekost, 2013). The ICC profiles gathered during the measurement process were also
compared for general colour gamut using ColorThink Pro 3.0.3 software.

3. Results and Discussion

When analyzing the results of this study, two major categories were considered. These included the de-
vice-specific colour gamut and general colour reproduction capabilities. Beginning with gamut, as demon-
strated in Figures 1 to 3, the iPad Mini produced the widest colour gamut volume when compared iPad and
Surface (which had the lowest). When examining and comparing each device gamut, it was seen that the
Apple-based devices were capable of achieving an expanded gamut within red to green range. In particular,
the iPad Mini was able to produce an extended amount of warmer colours, specifically yellows. This out-
come could be attributed to the manufactured screen characteristics which aim for a warmer white point;
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thus allowing for more vibrant colours. This is done for commercial photo viewing purposes. The Surface
Pro produced a gamut with an expanded blue to magenta range when compared to the iPad Mini, but was
ultimately overcome by the iPad’s gamut. The Surface Pro is aimed towards traditional desktop computer
use and as such has limited manufactured screen adjustments for colour. In addition to device-specific
gamut, it can also be seen that each of the colours tested using the Macbeth ColorChecker Chart sat within
gamut allowing for accurate colour reproduction measurements. Ultimately by examining colour gamut,
it was possible to identify how the hardware of each device influenced its capability to display a range of
colour. Notably, it determined how the white point of each device affected a further function for colour
management purposes.

o

\
iPad Air2 =N o @ @

Surface Pro 3

Figure 1: 2D graphs of all device gamut tested

iPad Mini 4 : iPad Air 2 Surface Pro 3

Figure 2: 2D graphs of individual device gamut
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iPad Mini 4 1 iPad Air 2

Surface Pro 3

Figure 3: 3D graphs of individual device gamut tested

Table 1summarizesthe AE,  comparisonbetweenthetested tabular devices and the Macbeth ColorChecker
Chart. The average AE,  values were 1.26 for Surface Pro 3, 1.44 for iPad 2 and 1.71 for iPad Mini 4. A sig-
nificant comparison can be seen as the Surface Pro consisted of the smallest gamut volume, but ultimately
achieved better colour reproduction capabilities. This associated to the Surface Pro’s ability to incorporate
ICC profiles as to improve colour reproduction. This proficiency is unachievable using the Apple-based
devices. A significant statistic identified was that for all devices, 90 % values measured resulted in a AE,
of less than 2. From this it can be expected that regardless of device, it is possible to achieve a colour dif-
ference that is not significantly noticeable to the human eye. In addition, industry soft proofing tolerances
would consider these results acceptable (IDEAlliance, 2016). With this in mind, it was also made apparent
that the maximum AE,  measured for all devices would be considered noticeable, but continues to fall
under maximum tolerance expected for soft proofing. While the soft proofing tolerances do not necessarily
match the tabular device conditions, it does provide a strong baseline for comparison. When further ex-
amining the maximum AE, measured, it was determined that for all devices the cyan patch was culpable.
From analyzing each device gamut, it can be recognized that the cyan patch falls extremely close to the
edge of the available gamut. This would explain why each device has trouble reproducing the specific col-
our. Itis interesting to note, that the iPad 2 surpassed the capabilities of the iPad Mini 4 despite its age. This
may be a result of the manufactured adjustments made to the iPad Mini 4 which aimed for an improved or

more pleasing photo device, rather than achieve accurate colour.
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Table 1: Summary of AE,

000

comparison for tested tabular devices

Average AE, Average of Average of Min. AE, Max. AE,
Lowest Highest
90 % AE,, 10% AE,
Surface Pro 3 1.26 1.09 3.17 0.33 3.71
iPad 2 1.44 1.32 2.74 0.69 3.53
iPad Mini 4 1.71 1.56 3.33 0.95 4.40

4, Conclusions

It is evident that manufactured colour accuracy and external colour management on tabular devices will
improve in the future, but this is dependent on various impacting factors that need to be considered both
in the hardware and software. The screens available today that are used in various tabular devices are tar-
geted for commercial and practical consumer use, which do not meet standard lighting conditions used in
the printing industry. In particular, commercial devices traditionally target the sRGB colour space by using
a white point close to D65. The purpose relies on the profiles broad use across digital media. For each de-
vice tested, the colour temperatures exceed 7 000 K CCT as to better orient consumer activities. The use of
higher values of 7000 K and above result in bluer screens thus producing inaccurate colour, regardless of
the AE measured (Monoyios, 2012). This could be further looked upon by examining possible subjective
tendency with relation to viewing device choice. This could ultimately alter image/photo choice despite
the specific devices colour accuracy.

It is indisputable that as screen technologies such as LED, OLED, and LCD continue to advance colour ac-
curacy will improve, but this can only go so far with regards to colour management for industry applica-
tions. Due to this the need for colour adjustment capabilities within the devices operating system is vital
in allowing colour accuracy to spread across the entire device. As of now colour management is only avail-
able on tabular devices through specific software applications and limit the viewing space to inside the
application. An example such applications includes the previously mentioned SpiderGallery and X-Rite’s
ColorTRUE applications. While applications such as these due allow for the illusion of available colour soft
proofing options, the main purpose and fundamental reason for colour management is to provide accurate
colour display across numerous devices such as cameras, monitors, proofers, and printers.

That being said, most general image viewing applications do not incorporate extensive colour managed
settings. The inability to inject and extract colour profiles such as ICC from individual devices lead to lim-
ited connection to the overall color workflow. Those of which are capable, will ultimately be limited by the
screen technology used. Overall, the devices tested show a capability of reproducing colour to a standard
fitting of the printing industry. In light of this, numerous hardware and software roadblocks limit the func-
tionality of tabular devices for conventional purposes within a workflow. This was particular seen during
the testing process for the Samsung Galaxy Tab S. Due to complications in the Samsung’s measurement
availability and method, the ICC and AE,, results represented extremely obscure and inaccurate data. As
such, the results of the Samsung device were excluded until a functional testing method can be identified.
At this time, a suitable method to accurately mirror ilprofiler or other CM software to the Samsung device
does not exist.
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Short Abstract

Evaluating threshold algorithms is a necessary step to obtain reliable measurements of halftone dots character-
istics at the microscale. Supervised evaluation methods are based on a comparison between a thresholded im-
age and a reference image called the ground truth. However, in most cases the ground truth is defined manually
by the experimenter. Generating a synthetic image from a defined ground truth is a solution to obtain an objec-
tive evaluation. We propose therefore in this work to present a method to generate synthetic images that repro-
duce the degradations encountered during printing and imaging, affecting the halftone dots. This method is a
combination of two steps: a simulation of the physical dot gain altering the ideal dots shape, and a generation of
optical defects resulting in a synthetic degraded grayscale image. These treatments include common mean and
median convolution filters and specially developed filters such as a spatial dislocation filter, a pixel aggregate
filter and a noise generator filter. Precise tuning and combinations of the filters allow to obtain a synthetic de-
graded image that reproduces the defects encountered on the microscope visualized reference. Performance of
the generation is then analyzed through visual, frequencial, spatial and coupled approaches. Synthetic degrad-
ed image and microscope captured image appear to be visually similar, have comparable histograms and have
95.21 % of pixel values matchings after a thresholding by mean value of the histogram. Only 3.01 % of fluctua-
tion is observed when analyzing the mean misplacements of the dots centroids. Coupled spatial and frequency
analysis showed a stable number of misclassified pixels in the threshold range of 50-150/255.

Keywords: print, dot gain, synthetic defects, objective evaluation

1. Introduction and background

Since the introduction of mechanical printing by ]. Gutenberg in the 15% century, multiple processes and
techniques were invented to improve print quality and productivity. One major achievement was the de-
velopment, in the 19 century, of the halftoning method allowing to print continuous tone graphics. Today
that method, although improved, remains the common way to print graphics. In order to print a continu-
ous tones image, dots of primaries are printed separately (i.e. halftone) over a small area. Relying on the
property of the human visual system (i.e. averaging the light received under its resolution limit), a halftone
printed area is perceived as a continuous tone. Thus many studies (Lau and Arce, 2001) have been con-
ducted to improve relations between the printing parameters (i.e. dots shapes, sizes and organizations)
and the print perception. These studies require consequently to measure precisely dots characteristics
at the microscale level (Ukishima, 2010), (Lundstrém and Verikas, 2010). Subsequently, models to pre-
dict the output reflectance of a halftone area have been developed and reviewed such as the well-known
Murray-Davis, spectral Neugebauer or Yule-Nielsen models (Wyble et al., 2000). Three types of parame-
ters are used in these models: spectral parameters, microscale dimensional parameters and microscale
light interactions parameters (i.e. optical dot gain and uniformities of ink thickness over the dot surface).
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Although determined traditionally at the macroscale level by the fit of the experimental data and model
output, studies are now investigating the direct measure of these parameters at microscale, (Nystrom,
2008; Namedanian, 2013; Rahaman et al., 2014). Recently applications in the field of product security and
authentication to prevent counterfeiting were developed and relied on singular microscale properties of
printed dots. Indeed, dots printed at high resolution present unique shapes, sizes and registrations due to
print defects. As these defects are uncontrollable and random, attributes of micro 2D codes constructed
from these single dots are unique and not reproductible. The system works through precise measurements
of the dots at the microscale level (Nguyen et al., 2014; Reverdy-Bruas et al., 2015).

In order to achieve measurement at the microscale level, a magnification device such as an optical micro-
scope equipped with a digital camera is often adopted. Measuring objects (i.e. dots) on a color or grayscale
image is not trivial because there are no direct relations to differentiate pixels belonging to the object from
background pixels. An image processing, called thresholding, is then required and allows to differentiate
objects and background (Russ, 2016). This process is in two steps: first a threshold value is defined, then
pixels having a gray level under the threshold value are assigned to the first level and the remaining pixels
are assigned to the second level, thus obtaining a binary image. This binary image has ideally only the ob-
ject represented by the first level and only the background represented by the second level. Measurements
from the thresholded image become then straightforward: measuring the attributes of the first or the sec-
ond level of pixels.

Multiple threshold algorithms have been developed and evaluated (Sezgin, 2004). However their perfor-
mances were not tested for microscale halftone dots images. Evaluating objectively threshold algorithms
is then a necessary step to obtain reliable measurements and thus improve the accuracy of applications
requiring microscale halftone dots characteristics. Multiple threshold evaluations were proposed in the
literature, however the approaches taken were either application independent, based on subjective steps
or based on supervised methods that compare the thresholded image with an image of reference defined
by the experimenter and called the ground truth image (Zhang, 1996; Philipp-Foliguet and Guigues, 2008;
Cardenes et al., 2009; McGuinness and O’Connor, 2011; Johnson and Xie, 2011). In most cases encountered
in the literature the ground truth image is defined manually by the experimenter and reduces the objectiv-
ity of the evaluation. As explained by Johnson and Xie, (2011), one way of achieving objective evaluation
is to generate a synthetic image. The principle of this method is to generate a synthetic image that is sim-
ilar to the natural image, by degradation of a ground truth image. We propose in this work a novel meth-
od to generate synthetic images reproducing degradations encountered during printing and microscope
imaging (i.e. simulate degradations that transform ideal halftone dots to the observed dots), in order to
perform an objective evaluation of printed dots images threshold algorithms. This evaluation is necessary
to control measurements errors and improve the measure accuracy of halftone dots characteristics at the
microscale. This allows to improve halftone and color models in relation to the print perception and allows
progress in advanced printed applications such as printed product security and authentication to prevent
counterfeiting.

2. Materials and Methods

To evaluate objectively threshold algorithms processing microscale halftone dots, the strategy described in
Figure 1 is adopted. First microscale halftone dots configurations are captured on luminance calibrated op-
tical microscope. These images, called microscope captured image (MCI), are used as reference grayscale
images to be thresholded. In a second step, an ideal binary image representing printed halftone dots is gen-
erated from transformed ideal dots and called the ground truth image (GTI). This ideal image represents a
theoretical perfect threshold of printed dots (i.e. dots presenting mechanical dot gain but having a constant
reflectance over the surface). In a third step, the GTI is transformed into a grayscale image by simulating
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defects encountered during printing and capture under optical microscope. This gray level image is called
the synthetic degraded image (SDI). In a fourth step various thresholding algorithms are applied on the SDI
to obtain a new binary image called the thresholded degraded image (TDI). Finally, in a fifth step, the two
binary images TDI and GTI are compared allowing to evaluate objectively threshold algorithms.

Synthetic
defects @ Threshold

Figure 1: Strategy to evaluate threshold algorithms, from microscope captured image (MCI), to ground truth image
(GTI), synthetic degraded image (SDI) and thresholded degraded image (TDI).

Ideal dots
alteration

Compare

evaluate Score

2.1 Paper, printing and optical microscope measurements

The test form shown in Figure 2a is generated manually and consists of 30 dots with a pixel binning of
2 x 2 at the resolution of 2 400 dpi, spaced unequally to reduce periodic influence. Each dotisa 21.17 um
width square. The test form is printed on a Seaille & Tison Sprint 2000 conventional offset printer of
480 mm width with a rotating web performing at a native resolution of 2 400 dpi, at a maximum of 130 m/
min. Classical offset coated paper of 85 um * 1 pm thickness and 0.9 pm * 0.1 pm roughness is employed.
A Zeiss Axio Imager M1m optical microscope mounted with a Zeiss MRc5 (RGB 5.0 megapixels CCD cam-
era) is used with an EC Epiplan Neofluar 20X/0.5 HD DIC objective. Total magnification on sensor is
12.6 x with a physical pixel size on sensor of 3.4 um/pixels. Thus the calibrated system captures images
of 0.271 pum/pixels, giving an observation field of 700 um x 525 pm. Dark field reflected light microscopy
is chosen to capture dots at microscale thus taking into account optical dot gain (Nystrom, 2008). A hal-
ogen lamp Zeiss Hal 100 is used as light source for the microscope. Let’s note that the source used is not
a standard illuminant however we consider it close to standard illuminant A. The luminance is calibrated
with a photodiode to take into account the ageing of the source and losses on the microscope according to
the observation method. The microscope captured image, MCI, is shown in Figure 2b.

p
<

623um

Figure 2: (a) test form, (b) print of (a) on paper observed under optical microscope (MCL.)
2.2 Image processing transformations

Usual and specially developed image transformations are used to simulate GTI and SDI. Image smooth-
ening is used through usual mean and median blur convolution filters described in equations [1] and [2].

Special filters include a generation of the theoretical dots with a parametrized randomization of the dots
sizes shown in equation [3]. A pixel spatial dislocation filter, presented in equation [4], was designed to
degrade the regular smooth borders of the theoretical dots. Pixels aggregates were generated using the
function described in equation [5]. Finally a noise generator shown in equation [6] was designed to repro-
duce the sensor induced statistical error.

Iz,y) = Y1

Ly a==em v

Ly x I(x 41,y + j). with m the kernel size [1]

I(z,y) = Median|!" I(x+ty+7) (2]

J=—m
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2.3 Synthetic degraded image generation

K if (z—C.(p))?+ (y— Cu(p)? = Ru(p)?

I .1 \ ) x\ ¥, y\V}) d J
\zy) { 0  otherwise (3]
with for each dot p ]”'1" parametrized radom radius o) 4 1 the pixel value

(p): =,y centroid coordinates

Ix,y) = Iz + Rsw,(x.y),y) x Rds(z,v)

I(x,y) = I(z,y + Rszy(x,y)) x Rds,(x .,/,‘, [4]
rith Rds, ,(x,u): Parametrized random continuity function
with |H-'t',_,,(.f.!/l: Parametrized random displacment function
\ - o Vo, U i
Ia.y) = Iz,y) x K, if Cp,(8)+ >, Rsty,(s,u) = (x,y) (5]
2 0 otherwise
Rsty ,(8,u): ¢ exity val t siz , .
with for each stain s of size u |, 72 7 o e " and K, the pixel
£ ul8): x,y centroid coordinates :
intensity variator
I ) K, if R, (x,y)= True
I, y)= , . > \ .
Y K, if R,(x,y) = True [6]
'.']7 l\’y.”_.: the pirel value for background (K,) and object (K,)
with |H,.. parametrized random Gaussian function
Theoretical Dots generation: Equation [3], Rd(p)-> 0.6x-1.4x theoretical dot diameter, K=1 |
X X
Blur mean convolution: Equation [1], m=69 pixels |
A 4
Pixels spatial dislocation: Equation [4], Rds, ,(x,y)->90%,
Rsw, ,(x,y)->Block thickness: 1-30 pixels, Block displacment: 1-50 pixels
Blur median convolution: Equation [2], m=13 p/xels |
Blur mean convolution: Equation [1], m=13 plxels |
Manual Thresholding |

Figure 3: Generation and transformation of ideal dots to obtain the GTI.

Starting from the MCI, the first step is to build the GTI. First a manual thresholding is applied to the MCI,
Figure 5b, (controlled visually to discard optical dot gain Figure 5a) and dots centroids are measured. A
first GTI is obtained by generating theoretical ideal dots (disks) at each measured centroids, Figure 5d.
This result although close from the image before printing doesn’t simulate the physical dot gain encoun-
tered during printing, Figure 5c. Consequently further treatments are applied on the GTI, Figure 3, such as
regeneration of theoretical dots with size randomization, smoothening by a mean convolution filter, cen-
tered random spatial dislocations, smoothening by median and mean convolution filters and a final mean
thresholding to rebinarize the GTI, Figure 5e. A comparison of the GTI and the thresholded MCI is shown
in Figure 5f.

Background color correction: Grayscale 240/255 applied to GTI background

Dust defects : Equation [1], Rd(p)—>4-30 p/xels?kégray level 140-180/255, p=50
Ink thickness heterogeneity: Equation [1], Rd(p 94 16 pixels, K->240/255, p=1000
llluminant & Paper heterogeneity: Equation [5 ,:s=50, u->100-500, K,—0.7-0.8

Blur mean convolution: Equation [1], m=29 pixels

Pixels spatial dislocation: Equation [4], Rds, (x,y)->90%,
Rsw, ,(x,y)->Block thickness: 5-40 pixels, Block displacment: +/- 0-30 pixels

Blur median convolution: Equation [2], m=11 pixels

A ¥4
Blur mean convolution: Equation [1], m=13 pixels

Gaussian noise: Equation [6], R,~> 0.6/1, K,>gray level 180-255/255, K,~>gray level 30/255

A 4
Blur mean convolution: Equation [1], m=5 pixel$
- Z
Blur median convolution: Equation [2], m=3 pixels
Pixel intensity plane deformation and offset

Figure 4: Synthetic defects simulation to obtain the SDI from GTI.
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Figure 5: Ideal dots alteration: (a) thresholded dots of the MCI in white on MCI background showing discarded
optical dot gain, (b) thresholded dots of the MCI, (c) theoretical dots generation in white at the centroids of the MCI
thresholded dots, (d) theoretical dots generation, (e) dots obtained after application of the ideal dot alteration method,
(f) comparison between (b) in magenta and (e) in cyan.

Next, synthetic defects are applied on the GTI to obtain the grayscale SDI as shown on Figure 4. First a
correction of background color is applied by offsetting the background of the GTIL. Then defects are add-
ed to the GTI. The first simulates optical defects by generation of dots with parametrized random sizes,
centroids and gray levels associated with intensity gradient. The second defect simulates ink thickness
heterogeneity by introducing small dots with identical gray level as background and parametrized random
sizes and centroids. The third defect simulates the illuminant and paper heterogeneity by generation of
pixels aggregates with parametrized random sizes, centroids and gray level. Results of these degradations
are showed on Figure 6a. Then treatments to simulate optical dot gain are applied. These treatments can
be summarized as a smoothening by a mean convolution filter, centered random spatial dislocations, and
others smoothening by median and mean convolution filters. Degradations induced by the sensor are then
simulated. These degradations are generated by the application of a parametrized Gaussian noise causing
gray value random errors affecting differently background and objects. Smoothening by mean and median
convolution filters convolution is then performed. The final deformation takes into account the non-uni-
formity of the background gray level intensity, due to edge effects (i.e. light scattering), by bending the
plane and thus decreasing the pixel intensity on the edges. The SDI generated is shown in Figure 6b.
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S L, 8 %% S , &6 & ¢ & , 6 ¢8 o
B e % ¥, P N » e s
© 5 % 4@ ® ¢+ % 4 ®» s " ¢ ®
> W e *® vee » o veoe
~ 623um i

Figure 6: Synthetic defects generation: (a) background correction and simulated degradation added on the GTI,
(b) SDI obtained, (c) manual threshold of the SDI.
3. Results and Discussions
We propose in this section to investigate the similarities between SDI and MCI from qualitative (i.e. visual

comparison) and quantitative (frequential, spatial and coupled measurements) approaches. The MCI,
Figure 2b, and the SDI, Figure 6b, (enlarged in Appendix 1) appear visually to be similar. Heterogeneous
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background is observed for both images, with darker areas (i.e. shadows), fuzzy edge of halftone dots,
random background noise and background defects such as dust in the optical path or ink residues on the
paper. Although these last defects seem to be smaller and in a greater number on the MCI. Comparing now
the dots, we observe that their shapes and sizes distribution are globally similar. Dark levels seem to be a
little more pronounced on the SDI, as we observe bigger varieties of gray levels on the MCI. The missing ar-
eas inside the halftone dots appear to be well simulated on the SDI. Looking at the Figure 7, we can evaluate
the performance of the SDI focusing one single dot. Edge sharpness, general shape, size, optical dot gain,
shadows, satellite defects and miss-inking appear to be similar. The simulated dot gives an impression of
blurrier version of the MCI, which is discarded after thresholding where the two dots seemed to be similar.
From this first qualitative analysis, we conclude that SDI seems to simulate correctly the observed MCI.
As this first analysis allows to give a global perception, a deeper investigation is necessary to quantify the
performance of the SDIL.

S

N

75um

Figure 7 Comparison of the MCI and the SDI at the scale of a single dot. Enlargement of: (a) MCI, (b) SDI,
(c) thresholded MCI, (d) thresholded SDI.
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Figure 8: Histograms of the MCI in magenta and of the SDI in cyan.

The frequency analysis (i.e. histogram) allows to determine the gray levels repartition of the pixels. It is
interesting to study this property because most thresholding algorithms operate on the histogram. Images
that give ideal threshold results show a histogram with two maxima: one located in the low gray levels (i.e.
dark areas corresponding to the foreground) and another one located in the high gray levels (i.e. lighter
area corresponding to the background). Threshold of this ideal histogram takes place in between these
maxima. The results obtained differ from the ideal case, Figure 8, with for MCI and SDI, only one maximum
well defined. This shows why thresholding correctly the MCI is difficult. MCI and SDI histograms are sim-
ilar. The generation simulates then correctly the frequency repartition of the MCI. For both repartitions,
maxima are located at the same levels. Let’s note that the SDI shows repartitions less similar to Gaussian
distributions that the MCI, which can, in some cases, decrease the accuracy of the threshold algorithms.
The frequency analyses only rely on global repartition of pixels gray levels, spatial information of pixel is
totally ignored. For that reason, a spatial repartition study is required to improve the analysis of the SDI.
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3.2 Spatial analysis

To conduct a spatial analysis, we first need to threshold MCI and SDI in order to be able to simply compare
pixels from one image to another. Thresholds by mean value of the histogram are applied. The threshold
level for the MCl is calculated at 105/255 and the SDI at 114/255. The thresholded SD], called the TDI, and
thresholded MCI are then compared with a XOR function modified to take into account separately missing
foreground pixels and added foreground pixels. Results are shown in Table 1 and in Figure 9. We can ob-
serve, on the TDI, that there is a greater number of missing foreground pixels than added ones: 31.07 %
normalized to the number of foreground pixels and 4.32 % normalized to the total number of pixels. As
shown on Figure 9, the random parameters of the generation make the comparison dots per dots difficult
and it is interesting to introduce indicators. The subtraction of missing and added foreground pixels gives
an access to an average differential measurement called DMean. This average indicates the total area dif-
ference of dots and is positive if the area is smaller than the reference and negative if the area is larger. A
range of misregistered pixels is introduced as well and allows to analyze the total area variation of dots.
Finally, the fidelity ratio F, is calculated through equation [7] and evaluates the similarity of the dots of the
two images. DMean reaches 20.96 % and indicates that the averaged area of dots is smaller on the TDI. The
range of misregistered pixels of 41.18 % indicates that the area dispersion of the TDI dots is large com-
pared to the average size of the dots on thresholded SDI. The fidelity ratio F, normalized to the number
of foreground pixels of the thresholded MCI reaches 65.56 % and respectively 95.21 % when normalized
to the total number of pixels, thus we can conclude that the shapes and areas of the TDI dots are globally
similar to the reference. Another measure of the spatial similarity investigates the TDI dots centroids mis-
placements compared to the thresholded MCI centroids. As shown on Figure 10, we can observe that the
orientations of the misplacements vectors are distributed in every direction. The eigenvector of the mis-
placements has a small modulus: 2.4 pixels (i.e. 3.1 % mean misplacement error normalized to the theoret-
ical dot size). This demonstrates that our generation method reproduces globally the spatial distributions
of the MCI dots. We conclude that the simulated SDI is spatially similar to the MCI. This analysis relies on
the threshold chosen. Coupling spatial and frequency analysis is then the next step to evaluate the SDI.

Table 1: Special XOR to find misregistered pixels on the TDI compared to the thresholded MCI

Normalized to the number of Normalized to the total
foreground pixels of thresholded MCI. number of pixels.
Added foreground pixels on TDI. 10.11% 1.41%
Missing foreground pixels on TDI. 31.07 % 432%
DMean of misregistered pixels on TDI, 20.96 % 291 %
equation [7].
Range of misregistered pixels on TD], 41.18% 5.73%
equation [7].
Fidelity ratio F, of TDI, equation [7]. 65.56 % 95.21%
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Figure 9: Representation of modified XOR with in cyan the Figure 10: TDI centroids misplacements vectors
TDI missing foreground pixels, in magenta the TDI added (MCI reference) in black and eigenvector in red.

foreground pixels and in blue the shared foreground.
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3.3 Coupled spatial and frequency analysis

Coupled spatial and frequency analysis gives access to misregistered pixels indicators normalized to the
total number of pixels in function of the cumulated frequency from 0 to 255. The results are shown in
Figure 11. The figure is made less bright on the edges because spatial misregistration is not relevant for
small and big threshold values as shown on the two thresholded images of the MCI in Figure 11. We observe
on the black curve a plateau of the inverse fidelity ratio going from threshold value 50/255 to 150/255.
Minimum of this plateau is found at threshold value of 100, which confirms the choices of threshold for the
spatial analysis. Moreover having a plateau implies that thresholds within the plateau interval will result
in similar amount of misregistered pixels. We can then conclude that the simulated SDI is stable toward
threshold value variations and represent correctly the MCI from frequencial and spatial approaches. The
simulated SDI is then relevant and the method can be used to perform threshold evaluation for microscale
halftone dots measurements.
Py = 100 122coan +2sRange. DMean = Mp— Ap: Range = Ap+ Mp (7]
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Figure 11: Misregistered pixels indicators normalized to the total number of pixels as a function of the threshold values
applied to MCI and SDI and two images of thresholded MCI at threshold values of 50/255 and 200/255.

4., Conclusion

The generation method, presented in this work, allowed to generate a grayscale synthetic degraded image.
This image was then analyzed to measure the similarity from the microscope captured image. Visual com-
parison showed that the two images appeared similar. A frequency analysis was conducted and showed
that the two image histograms were similar with maxima and minima located at the same levels. The
synthetic degraded image shows a repartition less similar to Gaussian distribution. Spatial analysis was
investigated after thresholding of both images by mean method. 65.56 % of fidelity ratio F, normalized
to the number of foreground pixels of the reference was found which showed consequent error from the
simulations when comparing single dots. This was explained by the random parameters used in the gen-
eration with 41.18 % of missing and added foreground pixel range. 95.21 % of fidelity ratio F, normalized
to the total number of pixels was found when a global measurement approach was taken. Mean misplace-
ment of centroids was found at * 3.1 % of theoretical dots size, which confirmed similarity of dots place-
ment. Coupled spatial and spectral analysis finally showed that the generated synthetic degraded images
are stable and behave similarly compared to the reference for thresholding in the 50-150 interval range.
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The method developed allowed to obtain reliable synthetic images that reproduce correctly degradation
encountered by halftone dots printed on coated paper. As explained, evaluating objectively thresholds al-
gorithms is a necessary step to measure precisely halftone dots characteristics at the microscale. Reliable
halftone dots measurements at the microscale allow finally to improve halftone and color models in rela-
tion to the print perception and allow progress in advanced printed applications such as product security
and authentication to prevent counterfeiting. Another perspective of this work is to reverse the method
presented here to develop an improved threshold algorithm specially adapted for printed halftone dots.
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Appendix 1:

(a) Microscope captured image of printed halftone dots (MCI), (b) manual threshold of (a),
(c) simulation of the MCI by application of synthetic defects, (d) manual threshold of (c).
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A Case of Beer: A study to determine if the visual design elements of Ontario craft beer
packaging communicate their unique flavour profiles
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Short Abstract

The North American craft beer industry is expanding at a rapid pace. Revenue growth has been at, or near, the
double-digit mark since 2009, while the overall beer industry’s sales have remained stagnant. The Ontario Craft
Brewers Association (OCB) represents over 60 craft breweries across the province of Ontario, declaring the
slogan: “Taste. The difference.” This research project examines whether or not the unique flavour profiles that
differentiate craft beers from their competitors are effectively communicated through the products’ packaging,
as decoded by target consumers. The current literature on branding, graphic design, and semiotics in the food
and beverage industry has not adequately addressed craft beer packaging in this context. This project seeks to
address the aspects of visual communication in packaging (typography, colour and imagery) and their effective-
ness in connecting to the flavours of Ontario craft beers. Through data gathered by questionnaires distributed
to a convenience sample of consumers, this research provides insight to graphic designers and craft beer brand
champions as to whether or not their main competitive advantage is effectively communicated. Ultimately, con-
sumers may be able to taste the difference, but this research determines whether or not they are able to see the
difference.

Keywords: packaging, print, design, typography, semiotics

1. Introduction and Background

The Ontario Craft Brewers Association (OCB) represents over 60 craft breweries across the province of
Ontario and states that: “.. it's taste that we're obsessed with, and taste that distinguishes us from other
beers, so naturally our slogan is Taste. The difference” (Ontario Craft Brewers Association, 2013a). This
research examines whether or not the unique flavour profiles that differentiate craft beers from their com-
petitors are communicated effectively to target consumers through the products’ packaging.

The North American craft beer industry is expanding at a rapid pace. Revenue growth has been at, or
near, the double-digit mark since 2009, while overall beer industry sales have remained stagnant
(Koustas, 2012). The craft beer segment continues to grow between 20 %-30 % each year, proving to be
fastest area of expansion within the Liquor Control Board of Ontario’s (LCBO) beer category (Ontario Craft
Brewers Association, 2014). The Ontario Craft Brewers Association (2013b) defines Ontario craft brewers
as small (maximum size of 400,000 hectolitres of total beer production per year), independent (local-
ly-owned and not significantly controlled by a larger company), and traditional (promising to brew innova-
tive beers). Craft breweries’ key competitive advantage is small batch brewing resulting in unique tasting
notes and creative flavour profiles.

Retailers (namely The Beer Store and LCBO in Ontario) are embracing the craft beer trend and purchas-
ing product to accommodate the expanded palates of their customers. The Beer Store (which is a private
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retailer run by three major international breweries) opened up ownership to Ontario craft breweries in
January 2015 (Benzie, 2015). The LCBO introduced beer descriptors on their in-store shelf tags and pro-
vided supplementary printed material to educate customers on various flavour profiles. In the short print-
ed publication released by the LCBO entitled Beer World: Tap into the Adventure (shown in Figure 1), the
inside front cover sets the stage for the revolution in craft brewing: “Like wine or whisky, beer is complex.
[t ranges from light to full, malty to spicy, and everything in between. Knowing about beer styles and tastes
is the first step to choosing a beer that you'll love. So enjoy the variety and tap into the adventure!” (Beer
world: Tap into the adventure, n.d., p.1). Customers are then presented with a decision tree, encouraging
them to use a three-step system: pick the body (mouthfeel, texture, weight), pick the flavour/aroma (malty,
roasted, fruity, floral, hoppy, spicy), and the retailer then encourages consumers to find their favourite beer
using the body and flavour/aroma descriptors on the in-store shelf tag (i.e. light and fruity) (Beer world:

Tap into the adventure, n.d.).
FIND A TASTE

INTRODUCING BEER DESCRIPTORS AT THE LCBO

(Body a the beer's mo

t : v e
Vi

4 -

- LIGHT

STEP 2: PICK YOUR FLAVOUR/AROMA

=
v ) »
ve Tee W

STEP 3: FIND YOUR FAVOURITE BEER USING
DESCRIPTORS ON THE SHELF TAG IN-STORE

STEP 1: PICK YOUR BODY

Figure 1: Beer decision tree and in-store shelf tag example
(Beer world: Tap into the adventure, n.d., p.2)

In his book entitled Synesthetic design: Handbook for a multisensory approach, Haverkamp (2012) discuss-
es design elements such as colour, typography, and imagery and ways in which they impact olfactory and
gustatory sensory modalities. Colour strongly influences perceived smells; therefore colour is an impor-
tant factor not only in the perception of the beverage product itself, but also the packaging containing the
items. Sales are directly affected by the dissonance between expectation and reality of the colour of food
and beverage products. Although the perception of colour, smell, and other sensory experiences are unique
to individuals, colour systems have been developed, namely a colour circle for scents, created by perfume
designer, Karl-Heinz Bork (shown in Figure 2) (Haverkamp, 2012). In the middle of the circle there are
four categories of senses described: two cross-sensory (light and heavy) and two that make reference
to specific smells (green refers to fresh, while floral notes refers to flowery scents). In studies conduct-
ed using this framework, the results are fairly consistent regarding smells associated to specific colours
(Haverkamp, 2012).
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" FLORAL NOTES

Figure 2: Circle of scents representing the allocation of characteristic smells to colours
(Luckner, 2002)

Furthermore, in this study, visual communication will be examined through a semiotic lens (including ty-
pography, imagery and colour). The semiotic tradition is most relevant to this topic because it explores
sign systems, meanings, and the overall medium to achieve common understanding (therefore clear com-
munication) between individuals (Craig & Muller, 2007). Although the field of semiotics includes words
and language, the focus will remain on non-linguistic, visual semiotics. This research is important because
distinctive flavour profiles are craft breweries’ primary differentiator; therefore this research will be in-
formative to craft brewers, as well as food and beverage marketers in general, to see if their packaging
designs (including typography, colours and imagery) communicate unique flavours to target consumers.

2. Materials and Methods

The research design method selected for this study was cross-sectional, as it examines a single point in
time. This research falls into the discovery paradigm, as the nature of the findings attempt to classify ob-
jects and the process will be systematic and repeatable. Furthermore, this study is considered exploratory,
as there is currently little research in this area.

Participants in this research study were of legal drinking age when they participated in the study and they
were provided with an electronic survey. Surveys were distributed to a convenience sample of friends,
family, colleagues, and students within the School of Graphic Communications Management at Ryerson
University in Toronto, Ontario. Participants were asked to complete a short survey questionnaire available
via GoogleForms. A total of 148 respondents completed the questionnaire in its entirety.

Both quantitative and qualitative information was gathered through a questionnaire and participants’ an-
swers remained confidential. The questionnaire took under 10 minutes to complete and it was designed
in a visually pleasing way to reduce the likelihood of respondent fatigue resulting in non-completion. The
questionnaire was comprised of two sections. In the first section, participants were asked questions relat-
ed to demographics (age and gender), beer purchasing habits, the participant’s level of expertise regarding
craft beer, as well as questions about what participants believe beer tastes like in general. In the second
section, participants were asked about their understanding of the flavours represented in seven craft beer
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packaging designs. Participants were asked to select all of the flavours that they felt were communicated
through the label displayed from a list of 20 flavours. The flavours on this list were chosen because each
one is a flavour contained within one or more of the seven craft beer examples. In this study, participants
were then asked two multiple choice questions about the most important visual cue they used to make
their flavour choices (fonts, colours, images/graphics, beer name, additional words, other), as well as the
least important visual cue they used to make their flavour choices (using the same list as the previous
question).

The specific packaging examples used were chosen either because they were seasonal brews or less com-
mon craft beers that most consumers would not have seen or tried. The specific examples were also se-
lected because they did not outwardly state the flavour of the beer in their title. Furthermore, these beers
were chosen because their flavour profile and tasting notes were available to the researcher, helping to
increase the validity of information for this study. A range of craft beer products (all from different Ontario
craft brewers) was chosen to provide a more representative sampling of products. Open-ended questions
were used sparingly and only for “additional comments”, which allowed the participant to enter free-form
text with no character limit. The “additional comments” section was the only part of the questionnaire that
was optional to answer.

The list of flavors for each of the seven packaging examples was imported into a word cloud generating
site (www.wordle.net) where patterns regarding the most frequently selected flavours began to emerge
visually. Word clouds provide graphical representation of the data and are suited to exploratory qualitative
analysis, but are also helpful in identifying trends in a closed-format quantitative study where participants
are asked to select from a series of keywords (BetterEvaluation, 2014). A consistent typeface and orien-
tation was used for all word clouds in this study, however the colour scheme was modified for each one
to best represent the most commonly selected flavours for each packaging example. For instance, for the
packaging examples that have “cinnamon” as one of the top flavours selected, a brown color scheme was
used to coincide with this popular flavour. This helps to visually communicate the common flavor profiles.

3. Results and Discussion
3.1 Results of Two of the Seven Craft Beer Samples with the Most Significant Findings (n = 148)

3.1.1 Beau’s All Natural Brewing Company’s Channel Ocho Mexican Spiced Ale (Figure 3)

—— ol

CHANNEL OCHO

MEXICAN SPICED ALE

Figure 3: Beau’s All Natural Brewing Company’s Channel Ocho Mexican Spiced Ale label
(Channel Ocho Mexican Spiced Ale, n.d.)
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Figure 4: Channel Ocho word cloud of flavours selected by participants

As visually communicated (Figure 4) through the word cloud for Channel Ocho craft beer, the most com-
monly selected correct flavour was chilies with over three-quarters of participants (75.7 %) identifying this
flavour correctly. Notably, chipotle was also correctly identified by a large number of participants (63.5 %).
Cinnamon was correctly identified by a smaller percentage of participants (29.7 %) and fruit, banana, fig,
and cocoa were identified by an even smaller percentage, as each of these four flavours was identified cor-
rectly by fewer than 10 % of participants (Figure 5). Ginger, nutmeg, citrus, apple wood, orange peel, and
smoke were the most commonly selected incorrect flavours, that do not exist in Channel Ocho craft beer.
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Figure 5: Frequency of participants who selected flavours correctly for Channel Ocho craft beer
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Figure 6: The most important visual cue used to make flavour choices for Channel Ocho craft beer

The distribution of visual elements on the label that participants identified as the most important cue
to make flavour choices was fairly even (Figure 6). Colours (23 %), images/graphics (23 %), beer name
(27.7 %), and additional words (25 %) on the label were the most common visual cues used to select the
flavours in the craft beer.
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Figure 7: The least important visual cue used to make flavour choices for Channel Ocho craft beer

The least important visual cue (Figure 7) that participants did not use to make flavour choices for this craft
beer label was fonts (39.9 %).

3.1.2 Railway City Brewing Company’s Iron Spike Beer (Figure 8)

Figure 8: Railway City Brewing Company'’s Iron Spike label
(Iron Spike, n.d.)

GingerCocoa
NutmegHoney
Chipotle

Cinnamon «Joffee
o0k Caramel

Apple
P\F,’V% O%m%hm Coffee

Figure 9: Iron Spike word cloud of flavours selected by participants
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Figure 10: Frequency of participants who selected flavours correctly for Iron Spike craft beer

As visually communicated through the word cloud for Iron Spike craft beer, the most commonly selected of
the four correct flavours was smoke with approximately one-quarter of participants (27.7 %) identifying
this flavour correctly (Figure 9, 10). Fruit was the second most commonly identified correct flavour by
8.1 % of all participants. Banana and bubblegum were the least correctly identified flavours (each identi-
fied by only 1.4 % of participants). Cinnamon, caramel, apple wood, and coffee were the most commonly
selected incorrect flavours, that do not exist in Iron Spike craft beer.
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Figure 11: The most important visual cue used to make flavour choices for Iron Spike craft beer

The most important visual cue participants used to make flavour choices (Figure 11) was colours (31.8 %),
followed by beer name (22.3 %), fonts (21.6 %), additional words (14.2 %), images/graphics (9.5 %), and
other (0.7 %). The one respondent who selected “other” did not enter free-form text.
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Figure 12: The least important visual cue used to make flavour choices for Iron Spike craft beer

The least important visual cue that participants did not use to make flavour choices (Figure 12) for this
craft beer label was fonts (27.0 %), followed by additional words (26.4 %), images/graphics (18.9 %), beer
name (16.9 %), colours (10.1 %), and other (0.7 %). The one respondent who selected “other” did not enter
free-form text.
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3.2 Discussion

In analyzing the results, it is clear that identifying flavour correctly based on the visual cues presented on
craft beer labels (even when provided with a list to choose from) is very difficult.

There was one main exception where participants had greater success selecting correct flavours, as well as
one label where very few participants identified any flavours correctly, which are the two labels explored
in the results.

The label examples that were most successful from a flavour identification standpoint was Beau’s All
Natural Brewing Company’s Channel Ocho craft beer. This label had the highest percentage of correct re-
sponses for any one flavour. Over three-quarters of all participants (75.7 %) identified “chilies” correctly.
Interestingly, participants overall did not identify one dominant visual cue as the most important to make
flavour choices. In fact, the distribution across the four most frequently selected visual cues was fairly even
(colours - 23 %, images/graphics - 23 %, additional words - 25 %, and beer name - 27.7 %). Furthermore,
some participants provided qualitative data to help explain their flavour choice, including one participant
who stated: “After seeing the word “Mexican Spiced”, I started associating Mexican flavours (like chilies,
coffee) with the label.”

The quantitative and qualitative data for Channel Ocho craft beer suggests that it is not just one visual cue
that works independently to help identify flavour. The data also suggests that different visual cues work
for different people to identify flavour. The different visual cues presented on the label may work together
with one another to help the viewer determine what the label is trying to communicate.

Regarding the craft beer that was least successful in communicating specific flavours to consumers
(Railway City’s Iron Spike), almost two-thirds of all participants in the study (63.5 %) identified zero of the
four flavours in the craft beer correctly. All participants (100 %) identified two or fewer of the four correct
flavours. Some of the flavours in this craft beer were fairly unusual (banana and bubblegum) and a total
of 2 participants (1.4 %) identified either of these unusual flavours correctly. These results are logical be-
cause there are no visual cues (fonts, colours, images/graphics, beer name, additional words) present on
the label to suggest that these flavours would be in this beer. Furthermore, the most important visual cue
participants used to make flavour choices was colour (31.8 %), followed by beer name (22.3 %). This sup-
ports the results that participants’ selected incorrect flavours not present in the beer such as cinnamon,
caramel, apple wood, and coffee, which could all be represented by the deep red colour on the label or even
through the name “Iron Spike”.

4., Conclusion

The craft beer marketplace is booming, however brand owners have very little formal research available
to them about how to communicate key messages through packaging design. Unique flavours are craft
brewers’ competitive advantage but that doesn’t mean that specific flavour nuances are effectively com-
municated to, or decoded by, consumers. The results of this study showed that it is very difficult to identify
specific flavours by examining only the front label of the craft beer product, even when the participant is
provided with a list of flavours. However, perhaps it is not through the visual cues on the labels that the
unique flavours should be communicated. Instead, by leveraging standardized identification systems al-
ready in place (such as in-store shelf tag system used by the LCBO in Ontario), flavour can be categorized
and communicated to consumers for increased awareness and understanding.

Currently, the LCBO uses “beer descriptors” on their in-store shelf tags and they have provided supplemen-
tary printed material to educate customers on a variety of standardized flavour categories, as described in
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an earlier section of this study. A strong comparison can be made between the colours chosen by the LCBO
for the six flavour/aroma categories and the “circle of scents” by Karl-Heinz Bork (shown in Figure 2).
Below is a chart that describes how these two visual flavour/scent identification systems compare to one

another.

Table 1: LCBO Flavour/Aroma Categories Relative to Bork’s “Circle of Scents”

LCBO Flavour/Aroma Description of LCBO Colour for LCBO Most Closely
Category Flavour/Aroma Flavour/Aroma Corresponding Scent
Category Category (and Colour)
From Bork’s Chart
Malty Bread crust, caramel, Gold Amber
molasses, chocolate,
cereal grains, brown (Dark Brown)
sugar
Roasted Coffee, dark chocolate, Dark Brown Nutty-Dark (Red)
toasted dark bread,
toasted nuts
Fruity Strawberry, plum, pear, Orange Fruity-Light (Orange)
ripe banana, orange,
lemon, lime
Floral Lavender, white flower, Purple/Lilac Sweet-Aromatic (Pink)
rose petal, spring
meadow
Hoppy Citrus, grass, herbal, Green Green
green tea, pine, grapefruit )
pith, overripe pineapple (Lime Green)
Spicy Pepper, cinnamon, Red Aromatic-Spicy (Red)
nutmeg, coriander, ginger,
clove

As outlined in the Table 1, four of the six flavour/aroma categories used by the LBCO employ the same col-
ours as those depicted in Bork'’s “circle of scents” chart when compared to the most closely corresponding
category. The remaining two flavour/aroma categories were quite close in colour to those depicted within
the “circle of scents”. This consistency is very encouraging and it helps support the idea that colour can be
used as a visual indicator to help standardize the communication of flavours and aromas. These colours
act as learned sign systems that visually communicate complex beer flavours in an easily understandable
format to consumers.

It is in the craft brewers’ best interests to work with retailers (such as the LCBO and The Beer Store in
Ontario) to emphasize, expand, and otherwise more broadly communicate the “beer descriptors” identifi-
cation system currently used on store shelves by the LCBO. Currently, the LCBO uses colour to communicate
the six flavour/aroma categories in their marketing materials, but they do not use colours on store shelf
tags. They only provide the written text of body and flavour/aroma on the in-store tags and do not include
the associated colours. The use of colour as a visual cue on the in-store shelf tags would help more effec-
tively communicate flavour to consumers. As the number of craft breweries in Ontario, Canada, and the
world increase, these types of standardized flavour identification systems will become more important for
both brewers and consumers to aid in a common level of understanding.
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Short Abstract

From top class Universities and governmental organizations to high-end global brands and well-known local
brands, a surprising consistency of inattentiveness has been published in these companies’ prestigious Brand
Manuals and Brand Guides. When it comes to providing technical guidance, defining and describing their Brand
Colors, they all fail. By examining and analyzing more than 300 different Brand Colors from 156 Brand Manuals
by reputable local and Global Brands including 28 of the 100 Best Global Brands (Interbrand 2015) and by
numerous of visits and interviews with responsible professionals from both sides throughout the years it is
obvious that there is an alarming lack of communication between technical experts and design experts. 91 %
of the Brand Manuals specifies their Brand Colors as either PANTONE or PANTONE C. 90.4 % of the Brand
Manuals also specifies their Brand Colors with supplementary CMYK-values even though only 45.8 % of those
Brand Colors are achievable by using the process colors CMYK. This will result in unpredicted color differenc-
es of up to 35 AE*  or 8.3 AE,

2000
Brand Manuals has neither any remarks, comments or warnings of color deviations nor indications of accept-

when some of those Brand Colors are reproduced. Nevertheless, none of the

able color tolerances. Only 1.3 % of the Brand Manuals also define their Brand Colors with device independent
CIELAB-values. It appears that when designers and Brand Owners select and specifies Brand Colors they tend
to choose colors which cannot be reproduced by using CMYK process colors and therefore the Brand Color
cannot be shown in e.g. magazine ads, newspaper ads, digital print and other print media. They are bound to be
disappointed. This Paper will present a practical approach to specifying and communication Brand Colors and
to determine acceptable color deviation for specific Brand Colors.

Keywords: brand manual, brand color specification, color reproduction, tolerance, graphic design

1. Introduction

Brand Owners care deeply about their Brand and their visual identity. They are as committed as they are
concerned about how their Brand appears on all types of different media in the society. A Brand should
create recognizability in the marked and the Brand Colors symbolize identity, emotions and inner values
for that company.

That is why Brand Owners turn to professionals for help when they wish to produce a good and useful
Brand Manual. They put all their trust and confidence in the hands of these professionals and the Brand

Owners are willing to pay high prices for a useable and professional Brand Manual.

However, it seems that the first priority of the Art Director or the Designer is to produce a pretty and beau-
tiful Brand Book rather than a Brand Manual, which can actually be used as a manual or a guide. In surpris-
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ingly many cases the Brand Manuals contains contradictory and absurd information. The responsibility for
this rests on the designers (Drew and Meyer, 2006, pp. 147, 193)

Consequently one may wonder what the purpose really is with these Brand Manuals. Is it the intention
that the Brand Manual should serve as a nice prestigious tribute to the Brand’s visual identity or is it the
intention of the Brand Manual that it should actually serve as a MANUAL for future professionals who need
to reproduce those Brand Colors?

1.1 Ten Reasons why Brand Manuals cause Problems
When a Brand Color has been chosen by the Brand Owner and when an Art Director or Graphic Designer

subsequently shall specify and describe this colors’ technical specifications in the Brand Manual this will
in most cases be done by providing four sets of color specifications as shown in Figure 1.

PANTONE 151 C
CMYK: 0 60100 0
RGB: 255 121 0
Hex ff7900

Figure 1: A typical description of a Brand Color in a Brand Manual

However, these simple definitions raise a huge amount of unanswered questions among those profession-
als who are about to reproduce this Brand Color within their field. Those four color specifications pose
more questions and obstructions than helpful guidelines.

For the professional expert who is looking for a precise color recipe or some guidance on how to reproduce
this color, this Brand Manual has more the character of an enigmatic book of contradictions than that of a
Manual.

Apparently all companies are using the same inexpedient method. All Brand Manuals, Brand Guides, Visual
Identity Guidelines and Brand Books are fundamentally designed and structured in the same way, roughly
using the same layout and defining and specifying the Brand Colors in the same manner. The design and
branding professionals call this “Best Practice”.

However, the result is that Brand Colors is being reproduced with unacceptable large color differences
while Designers and Brand Owners becomes frustrated and disappointed.

1.1.1 PROBLEM ONE: How are these values derived?

e In none of the Brand Manuals, there is any information on how these color specifications has been
generated.

e Since it is typically an Art Director or a Graphic Designer who have read out these values from their
Adobe Creative Suite software package then it is crucial to know which Working Space this Art Director
have used in his or hers Color Settings.

e The future professionals who shall use this Brand Manual to reproduce this Brand Color must adjust
their Working Space and Color Settings to the exact same settings. Otherwise the probability of accept-
able color match is minimized. Crucial information on methodology and color management is missing.

e A Brand Manual should contain information on how the displayed values have been found.
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1.1.2 PROBLEM TWO: Pantone?

In 91 % of the Brand Manuals, the Brand Color is specified as Pantone Colors. Either as an unspecif-
ic Pantone Color (e.g. Pantone 151) or as a Pantone Color specified as printed on gloss Coated paper
(Pantone 151 C) or Uncoated paper (Pantone 151 U).

In 46.2 % of the Brand Manuals, the Brand Color is specified and specifically defined as “C” meaning
the way the Brand Color appears on gloss coated paper. This raises questions on how this Brand Color
will appear on other substrates like uncoated paper, matte coated paper, plastic foil, textile, corrugated
board, metal etc.

Since it is not possible to obtain a “C color” on a “U paper” or vice versa (Green, 1995) then the Brand
Owner will have to accept an unknown color difference if he choose another substrate than coated paper.
The differences between Pantone 151 C (Coated) and Pantone 151 U (Uncoated) is 16.7 AE* or 6.4
AE,, (according to CIELAB-values from PANTONE Color Manager).

Will this be regarded as an acceptable color difference for this Brand Color? None of the Brand Manuals
has any indications on this issue.

A Brand Manual should contain information on a Brand Color’s “master values” in CIELAB and com-
ments on acceptable deviation tolerances.

1.1.3 PROBLEM THREE: CMYK? - Is this specific Brand Color achievable in CMYK?

In none of the Brand Manuals, there is any information on whether or not the Brand Colors can be re-
produced with an acceptable color match by using the process colors CMYK. However, in 90.4 % of the
Brand Manuals specific CMYK values are provided. As shown in Figure 1, the second information tells us
that Pantone 151 C can be reproduced by using the CMYK-values: 60 % Magenta + 100 % Yellow.
Nevertheless, Pantone 151 C is a color, which cannot be reproduced satisfactorily by using the process
colors CMYK. This is evidenced by the PANTONE COLOR BRIDGE Coated and in Adobe Creative Suite
which gives a gamut warning. If Pantone 151 C is reproduced with the applied CMYK-values from the
Brand Manual this would result in a color difference of 18.6 AE* or 5.5AE, = (according to CIELAB-
values from PANTONE Color Manager). So this Brand Color is destined to have a huge color difference if
itis reproduced in CMYK. Does the Brand Owner know that?

Only 45.8 % of the 300 Brand Colors can be achieved by using the process colors CMYK. However, there
are no comments on that issue in none of the Brand Manuals. When a Brand Manual display specific
CMYK values for a Brand Color this creates an expectation that this Brand Color can be reproduced in
CMYK.

A Brand Manual should contain information on whether or not a Brand Color is achievable in CMYK.

1.1.4 PROBLEM FOUR: CMYK? - What kind of CMYK?

In 90.4 % of the Brand Manuals the Brand Colors is also specified with specific CMYK-values. In addition
to the aforementioned example another problem with these CMYK-values is that there is no information
on what kind of substrate and print technology this applies to.

Should the provided CMYK values be understood as if this Brand Color is printed on Gloss Coated pa-
per as Pantone 151 C indicate? And if so, in what kind of print technology is it to be printed? (Sheet fed
offset? Web Offset/Heatset? Gravure? Flexo?). The Brand Manuals doesn’t tell. But it is of crucial impor-
tance for the outcome. There are as many CMYK's as there are paper types multiplied with the number
of different printing technologies.

Less than 10 % of the Brand Manuals tries to give some kind of information on this. And in those cases
most of them just indicate the same CMYK-values for both Coated and Uncoated paper which makes
no sense, unless for example a red Brand Color is specified as 0 100 100 0, which would indicate that
screening of this color is not acceptable.
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A Brand Manual should contain information on which print conditions (ICC-profile) the displayed
CMYK-values refer to.

1.1.5 PROBLEM FIVE: CMYK? - Why specific CMYK-values?

Another problem with defining a Brand Color with specific values for C, M, Y and K (like Figure 1; CO,
M60,Y100, KO) is that this color only accidentally will be produced with those values - for many reasons.
It is well known in the Graphic Arts Industry, that if you send the same set of CMYK-combination to
different printers and printing presses they would all produce different colors (Sharma, 2004; Adams
I1, Sharma, and Suffoletto, 2008).

In a normal Color Managed workflow the Brand Color will be converted by using relevant ICC-profiles
with different rendering intents, black generation and tone value increase correction curves. In some
cases some sort of Ink Saving processing will also be applied. Thus the CMYK-values will be changed to
match the current situation. So, why provide specific CMYK-values?

1.1.6 PROBLEM SIX: Specific CMYK values versus variation tolerances

According to ISO 12647-2:2013, section 4.3.4.2 the ordinary variation tolerance allows a variation of
+ 4 percentage points. That means that the CMYK values of the intended magenta of 60 % displayed in
Figure 1 would be acceptable between 56 % and 64 %.

The difference between these two extremes will result in a color difference of 8.6 AE* , 5.6 AE,  and
7.5AH*  (according to CIELAB-values from Adobe Photoshop).

A Brand Manual should contain information on acceptable variation tolerances.

1.1.7 PROBLEM SEVEN: RGB and Hex Values? - Which Color Space?

In 81.4 % of the Brand Manuals the Brand Colors is specified with additional RGB values. The Brand
Manual’s attempt to specify color values for websites, mobile platforms and other screen technologies
raises the same unanswered questions. Are the stated RGB-values understood to be sRGB, AdobeRGB,
eciRGB, AppleRGB or another RGB? No answer is given. And since the Hexadecimal values are directly
connected to the chosen RGB color space, the same questions apply here.

Since the standard RGB for the Internet is SRGB (Stokes, Chandrasekar and Motta, 1996; [EC, 1999) and
since most mobile media displays colors through sRGB, it would be natural to expect that the stated
RGB-values is to be understood as sRGB.

However, since most Art Directors and Graphic Designers work in AdobeRGB and since they are the
professionals who have made these Brand Manuals it is more likely that the displayed RGB-values are
AdobeRGB. The point is that there is no information on this issue in any of the Brand Manuals. In only
1.3 % of Brand Manuals the Brand Colors is specified as a specific RGB (sRGB).

A Brand Manual should contain information on which color space the displayed RGB-values refer to.

1.1.8 PROBLEM EIGHT: CIELAB? - Why are there no device-independent values?

Since all the color code values shown in the Brand Manuals are device-dependent color values it is far
too risky to rely on the Brand Manual’s Pantone-, RGB, Hex- and CMYK-values unless they are followed
by specific information on devices and substrates - which they aren’t. Furthermore, less than half of
all Brand Colors can be reproduced by using the process colors CMYK and a similar amount of Brand
Colors cannot be shown on a sRGB a screen which is a problem since sRGB is the standard for the
Internet (Stokes, Chandrasekar and Motta, 1996; IEC, 1999) and most mobile devices.

A Brand Manual should contain information on device independent CIELAB values for the Brand Color.
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1.1.9 PROBLEM NINE: Acceptable color deviations?

¢ Innone of the 156 Brand Manuals acceptable deviation tolerances is neither specified nor commented.
In spite of all the potential risks of color mismatch described above no guidance on acceptable color
difference can be found in any of the Brand Manuals.

e In only two of the 156 Design Manuals (Canon 2015 and Siemens 2008) the Brand Colors was defined
with CIELAB-values but not even here were there any indications of acceptable color deviations.

¢ A Brand Manual should contain information on acceptable deviation tolerances.

1.1.10 PROBLEM TEN: The missing Color specifications

e In Figure 1 which represents a typical example of a Brand Manual’s Color specifications it is remarkable
that the Brand Color only is specified for reproduction on an unknown screen technology and in an un-
known print technology using an unknown print substrate.

e In short, the values in Figure 1 only try to meet the needs of the Printer and the Web Designer, even
though it fails. There is no color specifications for the use in other industries, technologies or other color
systems like RAL, NCS, Textile etc.

e Only 4.5 % of the Brand Manuals provide NCS-values, only 6.4 % provide RAL-values and only 2.6 % of
the Brand Manuals provide values for textile.

e A Brand Manual should contain information for other industries, technologies and color systems.

e In the light of all these potential problems it would be relevant to present a proposal on how a useful
and professional Brand Manual should specify and communicate Brand Colors and how to determine
specific values for acceptable color deviations for each specific Brand Color.

2. Methodology

In the search for literature on this subject (how to specify Brand Colors in a Brand Manual), the TAGA 2005-
2014 Proceedings and the IARIGAI proceedings from the 39" to the 42™ conferences where consulted.
Although it was possible to find some literature that seems relevant for this paper’s subject regarding Color
Management, Spot Colors and Brand Colors (Chung et al., 2004; Chung, 2005; Chung et al., 2007; Sperry
and O’Hara, 2007; Sangmule et al., 2010; Shendye et al., 2011; Seymour, 2013), they all seem to be focusing
on subjects that were in the periphery of this paper’s subject. However, some useful points and statements
from this literature where used.

Other sources on Spot Colors and Brand Colors where consulted (VIGC, 2008; Fogra, 2010; Meittamo, 2010)
and so was textbooks aimed for Graphic Arts Designers regarding selecting and specifying colors where

conducted (Eisemann, 2000; Drew and Meyer, 2006; Schmidt, 2013).

It has not yet been possible to find any literature that directly describes how to specify Brand Colors in a
Brand Manual or how to precisely communicate a color’s technical specifications.

Through an Internet research 156 Design Manuals from major recognized Brands where found and down-
loaded after which 300 Brand Colors were chosen and analyzed.

Throughout this paper Pantone 151 C is used as a representative example of a Brand Color. This Color
where chosen because it is out of CMYK gamut like more than half of all Brand Colors examined.

The CMYK-values, RGB-values, Hex-values and CIELAB-values presented in the tables in this paper were
found by using PANTONE COLOR BRIDGE Coated (the Plus Series) 2015. After registration of this prod-

95



ADVANCES IN PRINTING AND MEDIA TECHNOLOGY, VOL. XLIII(III) - 4: DESIGN, 91-100

uct the PANTONE COLOR MANAGER Software (version 2.1.0.249 for Windows) were downloaded and in-
stalled after which the official Pantone CIELAB values from all Pantone Colors where downloaded to Excel.

All calculated AH *ab, AE *ab and AE

»000 Values were found by using those official Pantone CIELAB values.

The official i0S apps: “myPANTONE” and “PANTONE X-ref” were used to find corresponding colors from
different Pantone Color fan Decks.

The RAL Colors were found through the official RAL COLOUR iOS App “RAL iCOLOURS” while the NCS Color
values were found through the online application “NCS NAVIGATOR Premium”.

The color code values from different RGB and CMYK color spaces were found through Adobe Photoshop
where the color settings gradually were changed to different RGB and CMYK ICC-profiles using Absolute
Colorimetric Rendering Intend and subsequently the CIELAB values for PMS 151C were entered through
color picker each time. No measurements have been carried out.

3. Results and Discussions

For all existing Brands it applies that they have already chosen their Brand Colors whether they are repro-
ducible or not. But when it's time to produce a new Brand Manual then it is important to initially find the
device independent “master values” (CIELAB values) for this specific Brand Color. This can easily be found
via Adobe Photoshop, the PANTONE COLOR Manager software or the smartphone app “myPANTONE”. The
L*a*b* details for PANTONE 151C are given in Figure 2.

PANTONE 151 C

CIELAB:
L*69.68
a*47.28
b*78.51

Figure 2: Specification of a Brand Color’s “Master Values”

In principle, a Brand Manual doesn’t need to contain much more color specifications than these. However,
if the Brand Manual should be helpful to those professionals who are about to reproduce this color within
their discipline, within their color system then a Brand Manual should provide much more information.

3.1 Determination of device dependent CMYK values
In Table 1 below five different CMYK value combinations for PMS 151 C is shown for lithographic offset
printing on coated paper. This is to illustrate that they are all different and that they only apply to these five

print conditions.

Table 1: Five different CMYK interpretations based on the CIELAB values of PMS 151 C

Color Settings: ISO Coated PSO Coated Euroscale U.S. U.S.
Working Space v2 v3 Coated Web Coated Sheet fed
(Absolut ColorimetricR.I.) | (FOGRA39) (FOGRA 51) v2 (SWOP) v2 Coated v2
PANTONE 151 C

CIELAB L* 69.68 69.68 69.68 69.68 69.68
CIELAB a* 47.28 47.28 47.28 47.28 47.28
CIELAB b* 78.51 78.51 78.51 78.51 78.51
CMYK: 056970 055990 055960 0541000 052990
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Color Settings: ISO Coated PSO Coated Euroscale U.S. U.S.
Working Space v2 v3 Coated Web Coated Sheet fed
(Absolut ColorimetricR.I.) | (FOGRA39) (FOGRA 51) v2 (SWOP) v2 Coated v2
CIELAB values for this 64.00 64.00 63.00 62.00 64.00
CMYK combination of 35.00 37.00 34.00 31.00 35.00
PMS151C by using this 63.00 64.00 62.00 58.00 63.00
CMYK profile
Closest CMYK-match 2.8 AH* 1.5 AH* 3.3 AH* 4.0 AH* 2.8 AH*
to PMS 151 C 20.6 AE* 18.7 AE* 22.2 AE* 27.3 AE* 20.6 AE*
71AE, 6.0 AE, 73AE, 8.8AE, 6.4 AE,

So, if the Brand Manual should contain specific CMYK values they should be followed by a reference to an
[CC-profile. However, any CMYK reproduction of PMS 151 C will still result in a huge color deviation.

3.2 Determination of device dependent RGB values

In Table 2 below five different RGB value combinations for PMS 151 C is shown. Also in this case, it is seen
that they are all different and that they only apply to one RGB color space (ICC-profile).

Table 2: Five different RGB interpretations based on the CIELAB values of PMS 151 C

2000

2000

2000

Color Settings: AdobeRGB sRGB AppleRGB eciRGB v2 CIE RGB
Working Space
(Absolut Colorimetric R.1.)
PANTONE 151 C
CIELAB L* 69.68 69.68 69.68 69.68 69.68
CIELAB a* 47.28 47.28 47.28 47.28 47.28
CIELAB b* 78.51 78.51 78.51 78.51 78.51
RGB 23613123 2551320 2551090 23314643 250 146 57
HTML/Hex # ec8317 ff8400 ff6d00 €9922b fa9239
CIELAB values for this RGB 70.00 69.00 70.00 70.00 70.00
combination of PMS 151 C 47.00 44.00 46.00 47.00 47.00
by using this RGB profile 79.00 75.00 73.00 79.00 80.00
Closest RGB-match 0.5 AH* | 1.0 AH* 1.8 AH* 0.5 AH* 1.0 AH*
to PMS 151 C 0.6 AE™ 4.9 AE* 5.7 AE* 0.6 AE™ 1.5 AE*
0.4 AE 1.2 AE 1.5 AE 0.4 AE 0.6 AE.

2000

2000

So, if the Brand Manual should contain specific RGB values they should be followed by a reference to an

ICC-profile.

3.3 Finding matching colors in other Color Systems

On the basis of the color name “Pantone 151 C” the official Pantone app “PANTONE X-ref” can be used to
find corresponding Pantone colors in other Pantone Fan Decks.

On the basis of the CIELAB values of Pantone 151 C the official “RAL iCOLOUR” app can be used to deter-
mine the closest RAL color match.

On the basis of the CIELAB values of Pantone 151 C the official online application “NCS NAVIGATOR
Premium” can be used to determine the closest NCS color match.

The results can be seen in Table 3 on the following page.
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4. Determination of acceptable color deviations
4.1 Closest match within the same process

When measuring Brand Colors and other Spot Colors it is recommendable to use the AE,  formula since
this is created to display a numeric value for the specific color difference that the human eye perceives,

independent of the color hue and saturation.

Since there is no official ISO-standard for Brand Colors or Spot Colors and thus no standard for acceptable
color deviation tolerances for specific Brand Colors, then the Brand Owner or the Graphic Arts Designer
themselves must determine which color deviations can be accepted in each case - for each Brand Color.

However, some of the process standards within the ISO 12647-family specify some informative deviation
tolerances. ISO 12647-2:2013 and ISO 12647-3: 2013 specify informative deviation tolerance of 3.5 AE, |
for the chromatic solid process colors CMY produced in lithographic offset while ISO 12647-6:2012 specify
a variation tolerance of less than 1.5 AE, = for Spot Colors produced in flexographic printing.

It should also be taken into account that the inaccuracy between measuring devices and the differences in

paper within the same batch alone can cause a deviation of 1-2 AE* (BVDM, 2003).

Fogra suggests that the uniform deviation tolerance for Spot Colors in offset printing should be 2.5 AE,
(FOGRA, 2010, p. 10).

In Belgium customer demands a maximum AE*  of 2, for quality print jobs (VIGC, 2008).

Thus, based on the above, it should be possible to expect a maximum color difference of 3 AE
Brand Color reproduced within the same process.

5000 fOT @NY

4.2 Closest match across substrates and technologies

If the Designer and the Brand Owner only have specified one Brand Color name with no further informa-
tion and if they expect that this Brand Color is to be reproduced on all substrate types in all reproductive
technologies, then the Brand Owner have to accept the closest possible color match between the Brand
Color and the chosen substrate and reproduction technology.

In view of the aforementioned studies a method is proposed to determine specific color deviation toler-
ances for a specific Brand Color.

Table 3: Determination of closest match to the Brand Color Pantone 151 C

Color Name CIELAB Color Differences
L* a* b* AE*, | AE,,, | AH*,
PANTONE FORMULA GUIDE Coated 151C 69.68 | 47.27 | 78.51 0 0 0
PANTONE FORMULA GUIDE Uncoated 151U 72.00 | 48.07 | 62.04 | 16.7 6.4 9.9
PANTONE COLOR BRIDGE Coated 151 CP 67.88 | 3291 | 66.77 | 18.6 5.5 6.9
PANTONE COLOR BRIDGE Uncoated 151 UP 71.14 | 30.68 | 47.58 | 35.1 8.3 2.2
PANTONE + CMYK Coated P 24-7C 66.66 | 33.70 | 61.22 | 22.2 5.6 3.1
PANTONE + CMYK Uncoated P17-8U 69.87 | 33.02 | 53.74 | 28,6 6.4 0.7
PANTONE GoeGuide Coated 13-1-5C 72.53 | 44.93 | 78.49 3.7 2.4 2.0
PANTONE GoeGuide Uncoated 7-1-70 74.23 | 44.39 | 75.51 6.2 3.6 0.9
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Color Name CIELAB Color Differences
L* a* b* AE*, | AE,,, | AH*
PANTONE GoeBridge Coated 13-1-6 CP 64.87 | 34.15 | 66.23 | 18.6 6.1 5.4
PANTONE FASHION+HOME Cotton 15-1263 TCX 71.60 | 46.24 | 76.30 3.1 1.5 0.3

Autumn Glory

PANTONE FASHION+HOME Nylon Brights 15-1460 TN 74.53 | 74.18 | 78.84 | 27.3 11.8 | 21.2
Orange Clown

Fish
PANTONE FASHION+HOME INTERIORS 15-1263 TPX 71.38 | 49.05 | 79.60 2.7 1.4 1.0
Paper Autumn Glory
RAL Classic 2003 64.23 | 44.09 | 61.86 | 17.8 6.6 6.4
For industrial varnish, powder coating Pastellorange
and plastics
NCS For painting S 0580-Y40R 69.00 | 43.00 | 75.00 5.6 1.6 1.9

All color differences are calculated from the CIELAB-values of the reference color Pantone 151 C

5. Proposal for future Brand Color specification

Based on the research of this paper the following Brand Color specification guidelines are proposed
(Figure 3). This would be useful to most professionals regardless of industry and technology.
[this is ongoing and future work]

PANTONE 151 C

CIELAB: L*69.68

a*47.28

b*78.51
sRGB 255 132 0 (Warning out of gamut)
HTML ff8400 (sRGB) Warning out of gamut
CMYK Coated 0 5599 0 (FOGRAS1) Gamut Warning
Textile 15-1263 TCX
Interiors 156-1263 TPX
RAL 2003
NCS S 0580-Y40R

This Brand Color should be reproduced by using a Pantone 151 spot color printing ink
when possible.
In other cases the following color deviation tolerances apply.

Acceptable deviations when PMS 151C is reproduced

« within the same process (technology and substrate) 3 AE 2000 (0.0)
e 0n same substrates (regardless of technology) 3 AE 2000 (0.0)
« on different substrates 7 AE 2000 (6.4)
e by using process colors CMYK on coated (CP) 6 AE 000 (5.5)
« by using process colors CMYK on uncoated (UP) 9 AE 0 (8.3)
« as coftton products 3 AE200 (1.5)
e as nylon products 12 AEp0  (11.8)
« asindustrial products (RAL) 7 AE 00 (6.6)
« as painted surfaces (NCS) 3 AE 00 (1.6)

Figure 3: Proposal for future Brand Color specification including acceptable color deviations.
Attention: These values only apply for this specific Brand Color.
All other Brand Colors will have other deviation values.
Values in brackets indicates the calculated values from Table 3
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Short Abstract

For several years, printed electronics have been a creative sector with the printing of numerous electrical devic-
es such as transistors, capacitors, diodes, transistors, lightings, solar panels, memories, etc. In order to ensure
the electrical connection of these different electronic components, the printing of conductive tracks with low
resistances and homogeneous properties is essential. Thanks to its main advantages, inkjet printing process
was identified as a relevant technology to print these conductive tracks. Indeed, inkjet printing is a direct writ-
ing process which offers the possibility to produce fine elements on a large variety of substrate. However, with
inkjet process, the printing pattern morphology, i.e. the transversal profile of the printed tracks still remains an
important issue to consider. Indeed, it is well-known that the different flows that may arise during the drying
phase (Coffee-ring effect, Marangoni ... etc.) can lead to inhomogeneous profile and affect strongly the electrical
conductance of the printing patterns. In this work, the piezoelectric inkjet printing of individual droplets and
fine lines was performed by using a commercially silver nanoparticles ink.

To complete an accurate printing, the ink compatibility with the inkjet printing requirements was checked
thanks to a dimensionless analysis. A set of measures based on four geometrical indexes was defined to precise-
ly characterize the particles distribution within dried printed droplets and lines. The droplet profile variations
were monitored over different substrate temperatures. Correlations between droplet profile, line profile and
resulting electrical conductance are proposed in the discussion part of this paper. Up to our knowledge, it is the
first time that such analysis was conducted with a silver conductive inkjet ink at a picoliter scale.

Keywords: printed electronics, silver nanoparticles, inkjet printing process, droplets morphology,
conductive tracks

1. Introduction and background

Within the last 15 years, printed electronics appears as an attractive growing sector. The main benefits of
printed electronics are: (i) the possibility to implement flexible substrates, (ii) the promise to achieve high
productivity level with large area production and (iii) the reduction of production costs. Nowadays, numer-
ous electrical devices can be printed: capacitors (Chang et al,, 2014), diodes (Heljo et al., 2013), transistors,
lightings, solar panels, memories (Singh et al., 2010), etc. In order to ensure the electrical connection of
these different devices, the printing of conductive tracks with low resistances and homogeneous prop-
erties are crucial. Among printing processes, inkjet printing was identified as a promising and relevant
technology for printed electronics. It is a non-contact and direct writing process, with a large variety of
printable substrates and the capacity to reproduce fine elements. Regarding inkjet printing process, three
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phases need to be finely controlled to allow the production of precise and homogeneous patterns: (i) the
droplet ejection, (ii) the droplet impact on the substrate and (iii) the drying phase (Derby, 2010). For each
phase, process parameters, ink physico-chemical properties and substrate properties are crucial criteria
to consider. Up to now, conductive inkjet inks based on silver nanoparticles are those which provide the
highest electrical conductivity, which explains their large implementation. However, like any colloidal sus-
pensions, silver nanoparticle inks are prone to “coffee-ring” effect. This effect results of flows occurring
within the droplets during the drying phase: particles move from the center to the edge of the droplet
resulting in a non-homogeneous profile of drying droplets. This phenomenon is largely reported in litera-
ture at a microliter scale but very few data are available on the inkjet printing scale (i.e. the picoliter) and
this is particularly true regarding conductive ink materials. This effect is all the more important to explore
with conductive patterns as the resulting non-homogeneous repartition of conductive material within the
printed pattern may have a strong impact on electrical performances. According to literature on microliter
droplets, several options can be suggested to reduce or eliminate the coffee ring effect: Lim et al. proposed
the addition in the ink of a co-solvent presenting a lower evaporation rate the main solvent (Lim et al,,
2008). Hendarto et Gianchandani proposed a temperature substrate conditioning in order to take profit
of the influence of temperature on coffee ring effect (Hendarto and Gianchandani, 2013; Hu and Larson,
2005; 2006). The latter technique will be explored in the present paper through the following strategy:

(i) the first part of the study will focus on the morphology analysis of independent droplets inkjet-printed
on a polymer film conditioned at different temperatures. Droplet morphologies will be characterized
thanks to a set of four geometrical indexes specifically defined for this study;

ii) The second part of the study will deal with the printing of fine conductive lines (composed of successive
g
printed droplets) in order to emphasize correlations between their main characteristics (morphology,
print quality, electrical conductance, etc.) and their related droplet profiles.

2. Materials and Methods
2.1 Silver nanoparticles inkjet ink and printing process

A commercially available silver nanoparticle inkjet inks (Tradename: Sicrys™ 130G-1) was purchased from
PvNanoCell Ltd. The ink is composed of ethylene glycol as solvent and contains spherical silver nanoparti-
cles as conductive fillers (30 % wt, D50 = 70 nm, D90 = 115 nm, density = 1.81 g.cm™). It consists in a light
grey suspension which presents a nearly Newtonian behavior with a viscosity of 26.3 mPa-s (correspond-
ing to a shear rate of 1s!) and a surface tension of 46.3 mN-m™ at 20 °C. The ink was agitated on a roller
apparatus during one hour and then filtered through a 0.45 um syringe filter before printing.

Alaboratory piezoelectric inkjet printing machine (Fujifilm - Dimatix DMP 2831 with 10 pL nominal drop
size cartridge) was used for this study. It allows the loading of disposable piezoelectric inkjet print heads
including 16 nozzles measuring 21,5 um each (square shape) and distanced at 254 pm from each other.
Printing parameters such as drop spacing, nozzle temperature and print height, as well as ejection parame-
ters (voltage and waveform design) were optimized in preliminary adjustments. The resulting print quali-
ty is strongly dependent on those printing parameters given in Table 1. In order to achieve comparable line
profile, lines with one drop width were printed with a unique active nozzle whereas lines with two drops
width were printed with two active nozzles. Therefore, the time needed to print a pattern remains equiv-
alent whatever the line width. To print lines, the drop spacing was set at 20 um (distance between two
subsequent droplet centers, see Figure 1). As the average droplet diameter after printing on the substrate
was estimated by microscopy observation to 40 um, an overlapping of droplets occurs, as illustrated in
Figure 1.
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A substrate matching the typical requirements of printed electronics, i.e. a substrate presenting a smooth
and closed surface with a relatively high dimensional stability over temperature was selected for this study.
A polyethylene naphthalate (PEN) film (tradename: TEONEX - 125 from Dupont Teijin Film. The selected
substrate has a surface energy of 40.2 mJ-m>, an average surface roughness Ra of 4.3 nm and a coefficient
of dimensional stability of 0.09 % at 150 °C.

A specific drying protocol was established to allow the monitoring of droplet profile over drying condi-
tions: (i) first, the substrate was heated thanks to a Peltier plate from 30 to 120 °C during 20 minutes. (ii)
Droplets were then ejected according to the parameters described in Table 1. (iii) Samples were maintained
after printing on the Peltier plate during 20 min. This time scale was determined to be sufficient to allow
the suspended particles movement induced by the drying flows. The complete drying of the droplet was
checked thanks to an ‘absorption method’: a blotting paper was applied onto the printed droplets during a
few seconds to check the drying progress (if ink traces appear on the wipe, the sample was considered as
partially dried whereas a clean wipe indicates a sample completely dried). (iv) Printed substrates were put
in an oven at 120 °C during 1 hour in order to ensure a through drying of the printed droplets.

For conductive printed lines, a first set of experiments were performed with a protocol similar to the drop-
let one in order to identify potential correlations between printed droplet and line morphologies. A second
set of experimentation was performed by modifying the fourth step of the protocol: the oven temperature
was increased to 150 °C during 1 hour in order to ensure the silver nanoparticles sintering and to minimize
the impact induced by the substrate temperature conditioning (protocol phase (i) and (iii)) on the result-
ing conductance.

Table 1: Inkjet printing and drying parameters

Voltage applied 20V
Inkjet head temperature 35°C
Substrate (Peltier plate) temperature 30°Cto 120°C
Gap between two droplets for lines printing 20 pm
Drying protocol for droplets 20 minutes on the Peltier plate
+ 1 hour at 120 °C in an oven
Drying protocol for lines 20 minutes on the Peltier plate
+ 1 hour at 150 °C in an oven

Line with one drop width Line with two drops width

D\ A\ N\ 42 Gt
¥ | |  EROEREOEE ) | 20
: (CRSRRD) |

20 um <>

20 um

Figure 1: Overlapping of droplets composing a line with one and two drops width
2.2 Morphological characterization of droplets

3D profile of independent droplets and lines were obtained with a focus variation optical microscope
(Alicona InfiniteFocus). 3D data were collected by using a focus variation microscopy technology illumi-
nated with a specular reflection lighting mode. To visualize the morphology of printed patterns, a mag-
nification of 100 x was selected for independent droplets whereas magnifications of 20 x and 50 x were
sufficient for printed lines. With the focus variation technology, it is very difficult to achieve relevant 3D
mapping with transparent and bright surfaces. In order to overcome undesired optical reflections, gold or
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carbon metallizations were performed on the printing samples in order to opacify their surface and there-
fore allow the 3D data capture.

To characterize and compare droplet profiles, four indexes were specifically defined for this study:

(i) R ., was defined as the amplitude ratio between the droplet center and edge. R/, = 100 - —C with h_the
helght at the center of the drop and h, the height at the drop edge (Cf. Figure 2a). For each drylng conflgu-
ration, R was averaged on twenty proflles (five droplets with four different profiles).

(ii) R, was defined as the radial distance delimitating a distribution of 50 % of material. R , corresponds
to the position from the droplet center where there is the same quantity of matter before and after this
position. For each characterized droplet, the R . index was averaged on thirty-six droplet profiles captured
every 10°. Each droplet profile was normalized so that the center of the drop became the origin and the
droplet radius was equal to 1. A Matlab program was developed to determine the radial position corre-
sponding to the half of the profile area (Cf. Figure 2b).

(iii) S, which corresponds to an average arithmetic height, was defined as the droplet internal surface
roughness (Cf. Figure 2c1 and 2c2). S, represents the average height delimitating an equal repartition of
matter above and below it.

(iv) S_  corresponds to the maximum profile height (Cf. Figure 2c1 and 2¢2).S__ is the difference between
the higher and the lower height of the droplet 3D profile.

S,..and S_were both calculated on the droplet internal surface (area delimited by the droplet crown -

max

Cf. Figure 2c1 and 2c2) by using the Alicona InfiniteFocus software.

(a) S
1
h I 50% of
g _~/: matoter
he 50% of i
matter A
e Alca where
(Cl) ~ “ Spax and S, (C2)
are calculated Sa

Figure 2: Schematic representation of geometrical indexes: (a) Ratio center/side, (b) R, (c1andc2)S andS,

2.3 Electrical characterization of tracks

The electrical resistance (R) of conductive lines was measured by using a multimeter (Hewlett Packard
34401A). Measurements were performed on conductive tracks having a length of 1 cm. The measured
resistance corresponds therefore directly to a linear resistance expressed in Q - cm™. In this study, the con-
ductance which corresponds to the inverse of the resistance (G = 1/R) was implemented. Considering the
following formula G= o- > withothe conductivity of dried ink, S the cross-sectional area of the track and 1

1
the length of the track, it is interesting to see that G is proportional to the cross section of conductive tracks.
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3. Results and discussion
3.1 Droplet ink-jettability

To achieve a high level of print quality, the ink properties associated to the process characteristics must ful-
fil the Derby jettability requirements (Derby, 2010). In piezoelectric inkjet printing process, the ink droplet
is ejected thanks to a pressure wave based on electromechanically impulsion induced by the piezoelectric
element. The ink is jetted only if its kinetic energy overcomes interactions linked to surface energy and vis-
cous forces. Both conditions are formulated through a dimensionless analysis using Reynolds and Weber
number defined in equation (1) and (2).

. __ pvd _ Inertial effects
ReynOIdS t Re = n " Viscous effects [1]
v2d Inertial effects
Weber : We = 2% = [2]

1% - Capillary effects

where d is the nozzle diameter (m), v is its velocity (m/s), p is the ink density (kg/m?3), y is the surface
tension of the liquid (N - m) and 7 is the dynamic viscosity of the ink (Pa-s). We number describes the
kinetic-surface energy conversion governed by the speed of the jet and the surface tension. Re number
takes into account the viscosity effects. An approach combining these two dimensionless numbers was
firstly proposed by Fromm (Fromm, 1984) in which fluid properties are described by the Z number which
is the inverse of Ohnesorge number (Oh). Oh characterizes the propagation of the pressure wave and its
attenuation by viscous dissipation.

YWe _ 1

Viscous effects

= [3]

1
Re Jpyd "z +Inertial effects \/Capillary effects

Ohnesorge : Oh =

As predicted by Fromm, the drop formation in a DOD inkjet printer is possible only for Z>2. Reis et al.
(2005) refined this prediction and found that the processability of an inkjet ink is given for 1 <Z<10.Z> 10
corresponds to a situation where droplet formation is improbable or subjected to satellite drops forma-
tion. Jang et al. (2009) considered additional characteristics of printing, including droplet generation and
position accuracy, and found the printable range as 4 < Z < 14. Printing using an ink with Z <4 will lead to a
droplet formation with a long-lived filament, resulting in degradation of the position accuracy and printing
resolution. Inks with Z > 14 are also inappropriate for inkjet printing because of their inability to form a
single droplet without the formation of undesired satellites. However, even with Z comprised in the right
range, the jettability is not guaranteed. Derby (2010) highlighted that drop formation is impossible for a
fluid with a We < 4 because the inkjet process does not supply enough energy to overcome surface interac-
tions in the fluid. In the same way, droplets splash the substrate if they are ejected with an excess of energy.
For this condition, Derby used the work of Stow and Hadfield (1980) and Bhola and Chandra (1999) and
defined a criteria which avoids the splashing: We'/? Re’/* < 50.

Depending on the voltage applied to the piezoelectric element of the inkjet print head, Re, We and Z were
calculated for the ink selected in the present study. Ink characteristics, as well as calculated dimension-
less numbers were resumed in Table 2. The jettability window covered by the selected ink was drawn in
Figure 3. It emphasizes that the selected ink fulfills all the requirements to achieve a stable and accurate
printing.
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Table 2: Calculated dimensionless numbers (Reynolds, Weber and Z) corresponding to the
implemented system at different voltage values

Voltage Re We Z

30V 5.7 5.8 2.4

35V 119 22.8 2.5
10000 4
1000 4
We 100 4§
10 4

We <4 Insufficient energy for drop formation
1 t T "
1 10 100 1000

Re

Figure 3: Jettability windows defined by Derby (2010), where the grey area emphasizes the jettability window covered
the system implemented in this study (Ink: Sycris I30EG-1, PvNanoCell / Printed: Dimatix DPM 2800)

3.2 Influence of substrate temperature on droplet profile

Inkjet printing is constituted of four phases: ejection, impact, spreading and drying. During the last phase,
silver nanoparticles contained in the ink move inside the droplet. At the end of drying, most particles are
accumulated at the periphery of the deposit. This effect called coffee ring was first described by Deegan et
al. (1997). It is induced by the combination of two phenomena: (i) solvent evaporation is more important
at the edge of drops and (ii) the surface contact area between ink and substrate is pinned for the major part
of the drying. A flow takes place to compensate the solvent removal by evaporation at the edge of droplet.
The solvent can be totally or partially transferred to the contact line by this flow and thus generate a ring
shape to the dried droplet. The coffee ring effect can be reduced by heating the substrate in order to gen-
erate a temperature gradient, which induces particle recirculation (Hendarto and Gianchandani, 2013).
2D and 3D profiles of independent droplets dried at different temperature are shown Figure 4. Variations
in silver particles distribution as a function of printed substrate temperatures are observed. For each
drying conditions, diameter and volume of dried droplets were measured and are presented in Figure 4.
A deviation of 10 % and 20 % was respectively recorded for diameter and for volumes. These deviations
remain relatively low and may be acceptable in the framework of our study (microliter and picoliter scale).
Figure 4 emphasizes that the coffee ring effect occurs for all studied temperatures. With substrate tem-
perature rising from 30 °C to 60 °C, the crown shape induced by the coffee ring becomes more and more
accentuated. For these temperature levels, most of particles are located at the droplet edge while a very
fine thickness of particles remains in the droplet center area. From 60 °C to 90 °C, the droplet edge height
decreases from approximately 40 % (from 830 nm to 540 nm) whereas the center height remains relative-
ly stable (from 110 nm to 120 nm). Over 100 °C, the droplet edges thicken and the internal droplet surface
revealed a stressed relief.
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Temperature 30 °C 60 °C 90 °C 120 °C
3D profile .
2D profile
Diameter 437 0.7 pm 429+0.4 pm 45,0+ 0.3 um 41.6+0.3 um

Dry volume 0.50+0.02 pL 0.48+£0.03 pL 0.45+0.01 pL 0.41+£0.01pL

Figure 4: 3D and 2D profiles printed droplets on PEN at different substrate temperatures; 2D profiles are one of the
numerous profile constituent droplets in this temperature; the diameter of the dry drop and its volume are noticed
under the profiles.

Different indexes were defined to characterize precisely and compare the particle distribution within the
different printed droplets. As droplet profiles are ring-shaped, the ratio between the heights at the droplet
center and edge R_ /. appears relevant for quantify coffee ring effect. The evolution of R_ o asa function of
substrate temperature is shown on Figure 5a. Theoretically, the closer the index gets to 100 %, more the
repartition of nanoparticles within the droplet became homogeneous. As expected in comparison with 3D
droplet profiles, R, decreases between 30 °C and 50 °C and rises for temperature ranging from 50 °C to
90 °C. As emphasized on figure 4, particles repartition seems to be more homogeneous for temperature
superior to 90 °C. However, RC/e does not allow identifying this trend. Indeed, RC/e does not take into ac-
count the droplet edge thickening. R_ se alone is inadequate to qualify the droplet morphology. R ., which
corresponds to the radial distance delimitating a distribution of 50 % of material, was then used to take
into account the droplet edge thickening. Theoretically, R . value approximate 100 % when all particles
are located at the droplet edge and 0 % when all particles are located at the droplet center. The evolution
of R, . with the substrate temperature is given in Figure 5b. The graph reveals profiles with high particles
concentration at the droplet edge for temperature comprised between 50 °C and 70 °C, which corresponds
toaR ; index superior to 70 %. The graph allows to reflect with a relative accuracy the observations made
on the droplets 3D mapping. The R . index appears therefore as a relevant index to quantify the coffee-ring
effect but information about surface morphology is missing. Indeed, no distinction between the profile ob-
tained at 30 °C and 120 °C, which show different droplet profiles but similar R . index, is possible. In order
to complete the information supplied by the R_ /eand R, indexes, a combination with indexes relating to the
internal droplet surface roughness was envisaged. The evolution of S__ and S over temperature is repre-
sented in Figure 5c-d. Finally, R_ se and S__ appear to be complementary indexes to describe the vertical
particles repartition. For example, droplet profiles at 90 °C and 120 °C present the same S__ (~ 500 nm) but
RC/e at 90 °C (= 20 %) is twice higher than at 120 °C (* 10 %) which means that the solid content of the drop
at 90 °C is higher at the droplet center than at 120 °C. Furthermore, the combination of S and R . appears
relevant to describe the radial particles repartition. Indeed, S_allow to specify R . by giving information
about the surface ruggedness. For intermediate R . value, S, allows to know if particles shows an homoge-
neous or heterogeneous repartition.
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Figure 5: Evolution of (a) R, (b)R,, (c) S, and (d)S, with temperature substrate.
3.3 Correlation between particles distribution and printed line conductance

Inkjet conductive lines are composed of adjacent printed droplets. In this work, silver lines were printed
with droplets of 40 um of diameter after impact and spaced of 20 pm. Therefore, a superimposition of
droplets occurs and allows the continuity of lines. As shown in Figure 6, lines show a different silver parti-
cles transversal distribution than individual droplets. However, the transversal distributions between line
with one and two drops width appear similar. These observations prove that the particles distribution is
impacted by the superimposition of droplets. The particles pinned line continuously evolves with the addi-
tion of successive droplets until a complete drying.

The electrical conductance of printed tracks is proportional to their cross section surface. Therefore, the
transversal distribution of silver particles is expected to have a strong influence on line conductance. In
this work, the particles distribution evolution is due to a variation of the substrate temperature (Figure 7).
As conductance is directly impacting by the conditions of the sintering step, the substrate temperature con-
ditioning may interfere and impact the resulting conductance independently to the particles distribution.
A protocol minimizing the influence of this perturbation was therefore established. The linear electrical
conductances of printed lines, presented in Figure 8, increase with the substrate temperature. Regarding
the droplet profiles, this trend was not truly expected and it seems that the substrate temperature con-
ditioning influences much more the electrical conductance by a sintering effect than by the transversal
distribution of conductive particles. Future work will be focused on the quantification of the particle dis-
tribution impact on line conductance.

Droplet Line

pm pm

Figure 6: 2D profiles comparison between an individual droplet and one droplet wide conductive line for a substrate
temperature of 30 °C.
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Temperature 30 °C 60 °C
]
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Figure 7: 3D profiles of two drops wide inkjet-printed tracks as a function of temperature substrate.
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Figure 8: Electrical conductance of 1 cm length tracks as a function of substrate temperature.

Inkjet printing process is a relevant technology to print conductive tracks. Inkjet process was used in this
work to eject a commercial conductive ink composed of silver nanoparticles which verifies all process
requirements. A set of four geometrical indexes specifically designed for this study was set up in order
to precisely qualify and compare the particles distribution within dried printed individual droplets and
lines. The combination of R . and S, gives information about the radial or transversal particle distribution
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whereas the combination of R_ se and S __ gives information about the vertical distribution. Differences be-
tween printed individual droplet and line profiles achieved for different substrate temperature were exam-
ined. Similar profiles were achieved for lines with one and two drops width whereas significant differences
were recorded between individual droplet and line profiles. Conductance measurements were performed
on printed lines and with the established protocol, the resulting conductance seems to be more impacted
by the sintering effect induced by the substrate temperature conditioning than by the transversal particles
distribution. Further experiments will be performed to examine more precisely the impact of each phe-
nomenon. Our future works will focus on a more thorough understanding of the flows occurring within the
droplets and lines during the drying step to find potential solutions to reduce the coffee ring. The influence
of process parameters (waveform, flight distance, etc.) as well as substrate surface properties (absorption,
roughness, surface energy, etc.) on printed pattern profile is also planned to be studied.
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Abstract

Embossed holograms are increasingly often used for the decorative refinement of printed products. So far, there
has not been much scientific research about the influence of the background color on the quality of embossed
holograms. For this purpose, we produced hologram samples with different background colors in a manual
experiment, using the principle of UV embossing. At first, the quality of the samples was evaluated through a
visual experiment. The conceptual design of that experiment was part of this research. Second, measurements
of color values with an X-Rite MA98 multi-angle spectrophotometer were conducted. The comparison of the
results leads to the conclusion that conventional hand-held color measuring instruments used by the graphics
industry can evaluate the influence of the background color. We found out that calculating the color differ-
ence AE* | between background color and sample can be used to recreate the results of the visual experiment,
whereas the samples’ chroma C* | is not suitable for evaluating the influence of the background color. Moreover,
the number of provided measuring geometries is a limitation of this approach.

Keywords: micro embossing, UV curing, multi-angle measurement, visual experiment

1. Introduction and background

Embossed holograms are well known from banknotes, identification cards or other security documents
where they serve as complex anti-counterfeit elements, but they are also used for decorative refinement,
i.e. for the refinement of product packagings.

For some years, a new scope for design is available through the production process UV embossing, which
allows the choice of an arbitrary background color for the embossed hologram (Masuda, 2006). Before
this, only metallic background colors were possible, which provide the desired brilliant effect of the classi-
cal embossed hologram. The free choice of the background color opens up new possibilities but also new
challenges. Which background color can be used to achieve a strong holographic effect? How can the qual-
ity of an embossed hologram be measured?

So far, there has not been much scientific research about quality control of embossed holograms and the
influence of the background color. In general, one can say that quality control of holograms is difficult
because of the great angle-dependency of the holographic effect. Similar difficulties can be found when
investigating effect coatings (Hupp and Dorsam, 2007; Kehren, Dérsam and Hupp, 2009).

The goal of this research is to find out, if conventional hand-held color measuring instruments used by the
graphic industry can evaluate the influence of the background color on the quality of embossed holograms.
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For this purpose, we prepare hologram samples with different background colors in Section 2 and conduct
a visual experiment, which has the aim to evaluate the samples’ quality, in Section 3. The development of
the visual experiment is also part of this research. In Section 4, we conduct color measurements and in
Section 5, the results of the visual experiment and the color measurements are presented and compared to
each other. Finally, conclusions are drawn in Section 6.

2. Sample preparation

2.1 Pre-printed substrates

Five types of pre-printed substrates in the colors blue, red, black, white and silver with a size of approxi-
mately 135 mm x 330 mm were used (Figure 1).

E] UV coating UV coating UV coating UV coating cold foil silver

UV ink blue UV ink red UV ink black

ki et
\

paper substrate

Figure 1: Types of pre-printed substrates. 1 - Blue, 2 - Red, 3 - Black, 4 - White, 5 - Silver

For the blue, red, black and white pre-printed substrates, Fasson MC Offset 25-90 (SV4565) with a thick-
ness of 71 um and grammage of 90 g/m? was used as paper substrate. For the UV coating, Saphira UV-
Coating U8730 (Heidelberger Druckmaschinen AG) was used. The silver pre-printed substrate differs from
the others, because it is produced by cold foil transfer using silver cold foil. Moreover, another paper sub-
strate with a grammage around 180 g/m? was used. Table 1 shows CIELAB color values and gloss values of
the five types of pre-printed substrates.

Table 1: CIELAB color values L* a* and b* of pre-printed substrates (X-Rite MA98, measuring geometry 45°/0°,
illumination D65, 10° observer, n = 10) and gloss values of pre-printed substrates (BYK micro-TRI-gloss, 20° measuring
angle, n = 10) measured on one pre-printed substrate

Pre-printed substrate L* a* b* Gloss in gloss units
Red 31.3 61.9 40.2 57.3
Blue 31.2 -15.2 -44.9 45.2
Black 7.4 -0.1 -1.8 49.6
Silver 12.8 -0.6 -3.4 1056.7
White 88.1 -0.2 -0.9 60.1

2.2 Embossing master

To produce an embossing master, we poured a conventional transparent silicone onto a nickel shim (Iliescu,
Necsoiu and Comanescu, 2011) and then hardened it in an oven (V6tsch Industrietechnik VTL 60/90) at
42 °C for about three hours. Afterwards, we left it at room temperature for about 60 hours, before gently
peeling of the replica (Figure 2). Thus, we produced a transparent silicone shim (thickness approximately
3 mm), which we later used as an embossing master for the UV embossing of our hologram samples.
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Filling in the silicone

@ Hardening

Peeling off the replica

Figure 2: Production of transparent silicone shim

The nickel shim is a commercially available one. It has a double sine wave surface structure that creates a
rainbow effect due to light diffraction. The term ‘rainbow effect’ means that in different viewing angles dif-
ferent colors of the rainbow appear. We chose the rainbow effect, because it is a simple holographic effect,
which is the base of many complex embossed holograms.

2.3 UV embossing

For the production of our hologram samples, we used the principle of UV embossing (Figure 3). To produce
one hologram sample, we coated one of the pre-printed substrates with UV lacquer (holographic lacquer
from Heidelberger Druckmaschinen AG) using an automatic film applicator coater (Zehntner ZAA 2300)
and a doctor blade (Zehntner ZUA 2000) with the gap height of 50 um. Then, our transparent silicone shim
was pressed into the still wet UV lacquer and exposed to UV light, using an UV curing system (IST Metz
M-40-1-URS-WIR-TR-SLC). Lastly, the transparent silicone shim was removed. Before using the transparent
silicone shim again, we cleaned it from UV lacquer remains with a strip of strong adhesive tape.

UV light
o transparent silicone

shim
transparent silicone ’
shim
- - — —
UV lacquer UV lacquer UV lacquer
hologram
sample
pre-printed substrate pre-printed substrate pre-printed substrate

Figure 3: UV embossing of hologram samples

For each type of pre-printed substrate (background color blue, red, black, white and silver), ten holo-
gram samples were produced and numbered in the order of their production (sample #1, #2, #3, ... #10).
Preliminary tests had shown that each silicone shim could only be used 12 times on average for UV emboss-
ing before it becomes brittle and eventually gets torn. A similar behavior is known from (Theopold et al,,
2012) where the influence of solvents on flexo printing forms is investigated. Fine cracks already appeared
after approximately eight times of use and could be detected in the sample surface as well (Figure 4). For
this reason, we used a new silicone shim (100 mm x 140 mm) of the same properties for each background
color.
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Figure 4: Cracks in the surface of sample #10 with black background color

We would like to emphasize that we prepared the hologram samples in a manual experiment. However,
there also exists an industrial process for the UV embossing of holograms, which is commercially referred
to as ‘UV Casting’. Other names are ‘UV Film Casting’ or ‘Cast and Cure’. Instead of using a transparent sil-
icone shim as in this research paper, the industrial UV embossing process uses a transparent plastic film,

which has a transparent lacquer coating with imprinted micro- or nanostructures on one side (Kaule and
Grauvogl, 1999).

3. Visual experiment

There hardly exist any scientific approaches for the visual inspection of embossed holograms, yet. For this
reason, we developed our own visual experiment.

3.1 Equipment

- Viewing booth Macbeth SpectraLight III, covered with black velvet inside

- Self-made sample display, which can be tilted * 5° around its basic adjustment of 45° to the
horizontal (Figure 5)

- Chin rest

- Samples #1 and #10 of each type of pre-printed substrate are used (see chapter 2.3). For better

handling and a uniform look, each sample gets a black frame (70 mm x 70 mm window size) made
from cardboard

10° QA

sample

Figure 5: Sample display

3.2 Assessment criteria for the samples’ quality
Embossed holograms like our samples are rather used for decorative refinement than for security ap-

plications due to their easily damageable open holographic structure. Often, the purpose of decorative
refinement is to attract the viewer’s attention. Presuming that quality is the fitness for a special purpose
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(Teschner, 2010), we therefore assume that the samples’ quality depends on certain sample properties
that are responsible to attract the viewer’s attention, e. g. color properties.

In this research, we choose the sample properties ‘intensity’ and ‘variety of colors’ as assessment criteria
for our samples’ quality, assuming that great intensity and great variety of colors notably attract the view-
er’s attention. Please note that the visual experiment is conducted in German language, using the German
terms ‘Leuchtkraft’ (intensity) and ‘Farbvielfalt’ (variety of colors) as assessment criteria, whereby the
German and English expressions may have slightly different meanings.

3.3 Subjects
Twenty six test persons, 17 male and 9 female, from age 22 to 65 (average 32). All normal or correct-
ed-to-normal sighted. No color vision deficiencies according to the Farnsworth-Munsell 100 Hue Color

Vision Test. Ten of the test persons were classified as experts, which have experience in colorimetry or
visual experiments.

3.4 Procedure

The experiment is part of a broad series of visual experiments, which are conducted in the so-called ‘Black
Room’ at the Institute of Printing Science and Technology, Darmstadt, Germany. This room is almost entire-
ly furnished black, so that as little scattered light as possible gets into the viewing booth. Only the experi-

ment directly relevant to the topic of this research paper is described further. The viewing situation in the
viewing booth is shown in Figure 6.

viewing booth

samples

chin rest

sample display

Figure 6: Viewing situation in the viewing booth

In the visual experiment, each sample #1 is compared to every other sample #1 with respect to intensity
and variety of color (Figure 7). The sample with the higher intensity scores one point and the sample with
the higher variety of color scores one as well. The test persons were told to tilt the sample display back and
forth several times so that they could see the rainbow effect in its full range.

We want to emphasize that the test persons were always asked to compare solely the samples’ rainbow

effect and not their background colors, which appear alongside the rainbow effect. Besides, all test persons
were told to decide spontaneously and subjectively. All instructions to the test persons were given orally.
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Figure 7: Visual experiment from the view of a test person (exemplary scene);
Left - Red sample #1, Right - Silver sample #1

3.5 [llumination and geometry

The visual experiment was conducted twice, once with illuminant TL84 and once with illuminant D65 aim-
ing to simulate the viewing conditions in a shopping mall (TL84) and in daylight (D65). Both illuminants
are built into the Macbeth SpectraLight III viewing booth by default.

The experimental setup was chosen so that the light of the selected illuminant strikes the sample approx-
imately at an incident angle of 45° from the sample’s normal and the emergent angle is approximately 0°
from the sample’s normal (45°/0°). We chose this geometry according to the recommendation of the nickel
shim manufacturer. Of course, the viewing geometry changes by the tilting of the sample display. To create
areproducible visual experiment, we preferred this relatively specified geometry to a free geometry.

4., Color measurements

For the color measurements, we used an X-Rite MA98 multi-angle spectrophotometer and black cardboard
as a measuring underlay. For data handling, we used the software X-Color QC. We measured each sample
ten times on random spots and always oriented the measuring instrument longitudinal to the sample to
avoid possible anisotropy.

The multi-angle spectrophotometer X-Rite MA98 offers different measuring geometries (Kehren et al,
2011). Due to the angle-dependency of the holographic effect, analyzing several measuring geometries is
reasonable. We chose to analyze the measuring geometries 45°:as25°, 45°:as45° and 45°:as75° because
they lie closest to the geometry used for the visual experiment. The first number, 45, represents the in-
cident angle in respect to the surface normal. The second number represents the viewing direction in
respect to the specular angle. Accordingly, 45°:as45° represents the geometry used for the visual experi-
ment (45°/0°). As illuminant, we chose D65 and as CIE standard photometric observer, we selected the 10°
observer because in the visual experiment the samples are regarded at an aperture angle of more than 4°
(DIN 5033-1).
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5. Results and discussion

In this chapter, we present both the results of the visual experiment and the measurements and compare
them to each other.

5.1 Results of the visual experiment

To begin with, Figure 8 shows the results of the visual experiment at illumination TL84. The silver samples
gained the highest score, closely followed by the black samples. On the third and fourth rank are the red
and blue samples, which were given rather similar scores for their variety of colors. However, the red sam-
ples gained approximately twice the score for their intensity than the blue samples. On the last placing of
the ranking, the white samples can be found, which gained no points for intensity and only a few for their
variety of colors.

180 169
160 149
140
120 117
1 93
o 100 83 89 80
S 80 68
_;' 60 = 56
r-.°: 40 34 27
20 17 17
Bo
0
Red Blue Black Silver White
Background color of samples
® Variety of colors = Intensity Tetal score

Figure 8: Results of the visual experiment at illumination TL84 and geometry 45°/0°

The results of the visual experiment conducted at illumination D65 are shown in Figure 9. In comparison
to the results in Figure 8, similar scores and nearly the same ranking of the samples can be found. Only the
first and second placing are inverted. Thereby, we would like to add that those test persons who were con-
sidered as experts on average still distributed more points for the silver samples than for the black smples.
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e 80 80 80
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- 60
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e 40 26 23 23
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0 i
Red Blue Black Silver White
Background coler of samples
m Variety of colors = Intensity Total score

Figure 9: Results of the visual experiment at illumination D65 and geometry 45°/0°

5.2 Results of the color measurements
Figure 10 shows three chroma diagrams, one for each of the selected measuring geometries (see chap-

ter 4), where the CIELAB color values a* and b* of sample #1 to sample #10 of each background color
are plotted. The dotted lines between the measuring values serve as a guide for the eye only. Sample #1 is
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always marked with the number ‘1’. As can be seen in all diagrams, samples of different background color
show distinctly different color values a* and b* although they were prepared with the same holographic
surface structure. This implies that the background color has influence on the holographic effect.

so osmrs |

-50

b

-100

-150

0 50 100
a

Figure 10: Chroma diagrams of hologram samples at L" = 60 (illumination D65, 10° observer); measuring geometries
from left to right: 45°:as25° 45°:as45°, 45°as75°%; it is to notice that the displayed colors in the chroma diagrams
serve only for visualization purposes and do not conform to the real colors of the samples; this is because the value of
the lightness L* is chosen as 60 within the chroma diagram but in reality each sample has a different L*-value

Taking a closer look at the samples’ color locations (Figure 10), it becomes apparent that at all measuring
geometries the red samples’ color locations lie rather in the red area whereas the blue samples’ color loca-
tions rather lie in the blue area. In contrast, the silver samples appear rather blue at 45°:as25° and rather
red at 45°:as45° and 45°:as75°. This leads to the conclusion that chromatic background colors (blue, red)
in contrast to non-chromatic background colors (e.g. silver) overlay with the colors of the rainbow effect
so that they shift them into the direction of the background color.

Moreover, Figure 10 shows that the color measurement is not able to characterize the rainbow effect in its
full range, since the three selected measuring geometries represent only bluish and reddish parts of the
rainbow. However, the rainbow of the applied rainbow effect contains more than these two colors.

200 A 45as25 200 452545 200 45as75
180 AL L 180 180
160 baa | 160 160
L1490 L1140 J140
b 120 Y120 $ 120
gxoo s 100 g 100
o & TEE £8 eoeeeve e,
o BBtee g, | [Sattttretteel (5, s
40 L] ™ 40 = a8 o * o 0 0 ¢ ‘ $ 4
20"!1).(.-... 20. ) ‘.... 30.“““ an
0 X ¥ ® X x X oxr:xxx:-::(-‘xx oxxxxxxxxxx
1 23 45678910 1 23 456 78910 1 23 456 78 910
Sample # Sample 4 Sample ¢
BBlack samples +Blue samples WBlack samples * Blue samples @Black samples +Blue samples
e Red samples ASilver samples ®Red samples ASilver samples o Red samples A Silver samples
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Figure 11: Chroma C* , of all samples at measuring geometries 45°as25°, 45°as45° and 45°as75°at D65/10°

118



P. BRUMM ET AL.: INFLUENCE OF THE BACKGROUND COLOR ON THE QUALITY OF EMBOSSED HOLOGRAMS

Investigating the samples’ chroma C* | and comparing it to the visual experiment (Figure 11, see chap-
ter 5.1), one could assume that the samples’ chroma values represent the samples’ quality, since the white
samples have the lowest chroma and the silver samples have a rather great chroma at all measuring geom-
etries. However, it contradicts the visual experiment that the black samples have only the second lowest
chroma, whereas they gained a rather high scoring at the visual experiment. Consequently, the investiga-
tion of chroma values is not a suitable method to evaluate the influence of the background color on the
quality of our samples.

In the following, we therefore chose another approach; we calculate the color difference AE* between
the pre-printed substrate and the hologram sample (Figure 12). The consideration behind that approach
is that color appears in interaction with its surrounding (Berns, 2000) - in our case the background color,
which appears at some viewing angles alongside the rainbow effect. Whereas the chroma C*  is an abso-
lute measurement variable, the color difference AE *ab is a relative measurement variable which can consid-
er the background color. Assuming that a greater color difference stands for a stronger holographic effect,
Figure 12 clearly states that the black samples have a rather strong holographic effect. This fits better to
the results of the visual experiment than the results from Figure 11.
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Figure 12: Color difference AE* , between pre-printed substrate and hologram sample
at measuring geometries 45°as25° 45°:as45°, 45°%as75° at D65/10°

To make a combined statement about the color difference, we computed the arithmetic mean of the color
differences at all three analyzed measuring geometries (Figure 13). Except the relative positioning of the
red and blue samples and the big gap between the silver and black samples, Figure 13 well represents the
results of the visual experiment.
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Figure 13: Arithmetic mean of color difference AE* | between pre-printed substrate and hologram sample
at measuring geometries 45°:as25° 45°%as45°, 45°as75° at D65/10°
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6. Conclusion and outlook

The visual experiment conducted in this research serves as a guideline for the design of UV embossed hol-
ograms. We found out that the background colors silver and black achieve the strongest holographic effect.
In comparison, red and blue background colors only evoke a mediocre and white background colors evoke
the weakest holographic effect.

The comparison of the visual experiment and the color measurements leads to the following conclusions:

- Conventional hand-held color measuring instruments can evaluate the influence of the
background color on the quality of embossed holograms

- Calculating the color difference AE*  between pre-printed substrate and sample is a method to
recreate the results of the visual experiment

- The number of provided or analyzed measuring geometries is a limitation of color
measurements; in this research three measuring geometries (45°:as25°, 45°:as45°, 45°:as75°)
lead to useful results, but other holographic effects may require far more measuring geometries

In future research, the following questions may become important:
- What does the quality of embossed holograms need to look like? Are ‘intensity’ and ‘variety of
colors’ useful and sufficient assessment criteria?
- Does the method also work for more complex holographic effects than the rainbow effect?
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Short Abstract

We report here the manufacturing of a dye-sensitized solar cell (DSSC) by combining roll-to-roll (R2R) liquid
flame spray (LFS) deposition of TiO, nanoparticles with atomic layer deposition (ALD) of TiO, thin films. Three
different LFS deposition times and three different ALD film thicknesses were investigated. The best solar en-
ergy conversion efficiency of 1.28 % was achieved from a sample with 100 x repeated LFS TiO, nanoparticle
deposition, subsequently coated with a 10 nm ALD TiO, thin film on top. Our results suggest new routes for
fabrication of DSSCs that can be expanded into a complete R2R process allowing a significant reduction of the
device unit cost.

Keywords: dye-sensitized solar cell, TiO,, liquid flame spray, atomic layer deposition

1. Introduction and background

The late Nobel Laureate Richard E. Smalley postulated The terawatt challenge (Smalley, 2005) about the
energy generation transformation that is needed to supply energy in a sustainable way for the increasing
human population. The current estimate for the energy consumption of the seven billion earth inhabitants
is approximately 13 TW, which is expected to grow by at least 10 TW by 2040. Fossil fuel based solutions
are the main source of the current energy portfolio, but they contribute to the greenhouse gas charge
considered responsible for much of climate change. Nuclear power continues to be strongly questioned,
and many national policies were changed in the aftermath of the Tohoku earthquake and the Fukushima
Daiichi meltdown in 2011. However, the scientific evidence speaks for expanding, not reducing, the use of
nuclear power with significantly reduced mortality compared to fossil fuel based alternatives (Kharecha,
2013). Nevertheless, the most sustainable way to meet the growing energy demand would be to increase
the use of solar power.

The amount of solar power reaching the Earth’s surface is approximately 120 000 TW. Thus, even a small

fraction of this amount would be sufficient to meet the energy demand of the current and future genera-
tions. Unfortunately, capturing the solar power cost-efficiently remains a huge challenge. In 1972 Fujishima
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and Honda (Fujishima, 1972) published a seminal paper utilizing a semiconductor TiO, for water splitting
via photocatalytic reaction: the anatase form of TiO, has a bandgap energy of 3.2 eV that corresponds to
a photon wavelength of 388 nm (Luttrell, 2014). Hence, ultraviolet (UV) photons from sunlight can excite
electrons from the valence band into the conduction band creating electron-hole pairs. In nanostructured
media these electron-hole pairs can easily dissociate, diffuse onto the surface, and thus facilitate various
reactions via oxidizing or reducing compounds.

The first practical solar panel was established by the Bell Labs already in 1954 with the first cells based on
silicon structures (Lanzani, 2012). Recently, a large interest has been directed towards solution processa-
ble organic bulk heterojunction (Diao, 2015) and dye-sensitized solar cells (DSSC) (Hashmi, 2015), both of
which are suitable for roll-to-roll (R2R) type manufacturing flow.

A DSSC cell consists of a light sensitive dye molecule, a semiconductor photoanode, redox mediator, and
a counter electrode as first demonstrated by O’'Regan and Gratzel in 1991 (O’Regan, 1991). In the DSSC
structure, the solar photon is absorbed by the organic dye that transfers the electron to the TiO, layer with
a hole remaining in the dye. The electron transport process is ultrafast, and thus mediates an immediate
solar energy conversion into electricity. Various strategies have been implemented to improve the cell ef-
ficiency in the DSSC, and today the best DSSC solar conversion efficiency in laboratory scale solar cells has
been up to 13 % (Mathew, 2014), whereas in large-area modules (> 100 cm?) the highest efficiencies have
been around 8.5 %. The DSSC cells have already found commercial applications, for example, in powering
the window blinds at the MGM Grand hotel in Las Vegas.

In this work, we utilize two nanoscale surface modification technologies suitable for R2ZR manufacturing of
DSSC. First, TiO, nanoparticles are deposited on the glass surface using a liquid flame spray (LFS) process.
LFS is a versatile thermal deposition method that works in ambient conditions. In LFS, an organometallic
precursor typically dissolved in isopropanol is fed into a high temperature and high velocity hydrogen-ox-
ygen flame. The precursor evaporates, condenses, nucleates, and forms solid nanoparticles that can be
collected on a moving web and whose diameter can easily be controlled from 2 to 200 nm (Mdakeld, 2011).
Various metal and metal oxide nanoparticles and their combinations (Keskinen, 2006 and 2007) can be
formed. The nanoparticles are loosely bound to the surface by van der Waals forces. Here we utilize an
atomic layer deposition (ALD) for having a thin film of TiO, on top of the LFS deposited TiO, nanoparti-
cles, improving the particle adhesion on the substrate. ALD provides a self-limiting thin film deposition
technique, in which the layer thickness can be controlled down to a single atomic level (George, 2010) as
the used precursors only react with the surface sites. The cross-sections of the fabricated nanostructured
samples are cut using broad ion beam milling and imaged using scanning electron microscopy (SEM).
Finally, the fabricated TiO, nanostructures are sensitized with a ruthenium based dye for the solar energy
harvesting.

2. Materials and Methods

All DSSC cells were fabricated on transparent and conductive fluorine doped tin oxide (FTO) glass (TCO30-
10/LI, Solaronix SA, CH).

2.1 Liquid flame spray (LFS) TiO, nanoparticle deposition
TiO, nanoparticles were deposited by a liquid flame spray roll-to-roll process. Titanium (IV) isopropoxide
(TTIP, 97 % pure, Alfa Aesar) dissolved in isopropanol (IPA, technical grade, Neste) was injected with a

feeding rate of 12 ml/min into the hydrogen-oxygen flame with 50/151/min gas flow rates, respectively.
The track speed was adjusted to 50 m/min with a nozzle to sample surface distance of 6 cm. Three different
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nanoparticle coating amounts were fabricated with 50 x, 100 x, and 150 x deposited samples i.e. samples
were passed below the depositing flame the corresponding number of times.

2.2 Atomic layer deposition (ALD) of TiO, thin film

TiO, thin films were deposited on the three different LFS-TiO, nanoparticle deposited glass plates at 300 °C
by atomic layer deposition (ALD) using a batch type reactor (Beneq TFS-200 ALD, FI). The pressure was
approximately 2 mbar in the reaction chamber during the deposition. Nitrogen was used as the precursor
carrier gas, as well as for purging between the precursor pulses. TiO, thin films were grown from titanium
tetrachloride (TiCl,) and water. Three different film thicknesses of 1 nm, 3 nm, and 10 nm were applied.
A single ALD cycle resulted in a 0.04 nm thick film growth at 300 °C i.e. a 10 nm thick film required 250 ALD
cycles.

2.3 DSSC cell fabrication

TiO, semiconductor structures have limited light absorption at visible wavelengths. Therefore, the depos-
ited TiO, nanostructures were photosensitized with a widely used ruthenium complex cis-di(thiocyana-
to)-N-N'-bis(2,2'-bipyridyl-4-carboxylic acid-4'-tetrabutylammonium carboxylate) ruthenium (II) (N-719,
Solaronix SA, CH). The used electrolyte in the cell was a commercial iodide based solution (Iodolyte AN-50,
Solaronix SA, CH).

2.4 Sample imaging

The cross-sectional images of the TiO, nanoparticle coated and thin film deposited samples were prepared
using an Ilion+ Advantage-Precision Cross-Section System (Model 693, Gatan Inc., US). The cross-sections
were milled with an argon broad ion beam (BIB). The samples were platinum coated before the ion milling
to improve heat exchange and to reduce heat damage. The cross-sectional samples were imaged using a
scanning electron microscope (SEM, LEO 1530 VP Gemini, Carl Zeiss Microscopy GmbH, DE).

2.5 DSSC solar cell performance measurements
The photocurrent-voltage (I-V) characteristics of the fabricated LFS/ALD TiO, DSSC solar cells were meas-

ured under an AM (air mass) 1.5 G (global) condition (Solar Simulator Oriel 150 W, Newport, US) in 1 sun
condition that corresponds to an irradiance of 100 mW/cm? at AM 1.5 G condition.

3. Results and Discussion
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Figure 1: SEM cross-sectional images of (a) 50 x and (b) 100 x LFS deposited TiO, nanoparticle coating on a FTO glass.
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Figure 1 shows the SEM images of the cross-sections of the 50 x and 100 x LFS deposited TiO, nanoparticles
without the ALD coating. The average TiO, nanoparticle diameter is approximately 20-40 nm. As clearly
seen from the Fig. 1, the number of times the substrate passes below the nozzle correlates well with the
observed coating thickness. It can be estimated from the Fig. 1 that 50 x results in approximately 1.5 pm
coating thickness, whereas 100 x is followed by approximately 3 um thick porous nanoparticle coating.

Figure 2 presents the corresponding SEM images of the 100 x deposited LFS sample coated with 1 nm and
10 nm ALD thin film. The subsequent ALD coating results in a more uniform layer on top as the conformal
coating fills partially the pores on the surface, and thus smoothens the surface structure.

Figure 2: SEM cross-sectional images of 100 x deposited LFS sample coated with
(a) 1nmand (b) 10 nm Ti0, thin film on an FTO glass.

In Table 1 we show the measured solar energy conversion efficiencies for different DSSC cells under nor-
mal sunlight. The pure LFS deposited cell has an energy efficiency of only 0.07 % whereas the cells with an
ALD deposited thin TiO, film on top have an efficiency from 0.17 % (with 1 nm ALD and 50 x LFS) to the
best 0f 1.28 % (10 nm ALD and 100 x LFS).

Table 1: Measured I-V characteristics under sunlight for the DSSC cells with cell area of 0.64 cm?.

1 nm ALD TiO, on top of 3 nm ALD TiO, on top of 10 nm ALD TiO, on top of

50 LFS S0 LFS 100 LFS 150 LFS 50 LFS 100 LFS 150 LFS S0 LFS 100 LFS 150 LFS
Jsc [mA/cm?2] 0.22 0.53 2.53 2.49 0.88 1.62 1.39 2.45 3.23 1.97
Voc [V] 0.69 0.76 0.77 0.74 0.71 0.81 0.72 0.78 0.78 0.75
Fill Factor 0.46 0.42 0.55 0.56 0.47 0.55 0.59 0.48 0.51 0.54
Efficiency [%] 0.07 0.17 1.06 1.03 0.30 0.73 0.59 0.93 1.28 0.79

Finally, Figure 3 presents the measured I-V curvature of the best performing cell with 100 x LFS deposi-
tions followed by a 10 nm ALD TiO, coating.

w
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Figure 3: The measured I-V characteristics of the 100x LFS with a 10 nm ALD TiO, layer on top.
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To summarize our results, we have combined an LFS TiO, nanoparticle deposition with ALD TiO,, thin film
deposition for a DSSC solar cell structure. The ALD layer improved the cell efficiency in all cases, and the
best efficiency of 1.28 % was observed with a 100 x LFS combined with 10 nm ALD layer.

4. Conclusions

As a summary, we have investigated possibilities to fabricate DSSC structures in a combination of TiO,
liquid flame spray nanoparticle deposition with atomic layer deposited thin films. Our initial results show
that it is possible to extract solar power using such a set-up, although the process parameters are not opti-
mal. The LFS depositions were carried out in a roll-to-roll process flow, whereas ALD was done in a batch-
type reactor. However, the ALD has been expanded into roll-to-roll process recently, and commercial R2ZR
ALD systems are available. For example, selective area spatial ALD (SALD) has been shown to produce high
quality thin films at a fraction of the time compared to the conventional ALD (Ellinger, 2014). An example
of already existing large-scale utilization of DSSCs is powering the remote-controlled electric blinds of the
MGM Grand hotel in Las Vegas, US in which DSSCs charge the blind batteries avoiding all extra wiring with
significant cost savings (Broadwidth, 2012). A commercial utilization of low-cost ALD-LFS photovoltaic
structures on flexible substrates requires improvements in the ALD coating speeds and development of
low temperature ALD processes for heat sensitive materials such as paper and plastics. We believe that
our results here show avenues towards an R2R deposition of large-scale, cost-effective DSSCs on various
substrates ranging from glass to plastics and coated papers.
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Challenges in the Fabrication of Optimized Microstructures via Fused Layer Modeling
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Short Abstract

Porous structures play a big role in nearly every part of industry and their inner structure is always a key part
of their functionality. Unfortunately conventional structures commonly feature random geometric proportions,
which can be overcome by the free design opportunities in 3d-printing. For flow optimized structures defini-
tion of the shape of small pores and their distribution is a key factor and makes Fused Layer Modeling a rec-
ommendable method for producing them. Although offering great opportunities, the processes and software
involved are not fully elaborated. The aim of this work is to give an overview over existing capabilities and pro-
viding suggestions for future research. To do so, the standard workflow and an exemplary machine are present-
ed and different print parameters are examined. The verification of a linear model for porosity shows the great
possibilities in regard of function defined pore distributions. The existing possibilities for porosity percentages
are outlined by different parameter studies. Finally, the findings are summed up and promising directions for
future research are pointed out.

Keywords: 3d-printing, FDM, microstructure

1. Introduction

Porous structures are a key component of many chemical, biological and thermodynamic processes, like
catalytic converters and heat exchangers, and their effectiveness is highly dependent on internal struc-
tures. Common techniques rely on differential construction methods or indirect controllable chemical
processes, therefore the freedom of design is highly constrained (Too, 2002). With 3d-printing such limi-
tations can be overcome and an ever more demanding market could be satisfied (Brousseau et al., 2010).
Non-random structures with a predefined distribution of pores can be fabricated, following the guiding
principle ‘complexity for free’ (Gibson et al., 2014). This leads to major improvements in comparison to
conventional manufacturing systems (Neugebauer et al., 2011). Although being an emerging market the
processes involved in 3d-printing are not completely understood and the step from a display model to a
functional prototype has not fully taken place.

Especially the Fused Layer Modeling (FLM) is regarded as method only for display models, but in fact ex-
hibits some major advantages in contrast to the widely used Selective Laser Sintering (SLS). Due to the lay-
er wise deposition of material through a nozzle it is possible to create porous structures without the need
of getting powder out of the cavities and the material can be functionalized with additives that are stable
at relatively low temperatures compared to SLS. This makes FLM attractive for chemical and biomedical
applications. An additional FLM approach is not to melt a solid and use a solution, dispersion or a sol-gel
instead which is printed by the use of bioplotters (Jakus et al., 2015). But the control of the rheological
parameters to produce stable 3-dimensional parts is challenging.
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Some work has been carried out on porosity of FLM-fabricated structures. They are mainly focused on
scaffolds for biomedical applications. Ang et al. (2006) for example investigate the influence of print pa-
rameters on porosity and find some basic relations. An extended model is proposed and verified by Too et
al. (2002). They relate porosity to raster gaps, which is the void between two parallel material lines (raster
lines). One limiting factor for getting smaller structure is the nozzle. Therefore Monzon et al. (2013) use
small nozzles with an outlet diameter of 0.05 mm to generate smaller structures. This involves complex
simulation and optimization of nozzle designs and shows limits of current system designs. One way to get
around the problem is to post-process the layers. Malinauskas et al. (2014) experimented with direct laser
writing ablation, which means subtraction of material via a laser. This hybrid method can produce higher
porosities and adds special attributes to the surface of the material.

All this should lead to a mathematical model, which relates desired structure to the real object. One limit-
ing factor are current processes and software systems themselves. The software is often constrained to ba-
sic patterns, optimized for producing rapid prototypes. An example is the definition of small wall structure
in a CAD system and dividing it into layers with the common slicer software slic3r, as displayed in Figure 1.

Slic3r standard settings Slic3r perimeters
setting set to 50%

Double
perimeters Single infills
infills inside walls

perimeters

Figure 1: Influence of Slicer software setting on created printing paths; by changing wall thicknesses in a CAD system or
alternating print settings, completely different wall structures can be obtained, and this leads to unpredictable results.

The printed structure is influenced by the model and strategy. Therefore, most structures are generated via
automatically created infill structures. Common structures are rectangular grids, honeycomb or triangular
structures. They show fixed, reproducible patterns, as shown in the next part of this paper, but still lack
continuous variable structures governed by functions. It will be part of further work. This paper concen-
trates on strengths and weaknesses of bulk printer software and hardware and is aimed at providing a
basis for finding optimization potentials.

2. Materials and Methods

The 3d-printing workflow spans from the virtual CAD to the actual printed part. The virtual part was cre-
ated in Siemens NX 10.0, a solid block displayed in Figure 2, with dimensions of 30 mm x 30 mm x 3 mm.

Figure 2: Block with dimensions of 30 mm x 30 mm x 3 mm created in Siemens NX 10.0 on the left, visualisation of print
paths in slic3r software in the middle and printed block with inner fill structure on the right.
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The block was exported via the STL-Export-extension of NX, which produces a representation of the block
by triangulation, and was loaded into Slic3r. There the part is divided into layers (slices). As presented in
the previous section, the print strategy is calculated in this part of the workflow. It is based on information
about the printer and specific print settings. The most important settings are:

- Nozzle diameter (printer specific)

- Layer height (thickness of each slice)

- Number and width of perimeters (wall thickness)
- Infill density (key factor for controlling porosity)
- Fill pattern

- Number of top and solid layers (set to zero)

- Print speed

- Print temperature (material specific)

- Printbed temperature

With these settings a set of machine data in form of g-code is generated and send to the printer. The FLM
printer used is a Hyrel System 30 with a MK1-250 printhead shown in Figure 3. It is a modular system with
interchangeable heads, for example syringe based extrusion or Fused Layer Deposition of plastic filaments
atup to 410 °C print temperature.

Figure 3: Hyrel System 30M modular Fused Layer Modeling printer

For the experiments PLA (polylactic acid, PLA MAXX Tooth White) polymer was used, due to its good ex-
trusion characteristics like minimal thermal shrinking and low extrusion forces compared to high strength
filaments. This feature has a major influence on forces for smaller diameter nozzles, because shear rate
increases with a smaller radius to the power of three (Lafleur and Vergnes, 2014). In this study three differ-
ent nozzle diameters were tested. Their values and the other print parameters are summarized in Table 1.

Table 1: Printing parameters used for PLA printing on Hyrel System 30M printer. Due to a mismatch between nominal
and real nozzle diameters the nominal value is given is brackets.

Nozzle Layer Infill density % Print Print Print Bed
diameter thickness speed speed temperature | temperature
(nominal) in mm 1. Layer in mm/s in°C in°C

in mm inmm/s
0.45 (0.3) 0,05 10,20,30,40,50,60 10 20 205 55
0.25(0.1) 0,05 10,20,30,40,50,60 10 20 205 55

0.2 0,05 10,20,30,40,50,60 10 20 205 55
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It was found that the nominal size greatly differs from the actual size, measured under an microscope.
Hence, the data was corrected with the measured nozzle diameters. The first layer speed is listed here
because it is vital for good adhesion to the build plate. Resulting effects are of minor importance. The re-
maining parameters were kept constant.

Consequently, there are experiments with different temperatures connected with different flow rates. The
experiments involve specimens with the print parameters in Table 2.

Table 2: Printing parameters for investigating the influence of temperature and print speed on porosity.

Nozzle Layer Infill Print speed Print speed Print Bed
diameter | thickness density 1. Layer inmm/s temperature temperature
in mm in mm % inmm/s in °C in °C
0.3 0.3 30 10 10, 20, 30, 40,50 | 195, 200, 205, 210 55

Finally, three different layer thicknesses were investigated with the parameters presented in Table 3.

Table 3: Printing parameters for investigating the influence of layer thickness on porosity.

Nozzle Layer Infill Print speed Print speed Print Bed
diameter | thickness density 1. Layer inmm/s temperature temperature
(nominal) inmm % inmm/s in°C in°C

in mm

0.45 0.1 10-50 10 20 205 55
0.45 0.2 10-90 10 20 205 55
0.45 0.3 10-50 10 20 205 55

With the experimental parameters being set, the next step is how to define and measure porosity.
2.1 Measuring Porosity

The porosity (P) is defined as

p = Jroids 1004
total
using the volume of voids (V) and the total volume of the specimen (¥, ) and refers to the volumetric density
(cf. Ang et al. (2006)). This value is time intensive to measure for high part counts (e. g. using mercury porosim-
eter), therefore it is more practical to determine the density of the material and weight the specimens. The density
(has been determined by measuring the filament before printing, which represents a cylinder (diameter d, length /,
weight m), and it can be derived from the equation:

4m

P =razr

Multiple measurements lead to an average density of PLA (p,,,) of

ppia = 1.22 +0.03 g/cm3.

Repeated measurements of the extruded materials deliver the same results. Thus, the material density
does not change in the printing process.
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2.2 Model describing the specimen volume

The model for describing the porosity used here is comparable to the one developed by (Too etal., 2002). It
sums up the single lines to a layer and subtracts the outer perimeters. As one can see in Figure 4, the lines
are of oval shape.

Figure 4: Cut through layers showing the elliptical shape of the lines.

Thus the area (4) cross section is defined as
A = mab.

The variables a and b represent the semimajor and semiminor axis of the ellipse and are set to half of the
nozzle diameter (d) and half of layer thickness (s). With the length (), the equation for the line volume is

ds
Viine = T[Tl-

The total volume of the specimen, being composed of a rectangular perimeter of N rimters lines (outer square
length: [) and the infill (number of lines: n, , number of layers: nlaym) can be described as

ds
Vtotal =K * (nlines * nlayers *TC * 4 (l — 2% nperimeters * d) + 4= Nyines * S * nperimeters * d(l

— Nperimeters * d))

The linear factor K is used to fit the model to measured data.
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3. Results and Discussion

First, the developed model for volume, which is a basis for the calculation of porosity, is validated. It deliv-
ers important information about the linearity of the infill setting. Consequently, the different experimental
results regarding the other print parameters are carried out.

3.1 Quality of the model
As one can see in Figure 5, the mass of the specimens linearly rises with increasing infill percentage. This

happens in accordance to predicted model based data. With a linear correction factor K set to 1.1, the mod-
el can be fitted exactly to experimental data.

2 T T T T

——a— calculated mass without correction factor
1.8 | —e—measured mass
——e— calculated mass with correction factor

massing
N

0.8}

0‘_1 1 | 1 1
10 20 30 40 50 60 70 80 90

infill in %

Figure 5: Mass of the specimens compared to defined infill; with
print parameters: Nozzle diameter = 0.3 mm, layer height = 0.1 mm, K = 1.1

Thus, the model based on elliptical shapes can be used for estimation of porosity. The fluctuation is within
the accuracy of the measurement.

3.2 Influence of nozzle diameter on porosity

Smaller nozzles can be used for creation of higher porosities with smaller cavities. Additionally the po-
rosity can be controlled better due to the higher line count per layer. But there are a few drawbacks. First,
the real diameter of the nozzle has to be determined, for example under a microscope. After a few prints,
commercially available nozzles show a great divergence between nominal and real diameter and geomet-
ric irregularities regarding the cylindrical nozzle outlet.

As stated, the forces rapidly increase with smaller nozzles and as a consequence print speeds or layer
thickness has to be reduced. This phenomenon is aggravated by the fact of poor surface quality in the
nozzle. These factors limit comparability of different nozzles with equal parameter sets. A practical way to
print with different nozzles is to adjust the layer thickness. Obviously, the nozzle diameter limits the width
of aline. So a nozzle of 0.3 mm should not be used to create lines, which are broader than 0.3 mm, meaning
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a layer thickness of more than 0.3 mm. Going into the other direction, the layer become more and more
deformed. As a consequence, even a layer thickness of 0.1 mm cannot create smaller features. Thus, a layer
thickness of about half the nozzle diameter is practical and worthwhile to avoid problems with the width
and to ensure adhesion to previous layers.

3.3 Influence of layer thickness on porosity

The layer thickness has a major influence on the elliptical shape of the filament lines. Experimental data
(Figure 6) show this effect in form of different gradients between porosity and infill percentage. The lower
the height, the better the porosity can be controlled. Layers of 0.1 mm thickness lead to porosities ranging
from 34 to 78 % in opposition to layers of 0.3 mm thickness, where a maximum of only 68 % porosity is
possible. More over the gradient is much steeper.

——0.1mm
——0.2mm

| —*—0.3mm|

measured poresidy in %

% infill in slic3r

Figure 6: Influence of layer thickness on porosity over infill (as defined in slic3r)
3.4 Influence of print speed and temperature on porosity

The influence of print speed versus temperature is highly correlated due to the flow problematics explained
in section 3.2. Therefore an interconnected relation can visualize the process limits (Figure 7).
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Figure 7: Influence of print speed on porosity at different temperatures.

At low speed the extrusion is stable at all temperatures except 195 °C. The slight rise in porosity is an in-
dicator for badly printed areas. At higher speeds there is a drastic increase in porosity at 195 °C print tem-

perature. The structures get deformed, as seen in Figure 8, and the lines are not printed with a consistent
cross section.

Figure 8: Microscopic image of irregular structure of a rectangular infill structure seen from above, where
main influences are the inappropriate print temperature of 195 °C and the print speed of 50 mm/s.

At higher temperatures the influence of higher print speed is lower but still present. The print at 200 °C
even shows some special print problems in form of fragmentary lines at higher print speeds. In summary,

higher print speeds cannot be used for generation of higher porosities because the structures lack well
defined geometry.
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4. Conclusions

The results show that the print capabilities are highly constrained to the process and the process parame-
ters. Data generation should be performed by specialized algorithms to create highly regular and reproduc-
ible structures. Common slicer software is already capable of varying porosity linearly over a wide range,
depending on the parameter sets shown. Experimental results can be fitted to model data, therefore prop-
erties can be pre-estimated. This is mandatory for a defined distribution governed by specific functions.

In the realm of software, open structures have to be created to implement complex functions, especially for
the implementation of flow optimized structures based on FLM. The workarounds provided here, like de-
activation of top and solid layers, and implemented fill structures are no overall solution to more complex
models. The focus of common software still lies in prototypes rather than functional parts.

Looking at microstructures, the miniaturization of nozzles may not be the solution, due to the high flow
resistance and the lack of advanced feeders with more pushing force and resulting problems with swelling.
Instead drawing of lines, as demonstrated by Laput et al. (2015) may be a possible solution.

To refine the results, more work has to be put into control of the extrusion process, the machine design

and the software. All of them offer great potential in raising what additive manufacturing is supposed to
accomplish, complexity for free.
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Short Abstract

Polymeric materials were used for 3D printing of model trabecular human bone substitutes. Acrylate Butadiene
Styrene (ABS), an acrylic prepolymer (Digital ABS™), polylactic acid (PLA), polyetherimide (ULTEM 9085) and
polyamide (PA 2200) were 3D printed at 100 % of infill or with a designed geometric structure mimicking a
honeycomb pattern, triangular or square internal structure (ABSTM, PA2200, and ULTEM 9085). The tensile
strength of 100 % infill structures were highest with PLA, followed by digital ABSTM. If the polymer was print-
ed with a designed geometric structure, the highest tensile strength was obtained with PA2200 using square
internal geometry, having a tensile strength of 43 MPa, which was 91 % of that found when using 100 % infill.
The weakest geometric structures were obtained when using Digital ABS™, which exhibited 45-58 % of the
original tensile strength at 100 % infill. The tensile strength of the designed geometric structures exceed the
criteria for trabecular bone.

Keywords: 3D printing, polymers, trabecular bone, mechanical properties

1. Introduction and Background

The development of additive manufacturing techniques, particularly 3D printing, has reached application
potential in very many industrial disciplines, and rapidly made its move into the medical field. One partic-
ular medical area, bone replacement, is regularly needed to help repair or substitute damaged or diseased
tissues ranging from trauma and degenerative disease to cancer. 3D prototyping of particular tissue or
organ structures needs a scaffold to direct the general shape and three-dimensional grouping of several
cell types (Sun, 2002; Gomi, 1993). The inner architecture of a bone scaffold construct is not trivial and
different properties need to be considered, such as porosity, pore size, and interconnectivity of the tis-
sue scaffold structure (Martin, 1991; Hutmacher, 2000; Hollister, 2000). The scaffolds must be precisely
built from specific designs that have mechanical characteristics with suitable physiological parameters
to be used successfully for bone tissue replacement (Williams, 2005). The development of suitable bio-
compatible polymeric materials for 3D printers is crucial. Silicone chemistry, in addition to copolymers
with polymethylmethacrylate (PMMA), has been used in various materials with high oxygen permeability,
and high rigidity. Methacrylates have been successfully employed in medical applications for dental struc-
tures (Ligon-Auer, 2016). However, their polymer network is inhomogeneous, which causes brittleness.
Thus, these multifunctional acrylate monomers were modified in order to increase their toughness for 3D
printing applications (Ligon-Auer, 2016). Toughening of polymers may be achieved by filling with sub-mi-
crometer particle size inorganic fillers, such as calcium carbonate (Ligon-Auer, 2016). It was found that
the impact strength of polypropylene at high loadings of calcium carbonate was increased from 2 kJ/m?
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to 50 kJ/m? (Ligon-Auer, 2016). Polycaprolactone (PCL) has been identified as a biodegradable polymer
suitable for bone and cartilage repair, because it is stable at ambient temperature, inexpensive and widely
available (Rutherford, 2003; Azevedo, 2003; Fromstein, 2002; Guan, 2004; Mano, 2003). Polycaprolactone
(PCL) scaffolds manufactured via selective laser sintering (SLS) have been successfully used to provide the
scaffold design for bone tissue.

Various 3D printing methods can in principle be applied for bone tissue engineering. However, SLS is con-
sidered to be advantageous for making bone tissue engineering builds for sites such as the temporoman-
dibular joint (TM]) in the jaw, since it provides a technique to build scaffolds to match the anatomical
geometry of periodontal structure. SLS constructs the scaffolds from 3D digital data layer by layer, using
computer controlled 3D scanning. A thin layer of powder of thermoplastic material is distributed and leve-
led by a roller above the flat surface. Applying laser sintering technology, the powder biomaterial binds
from the heat of the laser beam. To make room for the new layer of powder, the piston in the cylinder shifts
by one layer thickness. Next, the powder supply piston is activated to provide a fresh amount of powder for
the next layer. The powder is distributed again on the flat surface to build the next layer of bone scaffold,
and so on.

Fused Deposition Modeling (FDM) is able to produce 3D printed objects for medical applications employ-
ing thermoplastics polymers such as acrylonitrile butadiene styrene (ABS), polycarbonate (PC), polylactic
Acid (PLA) and some other specially engineered thermoplastics. The working mechanism of the FDM tech-
nique is using a plastic filament from a coil, which is driven through an extruder. The plastic is heated and
melted by the heat extrusion nozzle; the molten filament flows through the nozzles, and is deposited on
the building plate to form a layer. The delivery heads move along the X-Y axes to follow a predefined path
to form a specific shape on each layer. Then, the platform moves vertically in the Z direction to produce the
next layer (Hutmacher et al,, 2001). 3D printing with thermoplastics is one of the most common methods
to create 3D structures in the medical field.

Stratasys PolyJet technology works in a manner similar to inkjet printing. A print head with multiple noz-
zles, Figure 1, (Gibson et al., 2015) jets photopolymer onto the substrate table surface, and simultaneously
with the movement of the head the ink droplets are flattened by a small roller to make the surface even.
An ultraviolet strip source follows the head and cures the material instantaneously. Two materials can be
jetted simultaneously, the main model material and the supporting material. The supporting material pro-
vides a base for the main material, especially when there is a cavity or overhand structure. The supporting
material can be easily removed mechanically or by water jetting.

Jetting Head X axis

Build Tray Z axis

The Objet PolyJet Process

Figure 1: 3D printing principle used by Stratasys PolyJet technology (Gibson et al,, 2015)

Fabrication of scaffolds by the stereolithography technique is made by using photosensitive polymers
(Husar, 2014). Stereolithography employs a liquid UV-curable monomer and UV laser curing to construct
layers. The laser ray hits the surface of the liquid monomer, it in turn polymerizes to create the photopoly-
mer, which then rapidly hardens. After one layer is finished, the stage is lowered one step down and the
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second layer is sketched on top of the first one. For each layer, the laser ray draws a cross-section of the part
model on the surface of the liquid resin.

The aim of the work reported here is to employ various chemistries, mostly thermoplastic polymers, for
printing 3D structures with or without porous interiors, which can be potentially applied as a trabecular
bone tissue replacement.

2. Materials and Methods
2.1 Materials

ABS (Acrylonitrile-Butadiene-Styrene), PLA (Polylactic Acid), ULTEM9085 (polyetherimide), PA 2200
(Polyamide), and Digital ABSTM, an acrylic prepolymer, were used for printing.

2.2 3D printing of test samples

SOLIDWORKS® 3D CAD software (Waltham, Massachusetts, USA - Dassault Systemes S.A., France) software
was applied to design the internal engineered structure with various solid and internal porous geometries
(solid print, hexagonal, triangular, and square porous structure). The internal pores are closed volumes
where the sizes of cavity, side, top and bottom walls are the same as typical trabecular bone structure, as
shown at Figure 2. 3D test samples were printed, which followed specified dimensions to comply with
the ASTM D695 standard for mechanical properties testing. In order to test various materials for bone
replacement, different printers were employed, because it was not possible to change the set up designed
by the individual equipment manufacturer. The Fused Deposition Modeling (FDM) technique was used to
print ULTEM9085 with Stratasys printer Fortus 400 MC. Selective Laser Sintering (SLS) was employed to
print PA2200 (Polyamide) with an EOSP 396 print machine. Poly]et technology was used to print digital
ABS™ with a Stratasys Objet 500 Connex3 printer (Stratasys, 2016). Samples were printed as 100 % infill,
or with designed internal structure. Hexagonal, triangular and square cross-section pores were designed
(Figure 2), mimicking the trabecular bone structure with the average pore size of the real bones (400 pm).
Designed pores are closed cells with lengths and heights of the cross section geometry equal to 400 um.
The walls thickness in all directions is 160 pm. Five samples were printed for each geometric structure and
polymer type.
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Figure 2: Three different geometric structures: hexagonal (a), triangular (b) and rectangular (c), where the “pores”
have length equal the thickness of one printed layer

139



ADVANCES IN PRINTING AND MEDIA TECHNOLOGY, VOL. XLIII(III) - 6: MANUFACTURING AND 3D PRINTING, 137-142

2.3 Mechanical properties

An MTS Bionix Servohydraulic Test Systems-Model 370.02 instrument was employed for testing the tensile
strength of the 3D printed test samples according to the ASTM D695 standard. The speed of deformation
was 0.2 mm/s. Testing was done at an ambient temperature of 25 °C. Stress strain curves for each test
specimen were measured from five replicates. From the measured tensile strength Young’s modulus was
determined for the different geometric structures. A standard deviation (SD) of Young’s modulus was cal-
culated from the standard error of the coefficient of the linear term in a quadratic fit to the tensile test data.
The calculated stress-strain curves formed by a least squares regression fit of the experimental data, using
a quadratic polynomial, at 100 % infill, with honeycomb, triangular or rectangular internal geometry were
constructed.

3. Results and Discussion

The calculated stress-strain curves for ABS (Acrylonitrile-Butadiene-Styrene), PLA (Polylactic Acid),
ULTEM9085 (polyetherimide), PA 2200 (Polyamide) and Digital ABSTM, the acrylic prepolymer, at 100 %
infill are illustrated in Figure 3. The stress-strain curves are concave in shape, pinpointing brittle struc-
tures (Figure 3), which do not exhibit any dramatic change in elongation prior to rupture. Again, the brittle
material is a characteristic shown by rupturing without any obvious prior change in the rate of elongation,
or neck formation (Beer, 2012). These 3D printed materials are mostly thermoplastic, which means they
are composed of linear macromolecules, creating inhomogeneous internal structure, thus contributing to
brittleness.

Stress vs.Strain, Ca-strain vs. Ca-stress

PLA
D-ABS

ABS PA ULTEM

Stress 4
{MPa)

Strain

Figure 3: Calculated (“Ca”) Stress-Strain curves at 100 % infill for model plastic materials.

PLA has the highest values of both Young’s modulus and tensile strength (Table 1). Digital ABS™ has the
second highest values of both Young’s modulus and tensile strength. ULTEM9085 has the lowest value for
Young’s modulus and ABS has the lowest tensile strength. Cortical bones have a compressive strength in
the range of 131-224 MPa, and a Young’s modulus ranging from 17 000-20 000 MPa, while strength and
Young’s modulus for trabecular bones are in the range of 5-10 MPa and 50-100 MPa, respectively (Razak,
2012). The results of the polymers are less than the required mechanical strength of the compact bone, but
they exceed the criteria of the trabecular bone.
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Table 1: Tensile strength of model polymers at 100 % infill

Material Tensile Strength Young’s Modulus Young’s Modulus SD
[MPa] [MPa] [MPa]

ABS 43 1925 29

PLA 57 3333 18

ULTEM9085 50 1540 3

PA2200 47 1699 12

Digital ABS™ 55 2013 12

ULTEM9085 printed with three different geometries, hexagonal, triangular and square, gave the same val-
ues of the tensile strength for all internal geometries, but different Young’s modulus values (Table 2). The
triangular structure has the highest Young’s modulus, followed by the ULTEM9085 square structure, and
the lowest Young’s modulus was given by the ULTEM9085 hexagonal structure. PA2200 hexagonal struc-
ture has the highest tensile strength average and Young’s modulus (Table 2), followed by PA2200 adopting
the square structure, and PA2200 with the triangular structure. For digital ABS, the square structure has
the highest average value for both tensile strength and Young’'s modulus, followed by digital ABS having the
hexagonal structure and digital ABS adopting the triangular structure. Generally, the values are in the same
range for all the structures. However, if we look at hexagonal structures the PA2200 resulted in the high-
est tensile strength (43 MPa) along with the highest Young’s modulus (1 508 MPa). Similarly, ULTEM9085
resulted in the strongest triangular structure with Young’s modulus of 1480 MPa and tensile strength of
32 MPa. ULTEM9085 had slightly higher Young’s modulus of 1 480 MPa than PA 2200 (1 456 MPa). PA 2200
created also the strongest square structure with 43 MPa tensile strength and highest Young’s modulus of
1487 MPa.

Table 2: Tensile strength and Young’s modulus for different geometric structures.

Geometric Structure Tensile Strength Young’s Modulus Young’s Modulus
[MPa] [MPa] SD [MPa]

ULTEM9085 Hexagonal 32 1327 10
ULTEM9085 Triangular 32 1480 11
ULTEM9085 Square 32 1347 3
PA2200 Hexagonal 43 1508 17
PA2200 Triangular 42 1456 15
PA2200 Square 43 1487

Digital ABS™ Hexagonal 25 1124 3
Digital ABS™ Triangular 24 1036

Digital ABS™ Square 32 1414 13

When compared with trabecular bones having tensile strength and Young’s modulus in the range of
5-10 MPa and 50-100 MPa, respectively (Razak, 2012), the results of the thermoplastics with designed
structures exceed the trabecular bone criteria. These results show that our structures may serve as trabec-
ular bone replacement in respect to their appropriate tensile strength.

4., Conclusions

Several polymeric materials were 3D printed as a 100 % infill or with designed geometric internal struc-
ture. SOLIDWORKS® software was employed to design additional special 3D structures having closed cells
pores with lengths and heights of the cross section geometry equal to 400 um and the walls thickness in
all directions is 160 um. Five samples were printed for each geometric structure and polymer type. The
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geometry of the honeycomb reduces the amount of material, therefore minimizing the weight, cost and
construct density. Tensile strength was measured and Young’s modulus was calculated. The stress-strain
curves displayed near linear trends, portraying that the rupture occurs without any dramatic change in
elongation, which is typical for brittle assemblies. Designed geometric structures showed 45-91 % less
tensile strength, than structures printed with 100 % infill, depending on the polymer used. The least
strength loss was found when using PA 2200, exhibiting 91 % of the original tensile strength of the 100 %
infill construct. Further research is needed to develop deeper understanding of the mechanical properties
and biocompatibility of the 3D printed bone replacement structures. Future design will include intercon-
nected pores similar to trabecular bone structure.
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Short Abstract

Paper-based microfluidic devices can provide practical analytics platforms for applications such as point-of-
care medical diagnostics. However, immobilisation or separation of analytes on such devices has received lim-
ited attention so far. This study introduces inkjet printed polyelectrolyte patterns as possible platforms for
immobilisation of cationic and anionic compounds through surface charge interaction. Both anionic (sodium
polyacrylate) and cationic (polydiallyldimethylammonium chloride) polyelectrolytes were inkjet printed on
a custom designed pigment coating, having fine particle internal pore structure to ensure close proximity be-
tween the analytical sample and modified pore walls. Printed polyelectrolyte patterns were themselves poorly
visible both under ordinary and UV light. In a proof of principle test, a controllable degree of separation of an-
ionic dyes from aqueous solution passing through a printed cationic polyelectrolyte region could be observed.

Keywords: polyelectrolyte, inkjet printing, functional printing, functional pigment coating, paperfluidics

1. Introduction and background

Paper-based analytical devices provide possibilities for easily transportable, inexpensive and disposable
sensors in various fields of analytics, including point-of-care medical diagnostics or environmental mon-
itoring. One major research field of such analytical devices is paperfluidics or paper-based microfluidics.
On paperfluidic devices, aqueous liquid is transported in porous hydrophilic medium by capillary wicking
without external pumping, while hydrophobic patterns are used to direct the flow.

Liquid travelling on a paperfluidic device may pass through a number of reaction areas, where analytes of
interest may react with pre-applied reagents, before arriving at a detection zone where the final result is
analysed. Some examples of demonstrated reactions are detection of nitrite levels from saliva (Cassano and
Fan, 2013), detection of liver enzyme alanine aminotransferase from blood (Pollock et al., 2013) and detec-
tion of glucose or ketones from urine (Klasner et al., 2010). Detection methods can vary from colorimetric
analysis, either with the unaided eye or by external reader, to more sophisticated instrumental methods
such as fluorescence microscopy or electrochemical detection (Nery and Kubota, 2013). Sensitivity of de-
tection can be improved by concentrating samples by means of evaporation (Yu and White, 2013).

Despite the wide interest in paperfluidic devices, separation or immobilisation of analytes in such nat-
urally porous matrix has received limited attention. With the ability to separate, components that could
interfere with detection can be removed from the sample. An example of such is size-based separation of
agglutinated red blood cells from blood plasma, required for colorimetric analysis of plasma content (Yang
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etal, 2012). By employing an immobilisation mechanism, the analyte of interest is captured on a small test
region for analysis. Immobilisation is common in lateral flow tests, such as the commercial early pregnancy
test based on lateral flow and detection of human chorionic gonadotropin in urine (Ngom et al., 2010).

This study investigates the application of a well-known phenomenon in colloidal chemistry in a possi-
ble new environment for the immobilisation and separation of analytes from liquid samples travelling on
a paperfluidic device, namely the charge or hydrophobic destabilisation in aqueous dispersion of colloi-
dal particulates or macromolecules, and/or the adsorption thereof, by local modification of pore surface
chemistry. Two polyelectrolytes, cationic polydiallyldimethylammonium chloride (polyDADMAC) and an-
ionic sodium polyacrylate (SPA), were inkjet printed in aqueous solution on a speciality designed porous
coating material in order to adjust the surface charge of the pore walls selectively. These polyelectrolytes
are commercially used in industrial applications, for example as additives in paper making and paper coat-
ings to provide dispersion, or in wastewater purification as thickeners to provide flocculation. Previously
inkjet printed cationic poly(vinylamine) polyelectrolyte has been applied in paper-based diagnostics to
produce a layer for reducing the spreading and promoting storage stability of an anionic reaction outcome
(Hossain et al., 2009).

Inkjet printing of polyelectrolytes has been previously studied for a variety of applications, such as for-
mation of self-assembling hydrogels by printing alternating layers of anionic and cationic polyelectrolytes
(Limem et al., 2011). Like other polymers, polyelectrolytes are affected by the high shear rates present
in inkjet printheads, which limit jettable polymer content within an ink as increasing polymer molecular
weight increases the viscoelastic behaviour.

In order to form a working printed polyelectrolyte separation or immobilisation zone, the following re-
quirements should be met:

1. polyelectrolyte ink has to be reliably inkjettable with sufficient dry solids content,

2. polyelectrolyte ink has to penetrate the full depth of the porous substrate,

3. deposited polyelectrolyte has to remain immobile on the surfaces of the porous substrate
when re-wetted - a renowned problem in some cases if adsorption is not supported by charge
(Coulombic) attraction with the surface or by van der Waals forces,

4. deposited polyelectrolyte has to be able to capture analytes of interest by surface charge, and

5. polyelectrolyte surfaces should not become fully saturated by the adsorbed analytes from sample.

In order to ensure close interaction between the modified pore walls and liquid samples, a custom pig-
ment coating consisting of functionalised calcium carbonate (FCC) and micro-fibrillated cellulose (MFC),
inspired by earlier studies on functional coatings by the authors (Jutila, Koivunen and Gane, 2015) was uti-
lised as the porous base material. This custom material has finer pore dimensions than the cellulose filter
and chromatography papers most commonly used in paperfluidic studies. Although MFC itself is swellable
in water, its fine particle nature, with little to no long range structure, together with the particulate inor-
ganic pigment avoids problems with swelling and warping of the fibre sheet, which is likely to happen to
cellulose papers when subjected to the large volumes of aqueous ink required for full-depth ink coverage
of the porous substrate.

While printing of hydrophobic barriers, demonstrated also by the authors for cellulosic papers (Koivunen,
Jutila and Gane, 2015) and functional pigment coatings (Koivunen et al., 2016), is the most common way
of patterning paperfluidic devices, this work uses cutting, a method capable of forming quite complex pat-
terns (Fenton et al.,, 2009), to produce simple channels for the initial study. However, in the longer term,
polyelectrolyte patterns and hydrophobic patterns are intended to be integrated into the same devices.
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2. Materials and Methods
2.1 Functional pigment coating
The speciality coating consists of:

i. porous functionalised calcium carbonate (FCC) pigment (Omya International AG, Oftringen,
Switzerland), formed to contain 11.9 % calcium carbonate and 88.1 % hydroxylapatite, having a
specific surface area of 160 m?g?, and

ii. microfibrillated cellulose (MFC) Arbocel MF-40-7 (]. Rettenmaier & S6hne GmbH + Co KG,
Rosenberg, Germany), added at a level of 20 pph, based on 100 parts by weight of pigment, as a
binder.

The coating slurry was prepared to a dry solids content of 13.8w/w % and coated on impermeable
SuperYUPO pigmented polypropylene film (Yupo Corporation, Tokyo, Japan), formerly known as Synteape®,
with a mechanical drawdown K202 Control Coater (RK PrintCoat Instruments Ltd., Herts, UK) using the
orange labelled wire-wound rod, applying a 60 um thick wet film onto the substrate, with a speed setting
of 6 m - min’. Coated substrates were allowed to dry at room temperature overnight. Dried coating layers
had a basis weight of 7.8 £ 1.3 g- m™ and thickness of 24 + 6 um.

2.2 Functional inks and printing

The two inks, referred from here on as polyDADMAC ink and SPA ink, consisted of 1.0 w/w % polyelectro-
lyte, either polyDADMAC with average molecular weight < 100 kDa (Sigma-Aldrich, St. Louis, USA, product
code 522376, supplied at 35 % dry solids content) or SPA with minimal molecular weight > 1 kDa, available
under the commercial tradename Topsperse G XN (Coatex, Genay, France, supplied at 70.2 % dry solids
content), respectively, in aqueous solution with 25 w/w % ethanol to decrease surface tension. Easily evap-
orating organic solvent was preferred over surfactants for reducing surface tension, since the latter can
stay on the printed device and be dissolved when the coating is re-wetted. On a paperfluidic device with
hydrophobic barriers, such free surfactant molecules could subsequently adsorb onto the hydrophobised
surfaces and cause leaks.

The ink surface tension was measured with a CAM200 contact angle measurement system (KSV, Espoo,
Finland) employing the pendant drop method, in alaboratory room maintained at 22 °C. Viscosity was mea-
sured with MCR-300 rheometer (Paar-Physica, Graz, Austria) at a shear rate of 100 s at 30 °C. Jettability of
inks was studied and patterns printed with a DMP-2831 inkjet printer (Fujifilm Dimatix, Santa Clara, USA)
employing DMC-11610 ink cartridges with 10 pl nominal drop volume. The printhead was maintained at
30 °C while the printer mounting plate was heated to 40 °C to promote drying of the inks. Printing was
performed with 15 out of 16 available nozzles.

For the pattern testing, rectangles of nominally 4 mm x 180 mm were printed with both polyelectrolyte
inks, adopting a 10 pm drop space setting and applying 1, 3 or 5 layers of ink on top of each other. When
applying multiple layers, the previously printed layer was allowed to dry for 1 min before printing the
subsequent layer.

2.3 Separation tests
Printed substrates were cut with scissors into approximately 3 mm x 50 mm strips, so that a polyelectrolyte

printed region was to be found between 18 mm and 22 mm from the bottom of the strip. These strips were
then attached onto 90 mm x 85 mm sheets of SuperYupo, marked at 10 mm intervals, using double-sided
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tape so that the bottoms of the strips matched with the bottom of the sheet. Each sheet contained seven
strips, one with native coating, three with SPA ink (1, 3 and 5 layers) and three with polyDADMAC ink (1, 3
and 5 layers). These SuperYupo sheets were then attached with masking tape toa 100 mm x 100 mm glass
slide to provide solid backing.

The following water-soluble dyes were chosen as model compounds for separation tests - each dyestuff
was dissolved in deionised water at 0.1 w/w %:

1. Crystal violet (Merck KGaA, Darmstadt, Germany, product number 1.15940.0025)

2. Rhodamine B (Kremer Pigmente GmbH & Co. KG, Aichstetten, Germany, product number 94900)
3. Uranine (Kremer Pigmente GmbH & Co. KG, Aichstetten, Germany, product number 94236)

4. Tartrazine 85 (Kremer Pigmente GmbH & Co. KG, Aichstetten, Germany, product number 94175)

Crystal violet is a cationic colourant, Rhodamine B is weakly cationic, while Uranine and Tartrazine 85 are
anionic. Single 0.5 pl drops of the chosen solution were applied with Microcaps micropipettes (Drummond
Scientific Company, Broomall, USA) to the coating strips, centred approximately 10 mm from the bottom
of the strip. Further 0.5 pl drops of non-ionic 1 w/w % Ferroin solution (Merck KGaA, Darmstadt, Germany,
product number 1.09193.0100), for highlighting the water wicking front, were applied approximately
30 mm from the bottom of the strip. The drops were allowed to dry in air for at least 30 min.

Separation of the colourants on the strips was observed in a thin layer chromatography chamber (Camag,
Muttenz, Switzerland). Approximately 5 mm of deionised water was placed in the bottom of the chamber,
with the atmosphere inside the closed chamber being allowed to saturate for approximately 15 min before
placing the first set of samples. The samples were placed inside the chamber so that the bottoms of the
coating strips were in contact with the water, allowing it to absorb into the highly wicking speciality coat-
ing. Water then travelled along the coating, dissolved the dye from the coating at its position of application
and carried it to the polyelectrolyte treated region. Figure 1 shows a schematic of the experimental design
to identify the elution and trapping of the dyestuff whilst recording the position of the advancing water
front. The samples were observed for 8 min inside the chamber.

Ferroin
printed -
polyelectrolyte elution ™
_ ~
dyestuff . ,
water supersource
for elution

Figure 1: Schematic of the elution and water front identifying technique.
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3. Results and Discussion

3.1 Ink jettability

Both the anionic and cationic polyelectrolyte inks were found to be jettable with the printer used.
Experimentally determined jetting settings and custom waveforms for the two polyelectrolyte inks are
listed in Tables 1 and 2. Long term reliability of the chosen jetting settings and ink formulations will be

studied as part of future work.

Table 1: Ink characteristics and jetting settings.

Ink PolyDADMAC ink SPA ink
Surface tension (mN-m™) 3598 +£0.75 3591 +1.59
Viscosity (mPa-s) 2.50+0.08 1.62 +0.12
Jetting frequency (kHz) 6 6
Jetting voltage (V) 18 18
Jetting speed (m-s?) 10 5

Table 2: Custom waveforms for the inks.

Ink Segment Level (%) Slew Duration (pus)
PolyDADMAC Jetting 1 0 0.65 3.392
Jetting 2 100 1.20 4.672
Jetting 3 67 2.00 2.944
Jetting 4 13 2.00 0.512
Non-jetting 1 40 1.00 3.712
Non-jetting 2 27 1.00 6.976
Non-jetting 3 13 1.00 0.832
PSA Jetting 1 100 0.35 5.632
Jetting 2 0 0.06 21.248
Non-jetting 1 27 0.35 5.632
Non-jetting 2 0 0.06 21.248

3.2 Detection of printed patterns

Polyelectrolyte rectangles printed on the coating were difficult to detect with the unaided eye. When ap-
plied at 10 pm drop spacing, a single layer of either ink could be detected when the substrate was observed
against a light table, but not under ordinary office lighting. When 3 or 5 layers of either ink were applied,
the pattern could also be detected with care under office lighting. The nominally 4 mm wide rectangle was
measured as actually being approximately 5 mm wide. This amount of line spreading suggests that the
deposited inks likely travelled the whole depth of the coating, though this does not guarantee that the con-
tained polyelectrolyte was also carried the whole depth or that the whole internal surface is treated due to
the selective liquid pore transport mechanisms.

To evaluate the visual detection of the inks, single layer test rectangles were also printed with both inks at
drop spacing settings of 12 pm, 15 pm and 20 pm, resulting in lower applied ink volumes per unit surface
area. When printed with SPA ink, none of these patterns were visible when examined against a light table.
With polyDADMAC ink, a pattern printed at 12 pym drop spacing was faintly visible against a light table,
while patterns printed at 15 um and 20 pm drop spacing were not.
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The patterns were also observed under 365 nm wavelength UV light. In this case, 3 or 5 layers of either ink
applied at 10 pm drop spacing could be faintly detected, while the others were not observable. Low back-
ground fluorescence from the coating and polyelectrolytes is beneficial when a detection method based on
fluorescence, such as fluorescence microscopy, is used for detection of analytes.

3.3 Separation of cationic compounds on polyelectrolyte printed coating
Figure 2(a) displays the results of pilot tests conducted with strongly cationic Crystal Violet, on samples

featuring either no polyelectrolyte region or 1, 3 or 5 layers of SPA or polyDADMAC ink, with the image
taken after 8 minutes of elution. Figure 2(b) displays the same for the very weakly cationic Rhodamine B.

(b)

A B C€C D E F G A B C D E F G

Figure 2: (a) Crystal Violet dye (violet) after 8 min of elution on samples featuring either plain coating (A), 1/3/5
layers of SPA ink (B-D) or 1/3/5 layers of PolyDADMAC ink (E-G), with the approximate location of the polyelectrolyte
printed areas marked with the black rectangle; Ferroin colourant (red) on top indicates the water front,

(b) Rhodamine B dye (magenta) after 8 min of elution using the same patterning as in (a).

Crystal Violet dye transported very slowly on the coating compared to the water front, and never reached
the printed polyelectrolyte zones within the observed period. This is presumably due to interaction be-
tween the cationic dye and anionic charge on the partly zwitterionic FCC and anionic MFC binder in the
coating. Rhodamine B, being only very weakly cationic, transported faster but did not exhibit immobilisa-
tion on the polyelectrolyte regions, presumably due to low charge-to-mass ratio.

3.4 Separation of anionic compounds on polyelectrolyte printed coating

A B C D E F G A B € D E F G

Figure 3: (a) Uranine dye (yellow) after 8 min of elution, with UV illumination applied to enhance visibility,_on samples
featuring either plain coating (A), 1/3/5 layers of SPA ink (B-D) or 1/3/5 layers of PolyDADMAC ink (E-G), with the
approximate location of the polyelectrolyte printed areas marked with the black rectangl; Ferroin colourant (red) on
top indicates the water front, (b) Tartrazine 85 dye (yellow) after 8 min of elution using the same patterning as in (a).
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Figure 3(a) displays the results of tests conducted with anionic Uranine, on samples featuring either no
polyelectrolyte region or 1, 3 or 5 layers of SPA or polyDADMAC ink, with the image taken after 8 minutes
of elution. Figure 3(b) displays the same for anionic Tartrazine 85.

Uranine dye is light yellow in colour, and thus not very strongly visible in Figure 3, even though additional
365 nm UV illumination has been applied to take advantage of its fluorescence. Imaging of Uranine was
also attempted under UV light only, for stronger contrast, but this did not produce pictures of sufficient
quality. Nonetheless, careful examination of B-D shows that there is little separation of Uranine from the
water front when the sample has passed through the anionic SPA region. On E, featuring a single layer of
printed cationic polyDADMAC, part of Uranine has passed through the printed region, though having been
slowed down significantly in the process. On F and G, featuring 3 and 5 printed layers of polyDADMAC re-
spectively, the Uranine dye has been completely captured by the polyelectrolyte region.

As can be seen from Figure 3(b), Tartrazine 85 has a stronger yellow colour and is thus more visible on the
coating. Furthermore, it can be seen to behave in a very similar fashion to Uranine, confirming the ability
of the printed cationic polyDADMAC region to slow down or capture anionic molecules.

4., Conclusions

This first stage study demonstrates that polyelectrolyte solutions can be inkjet printed on pigment coating.
Furthermore, it has shown that printed cationic polyelectrolyte regions impart a chromatographic effect
on anionic analytes passing through them, with the magnitude of effect depending on the number of print-
ed polyelectrolyte layers. This immobilisation also indicates that the cationic polyelectrolyte itself must
have formed a water-fast layer on the coating, and so has adsorbed onto the partial zwitterionic anionic
sites of the FCC, and/or on the anionic MFC binder.

With printed anionic polyelectrolytes, results were limited. Cationic Crystal Violet dye transported so slow-
ly on this coating that it never reached the printed region, again related to the strong anionic charge of the
components in the coating. Thus, anionic polyelectrolyte regions on this coating design might be redun-
dant, due to strong capture of the dye by the coating, but on less anionic coatings they will probably be
useful. No clearly observable effect was achieved in the case of Rhodamine B, displaying the limitations of
the method when applied to only weakly charged or charge-hidden molecules.

While the concept is demonstrated here only for simple colourants, the principles should be applicable
to any compounds exhibiting surface charge in solution, which themselves do not undergo size exclusion.

5. Future work

The concept will be explored with further sample analytes. Furthermore, methods to measure whether the
polyelectrolytes are permanently immobilised on the coating or to some extent carried away by the wick-
ing water front will be investigated. In the longer term the study will be extended to cover other polyelec-
trolytes, especially such that could be reliably jetted at higher concentrations than the 1 w/w % illustrated
in this study - likely an important requirement for upscaling.

The effect of different quantities of analyte reaching the polyelectrolyte regions may be studied to char-
acterise possible saturation of the polyelectrolyte surfaces by the analyte. To this purpose, the pipetting
method of colourant application may prove unsatisfactory for applying controllably small amounts. As
an alternative method, inkjet printing could also be employed as a method for applying fine and precise
amounts of the test analyte on the samples, thus providing better control and coherence. Combining poly-
electrolyte patterns with printed hydrophobic barriers will also provide opportunities for more complex
test patterns.
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