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ECPlotter: A Toolkit for Rapid Prototyping of Electrochromic Displays

WALTHER JENSEN, Aalborg University, Denmark
MARKUS LOCHTEFELD, Aalborg University, Denmark
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Fig. 1. ECPlotter enables designers to rapidly prototype electrochromic displays in a two-step fabrication process. After designing the
display (a), our toolkit generates printer instructions (b), and then automatically prints and cures all the layers (c) allowing displays to
be printed on a variety of substrates (d).

ECPlotter is a prototyping toolkit for the fabrication of electrochromic displays. By syringe depositing conductive, electrochromic and
electrolyte inks, and curing the inks in one step, we can rapidly create displays in a single integrated process. In contrast to existing
methods, such as screen-printing, ECPlotter allows for quick early prototyping with minimal human intervention and makes the
process more accessible since the fabrication is automated. Our software pipeline enables designers to convert graphics directly into
an instruction set that can be interpreted by the printer which includes automatic heat and UV curing passes after ink depositing.

Finally, we demonstrate its capabilities by printing on a variety of substrates.

CCS Concepts: « Human-centered computing — Interface design prototyping; Displays and imagers; User interface design.
Additional Key Words and Phrases: Electrochromic Displays, Fabrication, Rapid Prototyping, Transparent and Flexible Displays
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1 INTRODUCTION

One of the long-term visions in Human-Computer Interaction is a world in which digital user interfaces are seamlessly
integrated with the physical environment until the two are indistinguishable from one another [52]. In such a future,
every surface will become interactive. Besides integrated sensing possibilities (e.g., [55] and [2]), we will also see
pervasive display surfaces where graphics that in today’s world are mostly static will become interactive and context

aware [47].
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One promising technology to accomplish such seamless integration are electrochromic displays. In contrast to other
technologies, such as electroluminescent or fluorescent displays that emit light and thus standout from non-digital
media, electrochromic materials are non-light emitting. This allows them to seamlessly blend with non-digital objects
and printed graphics that surround them. However, so far, prototyping and fabricating electrochromic displays requires
manually screen printing the multi-layer display stack [16].

To prepare the screens for screen-printing, designers have to follow a process of manually coating the screen mesh
with emulsion, waiting for it to dry, exposing it to light, rinsing uncured emulsion, and drying again before being able
to use it for printing. For each layer in the electrochromic display stack (conductive and electrochromic or more) a
new screen needs to be prepared and thus the preparation process must be repeated multiple times. This comes with
several drawbacks: First, it is very time-consuming and labor-intensive since the preparation process of one screen can
take between six to ten hours [16], thereby inhibiting rapid prototyping and design iterations. Second, the process of
aligning multiple layers on top of each other can be imprecise and thus the overall display resolution is limited by the
manual capabilities of the user. In addition, the thickness of each layer impacts display properties, such as the saturation
and switching speed, and is difficult to control in a screen-printing process. Finally, if layers are applied unevenly, the
display may have visual defects, such as areas with varying saturation across the display area.

In this paper, we present a new fabrication hardware (ECPlotter) for prototyping electrochromic displays based on
syringe depositing using a customized 2D plotter. Syringe depositing has recently seen a rise as an emergent technology
for bio-printing and has been used to print bacteria, gels and liquids [6, 11, 28, 29, 33, 50]. However, to our knowledge
this is the first time a syringe printing system has been created for printing electrochromic displays and thereby not only
extending the prototyping options for electrochromic displays but also demonstrating further the possibilities of syringe
printing. ECPlotter contains specific tools for each layer (conductive, electrochromic, electrolyte, heat curing and UV
curing) in the printing process of an electrochromic display. This reduces the imprecision of the screen-printing process
presented in [16], reduces the time from design to finished prototype and the syringe depositing enables precise control
of deposited ink. Furthermore, if researchers, creatives or those interested in prototyping electrochromic displays they
only need a small table area for the printer as opposed to what is required for screen-printing. Thus, by using ECPlotter,
we can rapidly prototype and iterate on the design of electrochromic displays as well as print on various substrates
giving more freedom in prototyping.

In summary, we contribute:

e an end-to-end pipeline for rapidly fabricating electrochromic displays using a customized CNC syringe depositing
system;

o a software toolkit that supports designers in creating electrochromic displays and automatically exports the
instructions for the ECPlotter printer

e a set of application examples demonstrating electrochromic displays for wearables, flexible paper interfaces, and

rigid ceramic tiles;

In the remainder of the paper, we will first review the related work and then discuss each of the contributions listed

above in order.
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2 RELATED WORK
2.1 Display Technologies for HCI Research

A range of display technologies use either heat (thermochromic), light (photochromic), or magnetic (magnetophoretic)
stimuli to update the displayed content. For instance, ShaderPrinter [46] uses the heat generated from a laser to switch
thermochromic materials from transparent to colored. PhotoChromeleon [22] uses light of various wavelengths from
an office projector to switch a mix of photochromic dyes from transparent into a range of different colors. Finally,
Sweepscreen [35] can switch its display color depending on the polarity of the magnetic field.

Most research, however, has focused on electrically-driven displays since they allow for faster switching speeds.
One such technology that has been widely explored in HCI are electroluminescent displays, which emit light when a
voltage is applied. HCI researchers have explored how to fabricate electroluminescent displays for a wide range of use
cases, such as making them stretchable (Stretchis [54], SiliconeDevices [39]), applicable to large surfaces (Sprayable
User Interfaces [53]) as well as curved object geometries (ProtoSpray [10], ObjectSkin [9]). In addition, researchers
demonstrated how to fabricate displays of different visual complexity, ranging from simple shape, to segment, and
matrix displays (PrintScreen [44], Amiraslanov et al. [3], Ivanov et al. [14]). While there is a large body of knowledge on
how to fabricate electrolumiscent displays using screen-printing or inkjet printing (PrintScreen [44]) as well as spraying
(Sprayable User Interfaces [53]), researchers have only recently started to investigate how to develop such techniques
for the fabrication of non-light emitting displays, which better integrate with the environment. Two technologies in this
space are electrophoretic display (‘e-ink’, see Sweeney et al. [47]) and electrochromic displays. While electrophoretic
displays require advanced manufacturing techniques for the microcapsules, electrochromic displays use materials that

allow for easier experimentation.

2.2 Electrochromic Displays

In addition to being non-light emitting, electrochromic displays hold their display content even when removed from
an energy source, resulting in a low power consumption [4]. While the first electrochromic displays were limited
to a single-color only, recently researchers have also shown how to fabricate multilayered color displays (Naijoh et
al. [40] ). Electrochromic displays have seen a wide variety of different applications, from window panels that darken
to prevent sunlight from entering the building (Grangvist et al. [8], Iuliano et al. [13]), to ambient information and
notifications (Miiller et al. [37], Vyas et al. [49]), and privacy screens applied to transparent office walls (Telhan et
al. [48]). So far, electrochromic displays have mainly been fabricated in a mass-manufacturing setting (Coleman et
al. [3]). More recently, researchers also investigated how to create electrochromic displays in smaller volumes using a
semi manual manufacturing process that uses an industrial screen-printing press to apply each layer of the display stack
one after another (Andersson et al. [1]). TransPrint [16, 31, 32] extends this line of work by presenting a fabrication
process for screen-printing electrochromic displays, which uses an off-the-shelf hardware setup that can be used in
makerspace activities [18] by non-experts to produce their own display designs. Based on this technique also a variety
of prototypical applications have been developed in the past, ranging from simple user interfaces [4], notifications [36],
hybrid board games [21], over ambient lighting [19, 20], wearables [5, 15, 17], as part of a learning activity [30] or
in a soft robot [34]. For our research, we built onto this work and will try to automate the fabrication process of

electrochromic displays using printed electronics.
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Fig. 2. General representation of electrochromic displays. (a) Vertical stack: lons move from the bottom to the top and vice versa
through the electrolyte, (b) Co-planar stack: ions move from left to right and vice versa through the electrolyte.

2.3 Printed Electronics

Printed electronics remove manual labor from the fabrication process by creating the circuitry using automated inkjet
printing of conductive and other functional inks (Instant Inkjet Circuits [25]). Over the last years, inkjet printing of
functional inks has seen many applications, from printing different types of user input elements (Cuttable Multitouch
Sensor [42], Multi-Key Touch Input [23], Gong et al. [7], FoldIO [43]) to various output capabilities (Printed Tactile
Display [24]). By using transfer paper as the substrate, inkjet printing can also be used to create displays on curved
surfaces (SkinMarks [51]) and to create transfer layers for more complex fabrication processes, such as those based on
hydrographics (ObjectSkin [9]). Recently, researchers also started to investigate how to inkjet print display elements.
FunCushion [12] uses transparent fluorescent ink to print display patterns onto cloths; the patterns can be made to
glow with an ultraviolet light source manually embedded inside the cloths. In PrintScreen [44], the authors used an
inkjet printer to print the conductive traces for the display stack of electroluminescent displays similar to [25]. Building
on this Khan et al. [26] presented a method that allows for multi-ink functional printing on commodity printers for
realizing multi-material functional devices. While using commercial ink-jet printers would democratize the prototyping
of displays to a very high degree, our early experimentation lead to several problems of inks drying out quickly and
rendering the printer useless. Furthermore, commercial ink-jet printers would also require multiple printing paths for
drying (or UV curing) the inks as well as limit the potential substrates the displays can be printed on. Therefore, we
decided for ECPlotter to develop a custom hardware platform, that simplifies the process to a single-step print and

allows to print on a variety of different substrates (e.g., ceramic tiles that can not be used with a normal printer).

3 CHALLENGES

Being able to rapidly prototype electrochromic displays requires solving several challenges related to the display
materials and the particular characteristics of the printing process. To provide background information on why these
challenges exist, we briefly review the basic working principle of electrochromic displays which consist of four different
materials:

Electrochromic: Electrochromic materials can persistently and usually reversibly change their optical properties,
i.e., transition from transparent to colored and vice versa. The change in color occurs when ions move from one
electrochromic area to another electrochromic area (Fig. 2). Thus, stable electrochromic displays always need at

4
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Fig. 3. ECPlotter Toolkit Overview: The user creates a design and exports the required layers as svg files. The ECPlotter toolkit
converts the files to a combined print file the ECPlotter can interpret. When printing, the ECPlotter selects the toolhead for the layer
to be printed, prints, picks up the cure toolhead and cures the layer. This is repeated for each layer without user intervention.

minimum two electrochromic areas between which ions are exchanged to cause a change in saturation, with one area
becoming more saturated and the other becoming less saturated as a result. The challenge with electrochromic inks
are printing the correct amount i.e. thickness to ensure the highest possible transparency while at the same time also
ensuring the highest possible color contrast when visible. Too much ink and there will be nearly no visible change in
transparency and too little and the color will not be properly saturated.

Electrolyte: To enable the movement of ions between the two electrochromic areas, an ion conductor that connects
them both is necessary. The ion conductor is a material called electrolyte which for electrochromic displays is typically
in a UV curable gel form. This gel form has a high viscosity which makes it unsuitable e.g., for commercial ink-jet
printers. Therefore, in the current production of electrochromic displays the electrolyte is applied manually resulting in
uneven distribution as well as a labor intensive work-step. The challenge of applying electrolyte is ensuring an even
distribution that has enough thickness to allow ion conduction at every part of the display.

Conductor: To move ions from one electrochromic area to another, a small electrical charge (<10mA, 1.4 - 3V) is
required. This means that a conductive lead needs to be added for each electrochromic field. For example in [16] the
authors chose to use indium tin oxide (ITO) (a transparent metal) as the conductor for their screen-printed displays.
However, ITO is a toxic material that can only be applied in highly controlled laboratory settings. One way of minimizing
this overhead, is using an electrochromic material that is conductive itself, such as PEDOT:PSS, as it then only requires
a direct conductive lead to the ink field resulting in an extra layer. For screen printing however this would mean that a
separate screen needs to be prepared which is again labour intensive. The challenge here is finding a conductive ink for

the leads that can be cured at low temperatures.
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Substrate Layer: Finally, the substrate layer is used to enclose the display, i.e. to prevent dust and dirt from affecting
the display quality, to encapsulate the electrolyte and to provide overall stability. This is typically either glass or thin
sheets of polyethylene terephthalate (PET). This limits the potential use cases and don’t reflect the whole capabilities of
electrochromic displays. Electrochromic displays exist in both the vertical stack design and the co-planar stack design
as shown in Fig. 2, with ions either moving from the bottom to the top or from left to right and vice versa through
the electrolyte. While the vertical stack allows for interesting overlays of two ink-fields, these can also lead to visual
artefacts and it also means that the display usually is thicker. Therefore, for ECPlotter we decided in the first iteration
to only focus on the co-planar stack. This also removes the need for a secondary substrate. However, the challenge is
finding substrates that allow for printing without impairing the visual quality of the displays.

Summary: In the following list are the challenges in a short form for later reference.

(1) Deposit correct amount of electrochromic ink.
(2) Even distribution of electrolyte.
(3) Find or develop low temperature curable conductive ink.

(4) Find substrate(s) with minimal impairment of visual quality.

4 ECPLOTTER

With the ECPlotter prototype we present a novel tool for early rapid prototyping of electrochromic displays that allows
printing an entire display in a single step and on a range of different substrates (e.g., glass, paper, photo paper and
fabric). By utilizing an automatic tool changing system we can print all required inks (conductive, electrochromic
and electrolyte) in one process including the needed heat and UV curing steps that are required for each step (Fig. 3).
This eliminates the need to move the substrate for curing in between each layer which were necessary in previous
fabrication methods [16]. Having all the steps performed in one process allows for more intricate and precise prints as
the typical registration errors in between layers no longer pose a problem; and precision of prints is now restricted by

hardware limitations rather than human errors.

4.1 Hardware Implementation

The ECPlotter is built on the frame of a Makeblock XY-Plotter Robot Kit with several custom designed parts. As the
original kit was designed to carry minimal weight (pens) in its XY gantry it was not strong enough to carry a tool
changing gantry with a stepper motor for height control. Several parts were upgraded to support the extra weight,
reduce unsteadiness and vibrations and enable support for printing on substrates with differing thicknesses. First, all
the rods were changed from the original 8mm to 12mm h6 smooth rods (Fig. 4,a) to add more stability and the ability to
support more weight. Second, the main gantry (Fig. 4,b) was redesigned from the ground up to support height control
and tool changing. Third, five tool holders (Fig. 4,d) were added to the frame to support the required tools. Finally,
for the control board (Fig. 4,e) we chose a more powerful and computational capable board (BigTreeTech SKR Turbo
1.4) with improved stepper drivers (Trinamic TMC2209) and an attached touch display. The upgraded drivers enable
software current control and improves stability for each of the steppers and the upgraded mainboard enabled us to
create a custom Z height endstop which we use to home the needle tip position on the Z axis. A 310mm by 310mm by
3mm borosilicate glass functions as the substrate bed. The Z homing is calibrated to ensure a height of 0 on the Z axis
has the needle tip slightly resting on the glass bed. Finally, the display provides live feedback and enables on the fly
control for potential changes during printing (e.g., baby stepping of the Z height to adapt to the substrate). Furthermore,
6
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Fig. 4. The ECPlotter hardware: (a) resized 12mm rods, (b) gantry with height control and tool changing capabilities, (c) syringe
depositing tool, (d) tool holder, (e) new control board with display and (f) air pump.

Fig. 5. The printers gantry with (a) Neodymium magnets for connecting to the tools, (b and c¢) magnetic pogo connector for controlling
tool stepper motors and powering the heat gun tool, (d) air hose for blowing air through heat gun tool.

the upgraded mainboard can be controlled by the open-source 3D printer firmware Marlin which is using the same
GCode used in a large range of CNC machines and 3D printers.
7
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Fig. 6. Two of our tools integral to the printing process. Left: The syringe depositor tool consisting of a syringe with an attached
tip (a), a coupler connecting the stepper motor with the syringe (b) a small linear stepper motor (c) and a magnetic four pin pogo
connector (d). Right: The heat gun used for curing conductive and electrochromic inks consisting of a thermistor (a), a 12v soldering
iron (b), an air connector (c and d), and a magnetic four pin connector (e).

Tool changing: To enable attaching and detaching tools, the gantry and each tool is provided with four round
Neodymium magnets (10mm diameter, 2mm thick, approximately 2kg adhesive strength). The magnets (Fig. 5,a) provide
easy snap-on and release of the tools using the built-in strength of the gantry’s movement. To provide electrical current
for the syringe depositor and heat gun tool the gantry has two four pin magnetic pogo connectors (comparable to
Apple’s MagSafe); one in the middle (Fig. 5,b) and one at the top (Fig. 5,c) of the front gantry surface. The middle
connector provides connection to the stepper motor driving the depositing of ink and the top connector provides two
connections to power the heat gun and two pins to measure the temperature of the air being blown out of the heat
gun. When not in use, the tools are stored on a custom 3D printed holder that is attached to the front of the XY plotter
where they can be picked up by the gantry (compare Fig. 4,c and d).

Syringe depositor tool: Depositing ink is achieved by a small linear stepper motor (Walfront, 12v rated, Fig. 6,left,c)
actuating a 1ml syringe (Fig. 6,left,a) with a needle tip. The size of the needle can be changed depending on the ink being
printed, we use a 21-gauge (0.8mm) needle for printing electrochromic ink, 19-gauge (1.0mm) or 18-gauge (1.2mm)
for conductive ink and 14-gauge (2mm) for electrolyte. A 3D printed coupler (Fig. 6,left,b) is screwed onto the linear
stepper nut and provides a fixing point for the syringe plunger. The frame of the tool is designed for easy changing and
refilling of syringes.

Heat gun tool: Curing the conductive and electrochromic ink requires heating up the material to evaporate the water
in the inks. Previous fabrication methods have used ovens or hand-held heat guns for this process. Using ovens requires
moving the substrate from the print area to the oven introducing possible registration errors between print passes
and with hand-held heat guns it can be difficult to control the temperature. Our heat gun tool consists of a standard
hand-held soldering iron (12V rated, Fig. 6,right,b), a thermistor for measuring the temperature (Fig. 6,right,a), a custom
designed air pump connector (Fig. 6,right,c and d) and a four pin magnetic connector (Fig. 6,right,e). By not attaching a
soldering tip to the iron and drilling a hole in the handle air can be pushed through internally in the soldering iron
creating a small heat gun. The thermistor is placed approximately 1cm from the mouth the iron and works in a closed
loop with the mainboard to control the heat of the air coming out of the iron. Air is blown through a silicone tube

8
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Fig. 7. The simple and advanced parts of the toolkit application. (a) The interface to set the position of a simple print and the electronic
connectors on the substrate. (b) Lets the user enter the dimensions of the substrate and whether it is porous or not. Further more this
interface allows the user to easily add electronic connectors to the electrochromic parts. (c) Advanced users can select which layer
and type of file to generate or a full print file. (d) Furthermore, advanced users can adjust the syringe and tip diameter, and flow
multiplier for each layer.

(6mm internal diameter, Fig. 5,d) from an air pump (Tenzo Electric, 280 L/min rated, Fig. 4,f) placed next to the printer.
Through calibration of the temperature we found that running the air pump at 3v provides enough air pressure to
sufficiently blow on the printed material while allowing the iron to heat the air. If more voltage is applied to the air
pump we drastically increase the time it takes for the iron to heat the air to the required temperature of 90-110°C (this
can be adapted to e.g., prevent any damage to the used substrate material that is printed on).

UV curing tool: The electrolyte cures when exposed to UV light and in order to provide this functionality the last
tool holds a UV flash light (Alonefire, 10W, 3.7V, 365Nm). The tool itself is not connected to the mainboard and the
flashlight is battery driven. We’ve chosen this option so that it would be possible to easily change to a flashlight that
uses a different wavelength if needed. However, it means that the flashlight needs to be manually turned on when the

print process is started.

4.2 Software Toolkit

To support printing with ECPlotter, we provide a software toolkit that can be used by both non-experts and experts.
The toolkit consists of an export script for Adobe Illustrator and a standalone application for generating the print file
(gcode). The application can be used in two ways, one where the user loads their graphics, place them where they want
it to be printed on the substrate and can then add connectors. Using this option provides enables the user to use the
optimal settings found by selected whether the substrate is porous or non porous. The only other settings that are
required for the user to know is the substrate dimensions. For advanced users, when designing a display in Illustrator
the graphics for each ink type must be put in their own respective layers and exported into separate vector files. While
this can be achieved manually for each layer, our script does it automatically. Our application converts the vector files
by first extruding the vectors into 3D models at a specified height (0.1mm, 0.2mm and 0.3mm, respectively for the
electrochromic, conductive and electrolyte layer). The increasing heights ensures the needle will not scratch or touch

the underlying layer during printing. Toolpaths are generated based on the 3D models and extrusion rates are calculated
9
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Fig. 8. After generating a print file, the software presents the user with: (a) a preview of the toolpath generated and (b) an option to
select whether to preview the individual layers or the full print.

from the height of those models, the syringe diameter and tip diameter with a flow multiplier added to the calculation
(Fig. 7, b). This process of converting the graphics files (svg), to .stl to .gcode is done automatically in the application.
To support printing on different substrates the user can select the substrate thickness which controls at which height it
deposits ink. (Fig. 7,a). Furthermore, the application allows the user to generate the separate gcode files per layer or a
file with all the required printing instructions for a full display. Once printing instructions have been made a preview
of the toolpaths is presented to the user (Fig. 8,a). This can help the user visualize how it will print the display and
potentially spot errors.

The software, a hardware list with detailed instructions for assembly and wiring, as well as all needed files for 3D

printing the custom parts will be made available under an open source license on acceptance of the paper.

4.3 Functional Inks

Using syringes to print gives the advantage of allowing a broad range of inks to be used in the printer without the
restrictions typically seen using other printing methods. Ink-jet printing requires the ink to be highly liquid with
nanoparticles to avoid clogging the printhead nozzles whereas silkscreen printing requires the ink to be more viscous
and is not too restricted on particle sizes as the ink will be squeezed through a mesh. Syringe depositing can use inks at
both ends of the spectrum. However, if the ink is too viscous the motor pushing the syringe plunger will not be able to
apply enough force to push it out. Following is a description of the inks that we - through experimental testing - found
to yield good results with ECPlotter.

Conductive ink: While there are many off-the-shelf solutions for conductive inks (e.g silver or copper nanoparticle
ink), these are typically expensive (e.g., $186 for 10g Silver nanoparticle ink ! and $300 for 5SmL copper ink 2). Because

of this, we decided to mix our own conductive ink using inexpensive materials such as acrylic paint ( $10 for 1L),

Uhttps://www.sigmaaldrich.com/US/en/product/aldrich/798738
https://www.sigmaaldrich.com/US/en/product/aldrich/907413
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nano graphite powder ( $15 for 1L) and water. This allowed us to control the viscosity and resistance of the ink by
changing the ratio between the different components. We mixed a range of different ratios starting with 1:2 (acrylic
paint, graphite) by volume and after printing we measured the resistance on a 100mm by 2mm line with a height of
0.2mm on glass. Each line was oven dried at 100° for 3minutes before measuring the resistance. We found that a ratio
of 2:5:2 (acrylic paint, graphite, water) had a viscosity that was not too liquid or too viscous with a resistance of 2.4kQ.
Furthermore, because we use acrylic paint and graphite for the ink we can cure it with lower temperatures (100°, 3min)
than e.g. silver (150°, 30min) or copper (300°, 30min) solutions.

Electrochromic ink: We used off-the-shelf PEDOT:PSS ink solutions from Sigma Aldritch as this ink is not only
electrochromic but also conductive. These inks are sold with different concentrations of PEDOT:PSS mixed in water
where higher concentrations increases the conductivity but also the color vibrancy. We tested two solutions (0.8% and
5.0% PEDOT:PSS concentration) where the 0.8% solution is sold as an ink-jettable ink that also contains glycol and
ethanol and the 5.0% concentration is sold as a screen printing solution. Our experience with the screen printable
solution is that even with extensive stirring of the ink before filling a syringe, the resulting print exhibited small dots
and inconsistencies. Furthermore to get as close to a consistent print as possible the needle tip had to slightly touch
the substrate. While this is not a problem for hard surfaces such as glass or ceramics it poses a problem on paper and
fabric as the tip has a chance to pull, scratch or destroy the substrate. The best results were found using the ink-jettable
solution and printing with a low flow rate with the needle tip being between 0.05 to 0.1mm above the substrate.

Electrolyte: For the electrolytic layer we used electrolyte from Ynvisible as this has previously been reported [16] to
be robust and in a gel form that can be syringe deposited. The electrolyte can be cured using UV light in the 365Nm
range allowing us to use off-the-shelf flashlights for the curing pass.

4.4 Recommended Print Settings

Each layer has its own unique properties that the print settings must reflect. We first print the electrochromic layer as
this requires the least amount of thickness, then on top of that we print the conductive layer and finally the electrolyte
layer. This order also reflects the different thicknesses required by the layers. To find the optimal settings we first
set the flow rate to 100% and tip diameter setting to the actual tip diameter and adjusted the print speed to a setting
(15mmy/s) that resulted in consistent depositing of material, we then printed a 10 by 10 grid of 10mm? squares with each
square having a unique combination of tip diameter (0.1mm increments) and flow rate (5% increments). The reduced
tip diameter in the settings ensures the needle will move over its own track as it prints the lines thereby creating a
consistent ink field. This process was repeated with finer increments if needed. We selected the settings where there
were no holes or visible ink lines in the printed fields while at same time there were not too much material deposited.
In the following we will describe the settings we found to work best for each layer.

Electrochromic layer: As mentioned in the challenges section the electrochromic ink needs a very thin layer to ensure
optimal contrast ratio. Too much ink and the color will be very vibrant but the contrast ratio will suffer. We print the
layer using a 21-gauge (0.8mm) needle tip and depending on the substrate we use different settings. While using a
smaller diameter needle tip would provide increased precision, we found that it was difficult to print consistent layers
with any diameters below (0.8mm). For non-porous substrates (glass or ceramics) we set the tip diameter to 50% (0.4mm)
of the actual needle and a flow rate of 25% - 30%. The reduced flow ensures minimal ink puddle build up as the ink is
99.2% water and being printed on a non-porous substrate. For porous substrates (paper and fabric) we use the same
tip diameter setting but increase the flow rate to 35% - 40%. We found that porous substrates absorbs a bit of the ink

during printing leaving visible print lines when printing with lower flow rates. Another option would be to lower the
11
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tip diameter setting even further making it print over previous lines more times and increasing the flow rate, however,
this would increase the print duration.

Conductive layer: As we use PEDOT:PSS for the electrochromic layer, the purpose of the conductive layer is providing
leads to the electrochromic fields. We print using a 19-gauge (1.0mm) needle tip on non-porous substrates and 18-gauge
(1.2mm) on porous substrates. To provide the most consistent print of the conductive ink we set the tip diameter to 75%
(0.8mm or 0.9mm). For non-porous substrates we found that using a flow rate of 105% provides enough ink without
causing too much build up on the substrate. More than 105% results in excess ink being dragged along the surface and
potentially into the electrochromic fields. On porous substrates we found that because the substrate absorbs a bit of the
water the conductive ink dries faster and thus increasing the flow rate to 130% results in better consistency.

Electrolyte layer: The electrolyte layer is the most forgiving of the three in that the ink itself has a gel consistency
and only needs to cover the electrochromic fields and connect those fields. We print this layer using a 14-gauge (2.0mm)
needle tip and use a tip diameter setting of 80% (1.6mm) with a flow rate of 125%. The reduced tip diameter setting and
the increased flow rate ensures that the lines of gel are connecting during printing and creates a consistent layer of
electrolyte. Our tests showed that reducing the flow rate creates visible lines of electrolyte after printing. Even though
the gel over time has the tendency to flatten out and connect with nearby printed lines this takes time and requires
introducing pauses in the printing to allow for this to happen. By increasing the flow rate we can print the electrolyte
and start the curing process directly after printing. This leads to a thicker electrolyte layer and if a thin display is
required the previously mentioned process where pauses are introduced might be preferable. However, as one of the
main goal of ECPlotter is to decrease the time between design iterations of electrochromic displays, we decided to
sacrifice the thickness of the displays in favour of a fast process.

Substrate thickness: The substrate thickness setting is what allows the printer to print on different substrates as this
offsets the heights otherwise used by each layer. We use the printer’s own movement by commanding the printer to
pick up one of the syringe tools and home the Z height. The printer is calibrated so that after homing, a height of 0
results in the needle tip slightly resting on the underlying glass bed we put our substrates on. By raising the height
of the gantry and moving it over the substrate, we can lower the height in small increments. We then put a 0.05mm
steel feeler between the substrate and the needle tip, similar to how the bed is calibrated on 3D printers. When a slight
resistance can be felt on the steel feeler, we register the Z height on the printers screen and use that as the substrate
thickness in the toolkit application. Using this method has proved to be the most reliable in finding the right thickness

setting.

5 APPLICATION CASES

To demonstrate the toolkit’s capabilities, we now present examples of displays printed using ECPlotter: an interactive

ceramic tile, an electrochromic greeting card and electrochromic fabric.

5.1 Interactive Ceramic tiles

Printing on rigid substrates is impossible with ink-jet printing and can even be an issue for silkscreen printing. If for
example the substrate area is smaller than the silkscreen this can lead to damages in the screen when the pressure is
applied. However, this is no issues with ECPlotter and therefore we explored this possibility by printing on ceramic
tiles. These also present a unique opportunity to make a large display by printing on individual tiles first and then
grouping these together. With abstract graphical patterns similar to those seen for example in Portuguese tile design it

would be possible to use the conductive traces to connect multiple tiles together. This would allow for an entire wall to
12
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Fig. 9. Functional prototypes printed using ECPlotter: (a) a display printed on ceramic tile, (b) a display printed directly on photo

paper and (c) a display printed on polyester fabric.
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be interactive where the design could change near instantly or over a longer period of time and act as a decorative
element [38]. In our first example (Fig. 9,a), we leverage the possibility of adjusting the height of ink depositing to print
on a ceramic tile. Ceramic tile inherently does not have a completely flat surface due to shrinkage during the heating
process when it is being fabricated. However, despite this, ECPlotter is able to print on a surface that has minor height
differences. Our example shows that even though neither the conductive or electrochromic layer are perfectly printed
and shows minor inconsistencies the display still functions and presents a vibrant change. The size of the print is 9cm

by 7.5cm and took 45 minutes to print.

5.2 Electrochromic Greeting Card

In our second example we combine conventional ink-jet printing with ECPlotter by first printing a design onto photo
paper using an ink-jet printer and thereafter placing it in ECPlotter to print the electrochromic display inks. While faux
combination displays have been presented before by first fabricating a complete electrochromic display on transparent
plastics and then sandwiching that on top of a piece of paper with print on it [16, 21], our method differs in that the
paper itself becomes the substrate for the electrochromic display. This method of fabricating a display will enable
designers to create graphics where smaller or larger parts are interactive. Our example shows this by integrating two
interactive hearts into an otherwise static Valentine’s greeting card (Fig. 9,b). The size of the print is 4cm by 6cm and
took 55 minutes to print. Even though it is smaller in size than the ceramic tile example, due to the curved forms the

printer has longer travelling paths that increase the printing time.

5.3 Electrochromic Fabric

Previous examples of creating electrochromic displays for wearables have used PET-ITO encapsulated electrochromic
displays and stitched them into the fabric either by cutting out a hole in the fabric and stitching along the outline [15]
or by creating a sandwich of fabric, display and fabric [17]. While these examples do present electrochromic displays in
wearables there are a couple of issues with using a PET-ITO encapsulated display: first, when they are bent they are
bent along one curve and cannot curl like fabric, second, the PET surface of the display has a high reflectancy which
makes it stand out in combination with most fabrics and thereby they seem often to not truly be apart of it. Other
examples of creating electrochromic fabric use a process of dying the entire fabric in electrochromic material thereby
making it one consistent color that can change with electricity [27, 45]. Our example introduces a display printed
directly on the fabric and use it as the substrate which allows the display to follow the natural curling of the fabric. We
tried printing on 100% cotton and polyester and found that cotton absorbs up too much of the electrochromic ink and
presents near to no visual change when power is applied. Polyester slowly absorbed the ink, leaving enough time for
the printer to heat cure the layer before too much ink was absorbed. To ensure even visual change between the hearts
printed in the example (Fig. 9,c), they are outlined by a 2mm conductive line with conductive thread sewn into the
bottom part of the outline. For this example we split up the printing process, as we decided to do the heat curing of the
conductive layer post sewing to increase the bond between the conductive ink and thread. Finally the electrolyte is

applied. The size of the print is 3.5cm by 1.5cm and took 20 minutes to print.

6 LIMITATIONS AND FUTURE WORK

We first discuss how the ECPlotter has addressed the challenges listed in Section 3, then we present possible next steps

for improving the toolkit as well as the limitations.
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Challenges: The first challenge (Deposit correct amount of electrochromic ink.) was addressed by using syringe
depositing with a linear stepper motor moving the syringe plunger which allows very precise depositing of material.
The software that calculates the amount can be used to vary material deposition per material where materials that
require more, such as electrolyte, can be deposited with the amount required and for materials that require very fine
deposition can be programmed for that, such as electrochromic materials. The second challenge (Even distribution of
electrolyte.) is addressed by the ability to finely control both the movement and the deposition of material which is
a native part of both CNC and 3D printers which the ECPlotter is based on. The third challenge (Find or develop low
temperature curable conductive ink.) was addressed by developing our own low-cost conductive ink based on graphite,
as opposed to buying relatively expensive copper or silver pastes. By developing the ink specifically for ECPlotter we
ensure that it provides the most optimal viscosity and resistance and also enable remixing or mixing with different
ratios for different purposes e.g. larger needle tips might require more viscous ink. The fourth and final challenge (Find
substrate(s) with minimal impairment of visual quality.) was addressed by printing on a range of substrates from paper
to ceramic. We found that the optimal solution for substrate is having a white or bright color so the visual change in
the electrochromic material is more visible. However, some of the substrates printed on, came with their own issues as
will be addressed in the following sections.

Display Quality: While the toolkit can print functional electrochromic displays, their visual quality is lower than
what can be potentially achieved using silkscreen printing. This is mostly due to the difficulty of printing as little
electrochromic ink as possible whilst also ensuring that the resulting printed electrochromic field have visual consistency
and not damaging the substrate. This difficulty is clearly evident in the electrochromic greeting card example (Fig. 9, b)
where the individual lines are visible due to the paper absorbing some of the ink during printing. As the electrochromic
ink used for printing is highly liquid it is difficult to control its flow out of the needle tip. Possible solutions to solve
this would be to use a more viscous PEDOT:PSS solution which would reduce the potential absorption of the paper.
However, despite this, we believe the quality is sufficient for rapid prototyping of designs and displays when taking
the fabrication time into account. Previous methods would require at minimum several hours and more manual labor
before a design could be fabricated into a functional display whereas our toolkit can do so with minimal manual labor
and in less than an hour, depending on the size of the display.

Additional Tools and Ink types: One advantage of using tool changing and syringe depositing is the ability to print a
wide range of inks and adding extra features. In our current implementation we only use the necessary inks and tools to
print a functional co-planar display. However, with added inks the toolkit would be able to print more complex designs.
An example of this could be to add PVP (polyvinylpyrrolidone) ink that functions as an electronic insulator and thereby
adding the ability to print conductive lines that cross each other if PVP is printed between the layers as seen done in
Soft Inkjet Circuits [26]. Furthermore, adding e.g. a laser tool would enable not only engraving graphics or cutting the
substrate but also printing silver conductive ink and cure it using an unfocused lens as presented in LaserFactory [41].
Furthermore, the way the toolkit is currently implemented it should be possible to easily adapt it with a completely
different set of inks for a different purpose such as printing electrolumiscent displays [44].

Multiple syringe sizes: The syringe depositing tools currently only supports 1mL syringes with an outer diameter
of 6.8mm which limits the exchangeability with other types of syringes. This is not a problem when printing smaller
displays as the amount of material required for these sizes are minimal, however, when printing bigger displays, the
amount of e.g. electrolyte required can easily reach more than 1mL. Future designs of the syringe depositing tool should

be able to handle multiple sizes of syringes and thereby alleviating this limitation. Another option would be to introduce
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a refilling step in the software, where the printing process would be stopped and would allow the user to refill the
syringe. This would also allow for printing large scale designs, e.g. on a full A4 sheet.

Variable height printing: The current iteration of the toolkit can only print a flat display on substrates up to a thickness
of 4cm as it does not have an internal sensor for registering the needle offset from the substrate surface. With a more
advanced syringe depositing tool with builtin height measuring capabilities, e.g. by attaching a laser distance sensor, it
would be possible to print on surfaces with curvatures such as relief prints or low 3D models. This opens the possibility
of creating more advanced electrochromic displays that are integrated into non-planar products. An example could be

interactive facemasks or architectural models.

7 CONCLUSION

In this paper, we presented ECPlotter, a toolkit that can rapidly print prototypes of electrochromic displays. We presented
the structural challenges of electrochromic displays and what to take into account when printing such a display. We
lay out the hardware of the toolkit and its tool changing which enables printing a full display in one process, and
the software which translates designs into printer specific instructions. We follow this up by presenting the inks we
found to work best with this printing method and the recommended settings to ensure a consistent and functional
display prototype. We showed the printers capabilities by presenting displays printed on ceramic tile, photo paper and
fabric. While in this work we focused exclusively on electrochromic displays, the presented hardware and software
toolkit is also able to print other inks with higher viscosity - that might not be ink-jet printable - thereby enabling other
researchers to make use of the multi-tool printing for their purposes. For future work, we aim to add more ink and tool
types to increase the complexity and range of displays that can be printed, redesign the syringe depositing tool to allow
for more larger syringes which increases the possible print size and adding a height sensor to the syringe depositor tool

to allow for printing on non-planar substrates.
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