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Figure 1: Print-A-Sketch uses a handheld printer (a) to create high-resolution conductive traces and circuits on everyday ma-
terials (b). It integrates the expressiveness of sketching with computational support (c), for direct fabrication of interactive 
interfaces on everyday surfaces and objects, such as this yoga mat (d). 

ABSTRACT 
We present Print-A-Sketch, an open-source handheld printer pro-
totype for sketching circuits and sensors. Print-A-Sketch combines
desirable properties from free-hand sketching and functional elec-
tronic printing. Manual human control of large strokes is aug-
mented with computer control of fne detail. Shared control of 
Print-A-Sketch supports sketching interactive interfaces on every-
day objects – including many objects with materials or sizes which 
otherwise are difcult to print on. We present an overview of chal-
lenges involved in such a system and show how these can be ad-
dressed using context-aware, dynamic printing. Continuous sensing 
ensures quality prints by adjusting inking-rate to hand movement 
and material properties. Continuous sensing also enables the print 
to adapt to previously printed traces to support incremental and 
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iterative sketching. Results show good conductivity on many mate-
rials and high spatial precision, supporting on-the-fy creation of 
functional interfaces. 
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1 INTRODUCTION 
Sketching in hardware (e.g.: [34, 50]) is becoming increasingly im-
portant for designing interactive objects that are embedded in our 
environment. Sketching in hardware captures not only the look 
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and feel of such an object, but also how one might interact with 
it [20]. If this hardware sketch is created directly on the object 
where it will be used, efects of the object’s afordances and physi-
cal environment on the interaction can also be experienced. Like 
physical sketching with pen and paper, situated sketching in hard-
ware is usually a practice based on physical craft and skill, such as 
paperwork [50], textile crafts [19, 24, 29], or body art [47, 63]. 

Manual methods support expressive and creative design (e.g.: [2, 
15]). However, they come with limitations in terms of both fab-
rication speed and precision: manual processes are poorly suited 
for interfacing with the miniature world of discrete components 
and embedded circuits. Printing, on the other hand, can be used to 
create complex [41] and high-resolution [18] electronics, and do so 
rapidly [26]. However, printing lacks the expressive and exploratory 
nature of hand-held sketching methods. 

Combining desirable properties from both approaches, we present 
Print-A-Sketch, a handheld digital printer for rapid free-hand sketch-
ing of high resolution electrical interfaces. Print-A-Sketch is de-
signed to support free-hand sketching practices while providing 
the high resolution and detail of a piezo-inkjet printhead for added 
precision and for interfacing with existing electrical components. In 
addition to the ability of printing conductive traces, Print-A-Sketch
is also augmented with a pair of visual sensors for sensing the 
print context. This information can be used to continuously adjust 
the printing parameters to free-hand motion, pre-existing sketch 
elements, as well as the material properties of the target material. 

This paper makes three primary contributions: 
1) Conductive handheld printing: We present the frst hand-

held printer for in-situ design and fabrication of customized cir-
cuits and sensors on existing objects. We demonstrate a) how to 
print high-resolution conductive structures with a readily available 
inkjet printhead on a wide array of materials and b) how to con-
trol the printhead in real-time, including detailed print parameters, 
using a commodity Arduino microcontroller platform. By open-
sourcing the printer controller (hardware schematic and frmware 
for controlling the printhead), we envision this work to also make a 
practical contribution to the maker community. Evaluation results 
show good conductivity on many materials (e.g., various types of 
paper and cardboard, textiles, plywood, and stoneware) with sheet 
resistance ranging from 0.036 to 29.6 Ω/□.

2) Dynamic, context-aware handheld printing: We propose
to continuously integrate printing and sketching. To this end, the 
handheld printer is context-aware: it continuously monitors how it 
is being moved on a surface, including its speed and relative position, 
using an optical motion sensor; furthermore, it detects patterns 
that were printed earlier with a wide-angle miniature camera. This 
contextual information allows the system to dynamically adapt 
print patterns in real-time with <0.5 mm precision. This opens up a 
novel hybrid design space where sketching and printing unify in 
one integrated task. We provide a conceptual overview of solution 
strategies and basic operating principles, and present a working 
implementation. 

3) Interaction techniques for on the fy design and fabrica-
tion of circuits and sensors: We explore the novel opportunities
of interactions that integrate manual sketching with dynamic high-
resolution printing. Print-A-Sketch ofers techniques for printing

diferent types of traces, such as serpentine conductors or footprints, 
for creating functional electronic components, and for adding high-
resolution shapes and patterns. By detecting and dynamically adapt-
ing to prior printed patterns, the system can automatically connect 
to existing traces or pins, avoid short-circuits, route around obsta-
cles, but also scan & print existing elements. Built-in measurement 
with 98% accuracy helps the user to print elements of defned length, 
parallel lines and precise angles. Finally, integrating with existing 
components is near seamless, as optical sensing enables generating 
of IC footprints on-the-fy. 

In this paper, after discussing related work, we frst present 
an overview of the three main challenges of free-hand sketching 
with a handheld printer. These relate to the irregular nature of 
human motion, the iterative nature of sketching, and interactions 
between print-quality and various material. After presenting the 
implementation we discuss each challenge separately. We then 
conclude with example applications and demonstrations of Print-A-
Sketch in use. With exception of Figure 1, Figure 21, and materials
samples, all photographs used in this paper can be viewed as videos 
in the accompanying video submission. Video demonstrations are 
organized in the same order as the fgures in the paper. 

2 RELATED WORK 
Our contribution builds on prior work on fabrication of electronic 
circuits, in-place and interactive fabrication, and sketching inter-
faces. 

2.1 Fabricating Electronic Circuits 
2.1.1 Printed Electronics. Conventional approaches for fabricat-
ing customised interfaces with printed electronics include inkjet 
printing [5, 25, 26, 40], screen printing [41], and hydrography [18]. 
Recent advances in fabrication techniques allow to more easily de-
ploy new interfaces in everyday environments. These methods and 
techniques consist of applying sensors and actuators over existing 
elements and objects while maintaining their original form-factor. 
For instance, they allow to deploy interfaces to furniture, house-
hold items, and textiles e.g., by attaching a functional sticker [6], 
or ironing-on a functional patch [58], as well as bringing interfaces 
to more fexible and sensitive surfaces such as skin [47]. They can 
even enhance architectural structures, for instance by spraying 
functional grafti [65]. 

2.1.2 Sketching Electronics. Sketches are traditionally delivered 
physically on paper, however almost any medium is possible: HCI 
has a long tradition of exploring sketches that are spatially inte-
grated within the real-world [60]. While a product or graphical 
design can be sketched with pencil on paper, sketching an inter-
active product requires not only implementation of its static look, 
but also its dynamic behavior [20]. This means that electronic sys-
tems need to be sketched as functional devices. This process is 
typically referred to as sketching in hardware. Mellis et al. describe 
their approach to sketching in hardware as an Untoolkit [34]. Their 
strategy is to provide tools and techniques that allow existing com-
ponents and materials to be used in new ways, rather than designing 
high-level components as kits such like the Phidgets system [22]. 
Follow-up work married this approach with traditional craft. For 
example Qi extended this work by combining it with traditional 
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papercraft [50]; her work has led to the successful Chibitronics plat-
form [7]. Buechley and Perner-Wilson extend the idea of sketching 
in hardware to textiles [3]. Together with Satomi, they presented 
a Kit of no parts which shows how to build electrical prototypes 
from a diverse palette of craft materials [44]. To present the sup-
port of digital design in creation of functional circuits, researchers 
introduced several design tools [33, 51, 70]. While these approaches 
enable incremental and iterative sketching of interactive electronics 
in a much broader range of settings than traditionally possible, the 
fdelity of the resulting pieces is limited to what can be manually 
fabricated. 

Print-A-Sketch combines the expressiveness of sketching, with the 
ability of printing to deliver high-precision elements at reproducible 
quality in a hand-held printer. 

2.2 In-place and Interactive Fabrication 
There is a variety of objects and surfaces that prove challenging: 
some objects are very large (e.g., furniture) or immobile (e.g., win-
dows or doors), which makes it difcult to transport them. Other 
objects are meaningful in-context (e.g., because of their orientation 
or location with respect to the environment) which causes their de-
sign context to be lost when they are moved elsewhere. As a result, 
it is desirable to be able to fabricate directly on objects and in-place 
without the need of moving them or transporting them out of their 
respective context. Wessely et al. [65] created sprayable interfaces, 
which provide a great fexibility in terms of the geometry and scale 
of deployment. Stemasov et al. [57] demonstrated in-place adapta-
tion of the mixed reality model and Roumen et al. [54] presented 3D 
printing as a solution for fabrication on the go. In-place fabrication 
is common in eTextile research, as most textile craft methods are in-
trinsically in-place [19, 21, 24]. Moreover, these methods have been 
extended by printing directly on the body and creating body-worn 
accessories [8, 17, 47]. 

Transition to software-based fabrication and design tools moves 
designers closer to screens and distances them from their work 
piece. Interactive fabrication addresses this issue by allowing real-
time manipulation of a fabrication device [66]. As an example, 
FreeD [71] uses a handheld milling tool to sculpt and carve 3D mod-
els with computer supported guidance. Other approaches leverage 
customised tools for interactive fabrication of laser cut objects [36], 
making 3D models [42, 43], creating e-textiles [29], and more re-
cently around the body [8, 16, 17, 47]. 

Print-A-Sketch takes up the idea of interactively adjusting to-
be-fabricated designs in real-time, and presents the frst handheld 
printer for in-place fabrication of interactive electronic interfaces. 

2.3 Sketching Interfaces 
Sketching is a common way of manifesting, sharing and discussing 
ideas (e.g.: [52]). However, it requires a certain level of manual skill. 
To make sketching more accessible a variety of sketching interfaces 
have been developed which are used to improve the fdelity of 
rough sketches. For example, SILK can be used to add interactive 
behavior to simple line-drawn interface elements [30], while [67] 
corrects digitally drawn lines, to make the sketch better match a 
predefned template. 

Another approach is providing visual or tactile guidance during 
the sketching process to support users in creating better sketches. 
For example, Illumipaper [28] and Penlight [56] can be used to 
highlight target areas, similarly Exoskin [17] creates visual guides 
for on-body fabrication and BodyStylus [47] uses visual indicators 
to support creating on-body interfaces. 

Unlike visual guides, tactile guides are only experienced while 
actively sketching. For example, [68] actuates a pen by magnetically 
attracting it to positions using a permanent magnet. Langerak et al. 
show how using an electromagnet can create variable force, and 
investigate algorithms for minimizing tracing errors [31, 32]. Soheil 
et al. use friction based haptic guides in Phasking Interfaces [27] to 
outline how the sketching process can be shaped by shared control 
between user and system. 

When sketching with a pencil, one might switch between soft 
and hard tips, or adjust the angle to produce the desired stroke. 
This idea can also be supported by sketching tools, for example, 
automatically providing software multi-stroke for shading [67]. 
FlexStylus takes a diferent route and allows adjusting parameters 
like stroke-width or color based on how a digital pen makes contact 
with a display [14]. BodyStylus presents a pen which can automat-
ically retract the inking element, to switch between inking and 
non-inking states [47]. Klamka et al. presented a prototyping tool 
based on manually switching between tool-tips for diferent tasks. 

Print-A-Sketch expands upon these ideas. By selectively activat-
ing print nozzles, Print-A-Sketch can simulate a multi-tooltip tool. 
Such a simulated multi-tip tool can also be used to counteract user 
error, providing an alternative to tactile guides. 

3 SKETCHING WITH A HANDHELD 
PRINTER 

An artist might sketch a painting with a pencil, switch to a large 
soft brush for painting the general structure and switch back to a 
tool with a fner tip for details, or may use ruler or mask to create 
desired pattern. For this artist, the ultimate tool might be one that 
changes the properties of its tip or selectively dispenses paint in a 
desired pattern, as required by the task at hand. Such a dynamic 
tool would also be invaluable for sketching in hardware. It would 
allow the designer to draw thick leads for connecting power-traces, 
thin lines for connecting control signals to fne-pitched integrated 
circuits (ICs), as well as decorative lines and custom patterns. With 
Print-A-Sketch we demonstrate that a commercial printhead can be 
used to implement such a dynamic tool. Integrated in a handheld 
tool, the printhead can be used for sketching electrical interfaces 
on the objects and surfaces around us, supporting the expressivity 
of human motion, while providing the precision and detail required 
for interfacing with commercial electronics. 

However, a conventional printhead operates in a relatively con-
trolled environment. Printhead designs typically make a number 
of assumptions. For example, printers dispense ink on a controlled 
surface – typically a sheet of paper. The image to be printed is not 
modifed once the print has started. The printhead moves with a 
known, fxed, speed. All aspects of using a printhead for free-hand 
sketching on everyday objects break these assumptions. 

Therefore, this vision creates a number of challenges. (1) Free-
hand sketching comes with hand movement. Our hands move with 
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Figure 2: Free-hand sketching and dynamic printing are in-
tertwined: Sketching is done by printing, printing requires 
sketching. This tight coupling of printing and sketching re-
quires continuous sensing of hand-movements to ensure 
consistent quality of resulting prints. While adapting to 
free-hand movement, other information such as previously 
sketched traces or substrate material is used to contextually 
adapt the print. 

varying speed, they do not always move in straight lines, they might 
shake or shiver. This is a problem not only for printing small high-
detail features, such as IC footprints, but also for ensuring constant 
and continuous dispensing of ink. (2) Sketching is incremental
and iterative and needs to support spontaneous decision mak-
ing; but printing iteratively can easily lead to misaligned sections, 
or additions which break existing functionality. Finally, (3) every-
day objects and surface come in many materials; the amount of
ink required for a conductive trace can change from material to 
material. 

To address these challenges we suggest that a handheld printing 
device needs to be paired with appropriate sensing capabilities. This 
can then support dynamic control, where the printing process is 
continuously adjusted in real-time to contextual factors (Figure 2). 
Relevant context includes a) the current position of the device and 
its movement, to compensate for the variations of hand movement, 
b) existing patterns on a surface, so designs can be modifed on-
the-fy to accommodate any previously sketched content, and c)
the material properties of the surface, such that ink dispensing
can be adjusted for high-quality results. We do so by example of
Print-A-Sketch, a prototype handheld printer consisting of a Xaar
piezoelectric printhead with 128 nozzles, which are complemented
by two optical sensors for detecting movement, materials and pre-
viously sketched designs (Figure 3).

In the next section, we present the implementation of Print-
A-Sketch and detail on how the printhead is paired with sensing
technology. Then we discuss how Print-A-Sketch addresses the three
main challenges and present novel ways of sketching in hardware.

4 IMPLEMENTATION 
Print-A-Sketch is designed around a fexible, hackable, high reso-
lution inkjet printhead, paired with two visual sensors capable of 
detecting user movement, surface visual texture and material prop-
erties (Figure 3). Here we frst discuss conductive printing, then 
sensing and fnally the user interface for controlling Print-A-Sketch.

Figure 3: (a) The hardware setup includes the handheld 
printer, conductive ink, Arduino Mega and Protoshield. (b) 
Bottom view, revealing integrated optical fow sensor and 
RGB camera. 

4.1 Conductive Printing in a Handheld Form 
Factor 

Piezoelectric Inkjet Printhead. Print-A-Sketch makes use of
piezoelectric inkjet technology for printing conductive circuits. While
there is a range of ready-made compact, handheld thermal inkjet
printers (e.g., Prinker [49], COLOP e-mark [9]) commercially avail-
able, they have undesirable efects on conductive inks. This issue is 
caused by their operating principle where the ink is heated, up to 
the point where it vaporizes and expands out of the nozzle. Heating 
functional materials (e.g., silver nano-particle ink) may lead to de-
generation and loss of the desired functionality, which is a known 
issue in Material Science research [10, 26]. In contrast, piezoelectric 
printheads create patterns of expansion and contraction to jet the 
ink out of the nozzle in response to an electric impulse. Hence, they 
can work with a wider range of inks such as electro-conductive 
ink [13]. For this reason, we decided for a custom setup featuring 
a Xaar 128 piezoelectric printhead (Xaar plc, approx. 220-240$). 
With its 16.5 mm printhead, Xaar 128 has a conveniently small 
form factor (37.2 x 11.3 x 40.8 mm). It is lightweight (15.5 g) and 
able to function in various orientations, which makes it suitable for 
printing on diverse surfaces and geometries. In addition, it allows 
for high resolution prints (200 x 200 dpi); an important factor for 
printing cohesive, functional circuits. We use the integrated control 
circuitry of the printhead for low-level adjustement and tuning of 
the printing parameters [46]1 .

Driver Board and Firmware. All electrical components are as-
sembled on an Arduino Protoshield to ease replication (Figure 3). 
The Protoshield provides high voltage (35 V) to power the print-
head using a rechargeable battery (3.7V, 2200mAh), and links up the 

1The printhead we use is active-low. For simplicity and generalization our fgures 
show active-high control 
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Piezoelectric Print Head
(Xaar 128)

Optical Motion Sensor
(PW3360)
Wide Angle RGB Camera
(OV5640)

OLED Display

3D-printed Hand
Rest (TPU)

3D-printed Case
(PLA)

Push Button

Figure 4: The handheld printer includes a printhead, an opti-
cal fow sensor and an RGB camera for sensing and tracking. 
A display and two buttons enable selecting functions of the 
device. 

printhead with an Arduino. The Arduino also controls the power up 
and power down sequencing (cf., Tables 6.3 and 6.4 in [46]) which 
is essential for the printhead to function. The custom frmware 
is written in C++ and deployed on an Arduino Mega. It controls 
low-level parameters of the printhead and samples the data from 
sensors. Print data and nozzle fring parameters are updated based 
on sensor data and sent to the printhead using SPI. The circuit 
diagram of our hardware setup, and frmware code for controlling 
the printhead are made available open-source.2 

Conductive Ink. Selecting functional inks that are suitable to be 
printed with a piezoelectric inkjet printhead is challenging, because 
the ink’s composition and viscosity needs to be compatible with the 
printhead (for our model below 12 cps). Simultaneously, the inks 
should be highly conductive and applicable to surfaces that are both 
porous and non-porous. In addition, printing on arbitrary every-day 
surfaces such as wood, textiles, or ceramic tiles requires a relatively 
low curing temperature to enable in-situ curing, for instance with 
a household iron (max. 100°C), a blow-dryer or a heat lamp. From 
the available of-the-shelf conductive inks, we selected nanosilver 
ink (Metalon® JS-A102A) from Novacentrix [39] which is highly 
conductive (0.100 Ω/□ on Melinex ST505) and ofers the needed 
viscosity. The 50 ml ink container is connected to the printhead 
using a 3 mm ID tube. In the current implementation power circuitry 
and ink container are ofoaded from the hand-held printer. Overall, 
the handheld printer (green box in Figure 3) and the complete 
hardware setup (Arduino, battery, and ink bottle) weigh 110 g and 
200 g, respectively. 

4.2 Movement and Context Sensing 
Print-A-Sketch draws strength from continuously adapting to the 
surface context and adjusting the print parameters accordingly. To 
capture device movement and the surface’s visual texture, we employ 
a combination of two diferent optical sensors, an RGB camera and 
an infrared-based optical fow camera (Figure 4). 
2https://hci.cs.uni-saarland.de/projects/print-a-sketch/ 

Figure 5: Print-A-Sketch user interface: (a) the user controls 
most functionality directly on the hand-held tool (here: se-
lecting the trace pattern), (b) the backend interface supports 
additional functionality (e.g., showing the live camera view). 

Optical Flow Camera. The optical fow sensor captures precise 
records of the device’s movement speed, movement direction, rela-
tive orientation, and hand jitter. This sensor’s accuracy is crucial 
for the quality of the resulting print. We thus opted for a highly ac-
curate and fast sensor, namely PMW3360 [45], which is commonly 
used in optical gaming mice. It features a resolution of up to 12,000 
Counts Per Inch (CPI), a speed of 250 inch per second, and acceler-
ation of 50 g. The sensor measures displacement by capturing the 
surface image and calculating the movement direction and speed. 
The data is then passed on via the SPI interface to the microcon-
troller, where it serves to adjust the printhead’s fring frequency, 
printing direction, and to determine which of the 128 nozzles need 
to be fred. We further use the lift detection feature of the sensor 
to identify hovering states and signal the printhead accordingly 
(start/stop sequences). 

RGB Camera. The presence or absence of a previously printed 
trace is a change to the visual texture of the surface. To detect visual 
textures including previously printed traces, we use a 2592 × 1944 
pixel camera module (OV5640) [61] which is connected to a laptop 
via USB. We installed the camera inside the handheld tool’s case 
pointing down towards the print surface, together with two LEDs 
for controlled illumination (Figure 3 b). Previously printed designs 
or other surface features are detected and tracked visually using 
OpenCV’s blob detection feature. In addition, data from the RGB 
camera and optical fow sensor are combined for detecting material 
properties and adjust the print properties accordingly. 

4.3 User Interface 
To support rapid and convenient sketching in hardware, users are 
provided with a two-part user interface. Most functionality can be 
triggered directly on the hand-held tool (e.g., selecting the trace 
pattern, confrming/rejecting to connect to the detected trace) (Fig-
ure 5 a). For this purpose, it features an OLED display module [23] 
on its top, and a push button on each side of the case (Figure 4). The 
user’s hand is supported through an ergonomic hand rest printed 
from TPU. For more fne-grained control and access to less fre-
quently used functionalities (e.g., uploading a new design, defning 
a new component) we implemented a backend interface in Python 
that runs on a Macbook Pro (2.3 GHz Core i5) (Figure 5 b). The 
backend interface shows the live camera view and also serves as 
a link between all of the components: it communicates with the 
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Arduino microcontroller using a serial protocol to control the print-
head and analyzes the visual data. When printing images, it sends 
linewise pixeldata to the Arduino. Both the backend interface as 
well as the Arduino frmware can manipulate the datastream based 
on contextual information. 

5 ADAPTING TO FREE-HAND MOTION 
In conventional desktop inkjet printers, the position and movement 
of the printhead is precisely controlled by stepper motors. In con-
trast, with the artist or draftsman freely moving their brush or pen, 
processes of painting or sketching are dynamic: speed and direction 
of the sketching tool are varied in one fuent motion. Preserving 
this freedom of movement in a handheld printer requires to dynam-
ically adapt the print motif to speed and direction of movement. 
In this section, we present solutions to ensure consistent print 
dimensions and quality independent of the speed of movement– 
an aspect that is particularly critical when printing conductors, 
as they need to be end-to-end conductive. We also show how to 
automatically compensate for unsteady motion or shaky hands, to 
realize steady free-hand printing. 

5.1 Consistent Print Dimensions and Quality 
With constant speed and line-wise movement, ink delivery in desk-
top printers is less complex than for handheld printing: the nozzles 
located on the printhead jet ink droplets at constant time inter-
vals that are fxed relatively to the printhead’s speed. The fring 
frequency is constant. This allows for printing patterns with consis-
tent dimensions and quality. 

In contrast, the dynamic speed of movement of a handheld print-
head afects the density of the delivered print. This causes two 
related problems: discontinuous traces for freehand sketching and 
distorted images of digital print. For freehand sketching, fast move-
ment causes jetted droplets to spread out wider, creating discontin-
uous traces that are not end-to-end conductive. Slow movement, in 
contrast, causes droplets to encroach on another, creating image 
bleed and possibly even short circuits. Figure 6 a) illustrates the 
efect. Figure 6 c) shows an example printed with varied movement 
speed, but constant frequency of ink jetting, leading to a distorted 
and discontinuous print. Similarly, if one wishes to digitally print 
patterns, increasing movement speed elongates the pattern, while 
slow movement compresses it. 

To address the issues cause by free-hand movement, Print-A-
Sketch precisely adjusts the frequency of ink delivery (modulated 
by a waveform signal with signal where changes the level cause 
droplet release), to the speed of the printhead traveling over the 
substrate. This is illustrated in Figure 6 b). In our setup, the optical 
fow camera detects the distance and direction of movement, from 
which we calculate movement speed. It ensures that irrespective of 
movement speed, a pattern remains undistorted and printed with 
consistent dimensions while also maintaining consistent droplet 
density (Figure 6 d). 

Print-A-Sketch does not have a set direction in which traces must 
be drawn. The user could reverse the direction of motion. When 
this happens the order of lines sent to the printhead via the SPI 
interface is reversed. 

Direction of Movement

S
pe

ed

Substrate

Substrate

Constant
Firing Frequency

Speed-Adjusted
Firing Frequency

Droplet

Piezoelectric
Actuator

(a)

(b)

Figure 6: Top (side view): (a) Irregular free-hand movement 
causes irregular gaps between droplets when the fring fre-
quency is constant; (b) Speed adjusted fring frequency al-
lows to maintain a consistent resolution. Bottom: (c) Free-
hand printed trace with constant fring frequency cannot 
be used as a conductor and also has visual artifacts (d) Free-
hand printed trace with speed adjusted fring frequency is 
visually consistent and has good conductance 

5.1.1 Accuracy of Measuring and Printing. To test the accuracy 
with which the printer can measure movement speed and adjust 
the print accordingly, we performed a technical experiment. It 
involved printing a 20 mm long trace at three diferent speeds. 

A linear slider stepper motor [37] was used to move Print-A-
Sketch at 6, 8, and 12 mm/s. At each speed, the trace was printed 
3 times on standard ofce paper. Then the length of the printed 
traces were measured and the ofset from the ideal length (20 mm) 
calculated. The results show a high accuracy of 98.0% (Absolute 
mean error: 0.4 mm, SD: 0.2 mm), with a maximum ofset of 0.73 mm 
at speed 12 mm/s. This also suggests that Print-A-Sketch might be 
used as a measuring device, when designing on the fy. 

5.2 Steady Free-Hand Printing 
Free-hand sketching comes with all forms of unintentional hand 
motion. This introduces artifacts due to unsteady motion or shaky 
hands, which, in a sketch simply become a part of the resulting 
drawing. When, however, printing a detailed pattern, an IC foot-
print, or routing multiple traces, lateral movement by the hand 
holding the printer causes wobbly and jittery prints, or – in the 
worst case, if designing electronics – even creates undesired short 
circuits. 
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Printing DirectionLateralM
otion

Droplet

Printed Trace

Piezoelectric
Nozzle Array

Figure 7: Top (viewed from top): To print a straight line, 
even when the user introduces lateral motion, nozzles can 
be selectively used to counteract the moment. Middle: three 
examples of tracing with motion compensation. Bottom: 
Conductive trace printed with motion correction. The thin 
traces on top and bottom show the strong lateral movement 
of the print head while the trace was printed. 

Print-A-Sketch continuously detects lateral movement of the 
print using the optical fow sensor and counteracts by adjusting 
the printed image on-the-fy. As illustrated in Figure 7, the print 
pattern is adjusted to side-ways motion by shifting the bits in the 
array of data that is to be printed to the left or right, corresponding 
to the extent of side-ways motion that has happened since the 
last row of droplets was printed. This cancels out artifacts created 
by movement orthogonal to the printing direction, as long as the 
extent of movement minus the width of the printed pattern does 
not exceed the width of the nozzle array. In practice, assuming 
the trace is centred under the printhead, the possible deviation is 
±(printheadW idth − traceW idth)/2 (e.g.: ±6,25 mm for a 4 mm 
trace). 

To demonstrate the performance of motion correction in prac-
tice, we printed several straight lines with movement correction 
activated. Figure 7 (middle) shows three diferent examples of print-
ing with lateral movement correction. Figure 7 (bottom) shows 
an exemplary trace, it is 120 mm long, and 4 mm wide allowing 
correction for up to 6.25mm. The trace was printed on standard 
ofce paper while moving the handheld tool back and forth orthog-
onally to the printing direction. For reference, in Figure 7, while 
printing, the leftmost and rightmost nozzles of the printhead were 
continuously printing a thin trace; these traces visualize the lateral 
movement and indicate the printing range. For all other nozzles 
in-between, we applied the motion correction technique. As visible 

Figure 8: Shapes and curves created by free-hand motion: 
In both examples the digital printhead produces a constant 
straight line, following the human motion. 

in the Figure 7 (bottom row), despite the extreme lateral deviation of 
the printhead, the printed trace is steady. However, as highlighted 
in green, exceeding the width of the printhead causes artifacts. 
These errors, however, were caused intentionally, typically visual 
feedback from Print-A-Sketch’s display would enable the user to 
prevent creating deviation of this magnitude. 

Together, the ability to print consistent patterns and counteracting 
user movement form the basis for enabling sketching of functional 
circuits as we outline in the next section. 

6 SUPPORTING SKETCHING 
Like an artist who freely moves their brush over their canvas, users 
can freely move Print-A-Sketch to create ad-hoc free-hand patterns 
(see Figure 8). In this section, we present how such free sketching 
can be enhanced by high-resolution patterns that the handheld 
printhead is printing dynamically. As demonstrated in the follow-
ing, this combination creates a new sketching experience that is 
characterized by a synergetic workfow of free sketching and print-
ing. 

In addition to adding digital detail, this enables contextually in-
formed adaptive printing, where the printhead adds intelligently 
to the tracing motion of the user. Finally, the RGB camera together 
with a library of electronic components support the user in easy 
integration with existing electrical components. 

6.1 Adding Digital Detail 
While users can manipulate the overall structure and design of 
the sketch by using Print-A-Sketch like a pen or a brush, the dig-
ital printhead of Print-A-Sketch can be used to further refne and 
manipulate details: 

6.1.1 Custom Brushes and Line Styles. Both in physical and digital 
sketching, it is common to adjust the tool to the intended trace 
style. For example, in manual sketching one might select from dif-
ferent levels of graphite hardness; with digital sketching tools, one 
might select a textured digital brush for the desired efect. Follow-
ing this metaphor Print-A-Sketch enables the user to use ‘brushes’ 
with diferent characteristics. For example, varying trace widths, 
styles (e.g., solid, dashed, or dotted) and patterns (e.g., serpentine 
and zigzag) can be selected directly on the device (see Figure 9a). 
Printing multiple parallel lines is also possible; in this case, the user 
defnes the number of traces and the distance between parallel lines 
(Figure 9b). 
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Figure 9: Custom Brushes: a) Printing traces with custom 
pattern and width, b) printing multiple lines, c) stamping 
an uploaded image. 

Figure 10: Scan & Print: a) Sketching custom design, b) scan-
ning, c) and printing the design. 

6.1.2 Stamping Shapes. Similarly to a traditional stamp, Print-A-
Sketch can be used to create basic shapes (including circles or rect-
angles) for users to develop into more complex designs. These basic 
shapes can also be used for creating electrically functional designs. 
For example, circles can be used as capacitive buttons, or a series 
of stamped triangles can be used to form an interdigitated slider. 
Users can add custom shapes by uploading a bitmap image to the 
backend interface. 

6.1.3 Scan & Print. Custom images and shapes can also be manu-
ally designed. For example, the desired shape can be drawn with a 
pen or pencil, and then scanned by placing and moving the hand-
held printer over it. Subsequently, following a “copy and paste” 
metaphor, they can be re-printed at a diferent location. This tech-
nique is especially promising for building on or repairing circuit 
elements where no template exists (e.g., because they have been 
created free-hand) or where the template is unknown for another 
reason (Figure 10). 

6.2 Adaptive Printing 
We use a RGB camera to enable Print-A-Sketch to sense previously 
sketched traces and footprints. In the same way as Print-A-Sketch 
can detect free-hand motion and intelligently compensate for it, 
Print-A-Sketch can also intelligently react to existing sketches. The 
precise control of nozzles allowed us to implement several automa-
tion routines to support creating functional electronic sketches: 

6.2.1 Stopping and Resuming Traces. Sketching includes pausing 
to review and rethink a sketch, or returning to previously sketched 
traces to add further details. To allow for the continuation of pre-
viously printed traces or to connect a new trace to a previously 
printed pad, a handheld printing device needs to adapt ink delivery 
to existing traces to ensure precise alignment of old and new prints. 
Compared to common sketching tools, e.g., pencils, this is challeng-
ing to do manually as the printhead’s miniaturized array of nozzles 
does not resemble a single tip and does not ofer sufcient cues for 
which nozzles will activate when delivering a given pattern. 

Figure 11: Left: Lifting the printer from the surface causes 
the data stream to stop and the nozzles to deactivate Right: 
To resume the print, the printhead is placed roughly over the 
pre-printed trace. The trace is detected using the RGB cam-
era. If the printhead is not perfectly aligned, as seen here, 
the data is shifted to correct for the ofset. Printing automat-
ically resumes where the previous trace left of. 

To overcome this issue, contact of Print-A-Sketch with the surface
is detected by the optical fow camera. Then monitoring of the 
surface’s visual features, for instance previously printed traces 
or pads for connecting components, enables continuing the print 
where one had left of. 

When a user intends to resume a print, e.g., connecting a fresh 
trace to a previously printed trace or pad, they place the handheld 
printer roughly on the pre-existing element and move it in the 
desired direction (Figure 11). The image from the RGB camera is 
analyzed using blob detection. The software then autonomously 
determines the exact position of the connection point in the print 
area and modifes pixel data and data stream accordingly by bit-
wise shifting of the image data in the shift registers. As a result, only 
those nozzles that are spatially aligned with the connection point 
are activated (pixel data, perpendicular to print direction), and fre 
at the precise point in time when the nozzle array traverses the 
pre-existing element’s end point (data stream, aligned with print 
direction). We illustrate this principle in Figure 11. 

6.2.2 Connect-to Objects. This principle is also used for stopping 
the print when connecting to a target component, as shown in 
Figure 12 top. When Print-A-Sketch encounters existing printed
features, they are identifed using blob-detection. Print-A-Sketch
than provides the user with a connect-to function. If only one blob is
detected, the system identifes the center of the blob’s side facing the 
printhead as the point of connection. This generic implementation 
works for traces of diverse styles as well as pads or electrodes of 
rectangular or circular shape. If multiple blobs are visible in the 
camera view, the user has the option to select the desired element 
in the user interface. 

Note that in frame c the trace dynamically adapted its direction 
to connect to the target pad. For starting a trace on an object, blob 
detection is used to decide when the print should begin (Figure 12, 
bottom). 

6.2.3 Routing. While intelligent stopping and starting of prints is 
a required utility for functional designs, Print-A-Sketch can go one
step further and also proactively support users in creating electrical 
designs: 
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First, Print-A-Sketch enables printing corners with precise angles. 
In this case, the user sets the desired angle on the LCD menu and 
continues printing. The system ends the current trace with the 
defned corner. Then the user places the tool on the other side of 
the angle and the system continues the trace (Figure 13, top row). 

Second, when routing multiple signals, space often becomes an 
issue. To support creating compact designs, one might wish to add a 
line as close as possible next to an existing trace. Print-A-Sketch can 
automatically place a new trace in close proximity to an existing 
trace, creating parallel lines, which never touch. Print-A-Sketch does 
this by continually monitoring the distance to existing traces, and 
printing the new trace in a predefned distance. The user can specify 
the distance between traces directly on the device (Figure 13, middle 
row). 

Lastly, not all printed traces should be connected to previously 
printed elements. Avoiding the creation of short circuits is crucial, 
as unintentionally created connections may result in irreparable 
damage. Here, Print-A-Sketch can support the user during sketching 
by observing the surface, detecting existing previously printed 
traces in the print area, and alerting the user. By default, the system 
routes around detected objects if the size is less than the width of 
the print head (bottom row, Figure 13 a). If routing around is not 
possible, the system stops printing before reaching to the existing 
object or trace (bottom row, Figure 13 b). Finally, the user can 
override the action and force the printer to connect to the detected 
trace (bottom row, Figure 13 c) using the buttons on the printer. 

6.2.4 Accuracy of Adaptive Printing. We performed a technical ex-
periment to investigate the accuracy of detecting a pattern on a 
surface and registering subsequent prints to it. We frst printed fve 
squares with dimensions ranging from 4 to 12 mm (2 mm interme-
diate steps) on an ofce paper. Then, we moved the handheld tool 
around the surface and whenever a square was detected, the printer 
printed a crosshair over its center. Next, we measured the ofset 
between the center of the crosshair and the center of the rectangle. 
The results indicate that the printed crosshairs are sufciently close 
to the target; the mean ofset was 0.478 mm (SD: 0.376) and the 
maximum ofset was 0.813 mm. 

Figure 12: Top: Connecting to existing footprint: a) selecting 
the end point, b) handheld tool detects the footprint, c) print-
ing trace is routed to the footprint. Bottom: Starting from 
existing footprint: a) selecting the start point, b) handheld 
tool detects the footprint, user selects the width and pattern 
of the trace, c) printing the trace. 

Figure 13: Top: Printing angle: a) defning the size of angle 
on-the-fy, b) printing the angle, c) continuing the trace. Mid-
dle: Printing a trace parallel to a previously printed trace: a) 
selecting a previously printed trace, b) placing the printer on 
existing trace and defning the distance between the traces, 
c) printing the new trace. Bottom: Various actions after de-
tecting a previously printed trace: a) routing around the de-
tected trace if there is enough space, b) stop printing before 
reaching to the trace and continuing after the detected trace, 
c) forcing to connect to the detected trace. 

6.3 Integration of Electrical Components 
In most cases traces alone do not make an interactive interface. 
A functional circuit needs to connect to sensors, actuators and 
integrated circuits (ICs). To make this as efortless as possible, Print-
A-Sketch supports two methods of interfacing with components: 

6.3.1 Adding Footprints from Component Library. Print-A-Sketch 
contains with a basic library, which contains footprints of common 
electronic components and printable components. In our current 
implementation, the component library is stored as bitmapped 
footprints. Users can navigate these and select them on the device. 
In addition to common footprints, printable components include 
capacitive sensors (capacitive button, slider and pressure sensor) 
and resistive sensors (stretch and bend sensor, moisture sensor and 
level sensor). Some examples are depicted in Figure 14, top. Note 
that resistive elements need to be calibrated to the target surface. 
The resistor shown in Figure 14 b works by increasing the trace 
length. To achieve higher resistance, the amplitude of the zig-zag 
pattern is increased. 

6.3.2 Creating Footprints from Physical Parts. Additionally, for 
minimal disruption of manual sketching, many physical electronic 
components can be scanned using the RGB camera. Using basic 
edge-detection, pins can be identifed. Then appropriately sized 
and spaced pads are automatically generated. This feature is not 
package type dependent, however, it has only been tested on SIP, 
DIP and SOIC packages (see Figure 14 bottom). 
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Figure 14: Top: (from left to right) Footprint for a 2835 com-
ponent, printed resistor, moisture sensor. Bottom: IC foot-
prints can be created on-the-fy by scanning the component 
to be used. (From left to right) RGB image, detected outlines, 
generated footprint, printed footprint and printed footprint 
together with surface-mount IC. 

Pourjafarian, et al. 

Figure 15: Print-A-Sketch as measurement tool: a-b) the dis-
play visualises length of the printed trace, c) shows the ac-
curacy of the printed trace. 

6.4 Print-A-Sketch as measurement tool 
As Print-A-Sketch already continuously monitors the optical fow 
sensor for detecting speed and determining inking rate, it is also 
possible to use this information for measurement. The user can 
use this feature to measure the length of printing traces or spacing 
between components on the fy. The system guides the user by 
showing the measured value on the LCD (Figure 15). 

7 PRINTING ON EVERYDAY OBJECTS 
Commodity desktop printers allow the user to manually defne the 
substrate material (e.g., ofce paper or glossy paper). The printer’s 
driver will then adjust the amount of ejected ink to best match 
the substrate’s surface properties. A scenario involving a handheld 
printer may take up this principle, but extends it to include more 
diverse materials, for instance substrates that would not commonly 
be used in a desktop printer. Moreover, and contrary to a desk-
top printer, the user may sequentially print on multiple diferent 
materials, even during a simple trace. In this section, we discuss 
how continuous monitoring of the material and dynamic adjust-
ment of print parameters allow users of Print-A-Sketch to freely 
sketch conductive patterns on everyday surfaces and objects. More-
over, we present results from an experiment which confrms that 
Print-A-Sketch prints conductive traces on a wide range of everyday 
materials. 

Multiple Fire Pulses

Single Fire Pulse

Substrate (weakly absorbent)

Substrate (strongly absorbent)

Droplet

Piezoelectric Nozzle

Substrate (weakly absorbent)

Substrate (strongly absorbent)

highly conductive trace

conductive trace

conductive trace

non- conductive trace

Figure 16: Increasing the number of pulses of the fre signal 
results in creation of multi-drops and consequently larger 
drops. If drop sizes are too small, resulting traces will not be 
conductive. If drop sizes are too large, the ink will run, and 
detailed prints will fail. 

Figure 17: Adjusting the printing parameters to the detected 
materials: a) tile, b) plywood, 3) kinesiology tape. 

7.1 Matching Print Parameters to Materials 
The area that a jetted droplet covers on the substrate’s surface varies 
depending on the substrate’s ability to absorb ink. This has a direct 
efect on the conductivity of a printed pattern. As shown in Figure 16 
top, droplets of a constant amount of ink may create end-to-end 
conductive traces on some type of substrate (top left), whereas on 
a more strongly absorbent substrate, ink drops are more strongly 
absorbed and therefore cover a smaller surface area, which creates a 
discontinuous pattern (top right). However, if the droplet size is too 
large, the ink will run, and detailed prints – such as the moisture 
sensor in Figure 14 c – will fail. Therefore, to ensure conductivity 
on all materials, the size of the ink droplet needs to be adjusted to 
match the material’s properties. To this end, the electrical signal that 
activates the piezoelectric actuator of each nozzle is modulated [13]. 
Firing a single pulse results in dispensing one droplet (Figure 16 top). 
Larger droplets can be generated by fring a rapid burst of multiple 
consecutive pulses. This dispenses several droplets, which in turn 
results in formation of one single, but larger dot on the substrate 
(Figure. 16 bottom). Generally, the size of ink droplets needs to 
be larger when printing on absorbent substrates (e.g., plain ofce 
paper) compared to less absorbent substrates (e.g., glossy photo 
paper). Our implementation varies the size of droplets in a range 
between 1 and 10 droplets per dot or pixel3. 

3In our implementation all printable images are stored as bitmaps with a width of 128 
pixels, each pixel corresponding to an individual nozzles of the printhead. Therefore 
we maintain a 1 to 1 correspondence between dots and pixels 
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Figure 18: Sheet resistance of silver traces on diferent substrate materials, with single-drop printing. 

The Computer Vision community has demonstrated robust and 
advanced techniques for optical material detection from image 
data [1, 11, 62]. Inspired by this work, we trained a KNN classifer 
with the sensors data from materials that we used for the eval-
uation and application scenarios. The handheld device displays 
the detected material and adjusts printing parameters based on a 
lookup table (Figure 17). Our current setup classifes only a subset 
of materials: ofce paper, glossy photo paper, tile, plywood, kinesi-
ology tape, felt sheet, and natural cork. The current implementation 
serves as proof-of-concept, it demonstrates the principle feasibility 
of dynamically adjusting print parameters based on automatically 
detecting the substrate material. 

Knowing about the material and its mechanical properties does 
not only provide the basis for adjusting print parameters. Future 
implementations of Print-A-Sketch could automatically adjust the 
printed patterns themselves. For instance, when printing on more 
stretchable substrates that undergo more deformation, straight con-
ductive traces could be automatically replaced with horseshoe de-
signs. Or when printing on very demanding substrates, traces could 
be made wider to further increase their end-to-end conductivity. 

7.2 Conductivity of Prints on Everyday 
Materials 

To validate that Print-A-Sketch can print functional designs on 
many everyday objects, we investigated the conductivity of printed 
traces on various substrate materials. We investigated the efect of 
substrate materials, number of droplets per pixel, and trace width. 

7.2.1 Efect of substrate material. We selected a set of sample ma-
terials that are common on everyday objects and frequently used 
for prototyping (e.g., paper, cardboard, textile, plywood, and ce-
ramics). We ensured that the selected samples cover a variety of 
material properties (i.e., surface texture and absorption). The tested 
materials are presented in Figure 18 and Figure 19. 

On each material shown in Figure 18, we printed a trace of 
20 mm length by activating 16 nozzles and fring a single pulse per 
byte of data (hence dispensing small ink droplets). We cured traces 
at 100 ◦C for 10 min. We used an electric oven (Sage, BOV820 BSS) 
to speed up the process by curing multiple samples simultaneously. 
As suggested by [25], we investigated the conductivity in terms of 

sheet resistance. To do this, we measured the resistance R of each 
sample using a Fluke 175 multi-meter, and then calculated the sheet 
resistance per square using the formula Rs = R ∗ (width/lenдth), 
and averaged the results for each material. 

The results are presented in Figure 18. As can be seen, most 
printed traces exhibit high conductivity. However, a handful of 
materials, such as cardboard, felt and velour sheet, result in very 
low conductivity. We show in the following how a increasing the 
size of ink droplets can boost their conductivity. 

7.2.2 Efect of number of droplets per pixel. We next examined the 
efect of adjusting the number of droplets per pixel on conductivity. 
This promises to enhance conductivity on absorbent surfaces. For 
a frst pilot experiment, we selected ofce paper as a frequently 
used material that is highly absorbent. Traces of 20 mm length 
were printed with 16 active nozzles, jetting diferent number of 
ink droplets (1, 2, 3, or 5 droplets for each pixel data) We printed 3 
samples per condition, resulting in a total of 12 traces. The printed 
samples were cured at ≈100 ◦C for 10 min using a household iron 
(Bosch TDA2329). Our fndings revealed that the conductivity con-
siderably increases with increasing the number of droplets, ranging 
from 2.466 Ω/□ for 1 pulse to 0.256 Ω/□ for 5 droplets per pixel. 

Based on this fnding, we opted for the best performing condition 
with 5 droplets for investigating more materials. We selected eight 

Figure 19: Improved sheet resistance with increased droplet 
size on highly absorbent substrate materials. 
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materials: four materials that have the highest sheet resistance in 
the previous experiment (group 1) and four materials that failed to 
become conductive in the previous experiment (group 2). On each 
material, we printed a 20 mm long trace with 16 active nozzles and 
5 droplets per pixel, cured them as described above and calculated 
the sheet resistance. 

Figure 19 depicts the results. For all but one material, jetting 
5 droplets substantially enhanced the conductivity compared to 
single-droplet printing. For the four materials that were part of 
the above evaluation, we observed an impressive 25 to 348 fold 
decrease of sheet resistance which belong to linen texture board 
and wood textured cardboard, respectively. 

For instance the sheet resistance of wood textured cardboard, 
which had the highest sheet resistance in the previous experiment, 
has decreased from 876 Ω/□ to 2.52 Ω/□. However, the trace printed 
on Kinesiology tape was not conductive with 5-droplets printing 
due to the highly porous composite material; we printed another 
sample with 10 droplets per pixel, which showed good conductivity. 

7.2.3 Efect of trace width. To evaluate the efect of trace width 
and identify the minimum width of conductive traces, we printed 5 
samples of 20 mm length and varying width (1, 4, 16, 32, 128 active 
nozzles, corresponding to 0.1–16.7mm width) on two diferent sub-
strates using conductive silver ink [39], see Table 1. The substrates 
were selected from two diferent categories: a glossy paper which 
has a very smooth surface (Epson photo paper, 260 µm thick), and 
a highly absorbent sheet (standard ofce paper). For each pixel 
data, the nozzles were fred once. The test was repeated 3 times and 
then the printed samples were cured at ≈100 ◦C for 10 min using a 
household iron (Bosch TDA2329). 

Table 1 summarizes the results. We found that with the same 
number of active nozzles, printed traces are wider on ofce pa-
per than on glossy paper. Furthermore, due to high absorption of 
ofce paper, the conductivity is higher on glossy paper than on 
ofce paper. The sheet resistances on the glossy sheet range from 
0.025 Ω/□ to 0.105 Ω/□ and are close to the reported value for silver 
ink (Metalon, JS-A102A) [39] which is <0.100 Ω/□. A minimum 
trace width of 0.1 mm is achievable on the glossy sheet by activat-
ing a single nozzle, resulting in a low sheet resistance of 0.025. In 
contrast, printing with a single nozzle on the absorbent sheet was 
challenging and resulted in the highest resistance (50.6 Ω/□). By 
activating 4 nozzles, resulting in a trace width of 0.6 mm, the sheet 
resistance decreased considerably to 3.33 Ω/□. 

8 APPLICATIONS AND CASE STUDY 
To demonstrate the practical feasibility our technique and its ap-
plicability to the sketching of circuits and sensors on everyday 
surfaces, we present four functional application examples fabri-
cated with Print-A-Sketch. These show various types of sensors and 
circuits realized on diverse materials that are commonly found in a 
household. Figure 20 shows the prototypes. In addition, we present 
fndings from a hands-on case study with novice users. 

8.1 Moisture sensor on a foor tile 
The frst application example demonstrates adding smart home 
functionality to a room’s tiled foor. We designed and fabricated a 
customized moisture sensor on a porcelain tile (Figure 20a). When 

Table 1: Sheet resistance of traces with various width on 
glossy and absorbent substrates (photo shows printed traces 
with fve diferent width on an absorbent sheet - numbers 
on left are nozzle counts). 

ozzles Glossy Sheet Absorbent Sheet 

Max Width Sheet Resis. Width Sheet Resis. 
(

N

128) (mm) (Ω/□) (mm) (Ω/□) 
128 16.7 0.105 17.6 2.76 
32 4.20 0.043 4.60 2.32 
16 2.10 0.036 2.30 2.47 
4 0.50 0.039 0.60 3.33 
1 0.10 0.025 0.15 50.6 

water comes in contact with the sensor, the resistance changes and 
the buzzer sounds an alarm. One use case of this application is de-
tecting washing machine leakage. For fabrication of the interactive 
tile, we selected moisture sensor from the library of components 
and then printed the sensor, the footprint of the buzzer, and con-
ductive terminals. Next, we created conductive lines that connect 
the buzzer to the terminals. The handheld tool helped by automati-
cally printing a visually pleasing pattern, instead of straight lines, 
and by automatically connecting the line endings to the respective 
endpoints. Finally, we attached the buzzer using conductive paste 
and connected the terminals to an Arduino microcontroller using 
copper tape. Circuit elements which should not be in contact with 
water can be covered with isolation spray or silicone. 

8.2 Interactive yoga mat 
To demonstrate use on personal objects with demanding materials, 
we realized an interactive yoga mat that features four capacitive 
buttons for controlling playback of instructional videos (Figure 20b). 
The mat is made of natural cork and is fexible. When the yogi 
desires to control the video, she can use her toe, without changing 
her pose, to pause, resume or navigate within the video. For printing 
the design on the mat, we loaded the design in the backend interface, 
and used stamping technique. The traces are printed using routing 
feature. A D1 mini microcontroller, attached on the backside of the 
mat, wirelessly communicates with the video player running on a 
tablet computer. 

8.3 Wearable stretch sensor on kinesiology 
tape 

To demonstrate rapid integration of sensors for textile wearables 
and inspired by sketching on-body interactions [59], we imple-
mented a custom stretch sensor on a kinesiology tape (Figure 20c). 
The sensor can be attached on diferent joints of the user’s body 
to detect fexion and extension. The terminals of the sensor are 
connected to an Arduino using standard copper cables. Stretch is 
detected by observing changes in resistance. 

8.4 Capacitive slider on a table lamp 
Next, we aimed to turn a conventional table lamp into a customised 
interactive piece of furnishing. We printed a capacitive button and 
two sliders onto a lamp’s textile shade. These are used to turn the 
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Figure 20: Application examples demonstrate the the practical feasibility and applicability of our technique on everyday sur-
faces: a) moisture sensor on a foor tile, b) interactive yoga mat, c) wearable stretch sensor on kinesiology tape, and c) capacitive 
slider on a table lamp. 

lamp on or of, and change its color and brightness (Figure 20d). To 
create the visual design, we drew the full moon and crescents on a 
paper and then used our handheld printer to scan and then we print 
the designs on the lamp shade. The electrodes were then connected 
to the terminals and tethered to an Arduino microcontroller to 
control the lamp. 

8.5 Hands-On Case Study with Novice Users 
To gain additional insights into patterns of use, we conducted a 
hands-on case study with four novice users (3 females, 1 male). 
Two of them were familiar with sketching, painting and designing 
circuitry, having backgrounds in computer science (P1, female, 
24) and electrical engineering (P2, female, 23). P3 (male, 30) was 
experienced in fabrication and DIY electronics; P4 (female, 62) was 
a language teacher with no hardware prototyping experience. 

After providing informed consent, we began the study with a 
short introduction to the project, handheld printer, and user inter-
face, and gave participants time to practice using the device. Next, 
the participants were asked to perform a series of tasks from simple 
to more complex: (1) print a shape; (2) scan & print a shape; (3) print 
a trace with custom width and pattern; (4) connect a trace to an 
existing shape. We then discussed their experiences and challenges 
they faced in a semi-structured interview. We continued the study 
with a brainstorming session, asked participants to think about a 
possible application case of this device in making their environment 
more interactive. They had this option to select a material from 
our sample box. The participants then proceeded to fabricating 
their idea with Print-A-Sketch, using the sketching interactions they 
preferred. 

8.5.1 Results & Discussion. All participants managed to complete 
the tasks and provided useful feedback. They commented that work-
ing with the device was simple and controlling the handheld device 
and moving it on the surface was smooth and easy to do. In addi-
tion, they commented on the usefulness of in-place printing using a 
handheld printer and its beneft for creating aesthetically pleasant 
prototypes. They stated that compared to traditional methods of 
designing and then printing, a handheld printer helps rapid proto-
typing and allows improvisation during fabrication. The possibility 

of printing and then embellishing the design was another interest-
ing aspect for participants. Within an hour session, all participants 
were able to make a functional prototype without our intervention. 
Participants, however, felt that we could provide better feedback, 
for example P3 wished to have access to more information on the 
OLED display, while P4 – who had never before designed a circuit – 
felt that the breadth of options was overwhelming and would want 
to have more detailed guidance from the UI. 

For their practical application case, they all decided to make 
capacitive buttons and sliders and used the stamping and routing 
features to fabricate the electrodes. P1 decided to create an electrode 
on her desk that uses capacitive sensing to detect touch contact, as 
a means to signal her when she is tapping constantly on the desk 
(Figure 21a). She fabricated the interface on a linoleum material, by 
printing a heart shape electrode from the library of components and 
then using the connect-to feature to print serpentine pattern as a 
trace. P2 desired to make a slider on her bedside table to control the 
lighting of the room when she is in bed. Interestingly, she decided 
to customise the slider by sketching one custom-shaped electrode 
frst and then used the scan & print feature to replicate the electrode 
to print a full slider on a sheet of plywood (Figure 21b). 

Changing the TV program from the handle of a coach was inter-
esting for P3. He used the stamping feature to print two capacitive 
buttons with a customised shape. Next, he used both connect-to and 
motion correction features to connect the traces to the printed elec-
trodes. P3 was excited that the motion correction feature provides 

Figure 21: Images from user study: (a) drawing a customised 
electrode to scan & print, (b) Printed design based on hand-
drawn electrode. (c) free form sketching. 
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him with the ability to draw fne straight lines and highlighted that 
this feature is helpful for those who do not have sketching skills. 
Finally, P4 selected a diamond shape pattern electrode to fabricate 
an interface on her notebook. She intended to use this electrode to 
control the heating system at her home. While P4 was fabricating 
her electrode, we fgured out that her understanding was that by 
pushing the handheld device, more ink would eject from the device, 
similar to pushing fountain pen. We will consider this interesting 
fnding for the next iteration of the device. 

While most participants focused on moving the handheld device 
carefully and in a straight line, P1 decided to use the printer as a 
brush and freely sketched a foral electrode (Figure 21c). Finally, 
Print-A-Sketch not only supported novices in fabrication of func-
tional and visually pleasant prototypes, but also facilitated thinking 
about making the surrounding environment more interactive. 

9 DISCUSSION 
Our implementation is subject to several limitations. We discuss 
these in the following and identify opportunities for future work. 
Materials and Printing. Ink adhesion shows the material compat-
ibility. We observed the silver ink adheres well to diverse materials. 
We couldn’t remove or wipe of the ink from highly absorbent 
materials and the ink is robust on glossy surfaces. 

The JS-A102A nanosilver ink is water-based, which causes it 
to have higher surface tension compared to other types of inks, 
such as solvent-based ink. On substrates with low surface energy, 
such as smooth glass, this causes poor wetting. This issue could be 
addressed by applying an additive to the substrate before printing 
which reduces the surface tension and results in a better print 
quality [4]. 

In our current implementation, we use silver ink [39] which can 
be thermally cured at temperatures as low as 100 ◦C. A wide range 
of substrate materials tolerate this curing temperature; however, 
eliminating the heat curing step would enable printing on a wider 
range of materials and accelerate the fabrication process. We can 
report that printed traces on specially prepared and coated surfaces 
(e.g., Epson photo paper and Mitsubishi NB-RC-3GR120 [35]) sinter 
at room temperature. Promising avenues for future work are sinter-
free inks (such as sinter-free gold ink [53]) or applying a sintering 
aid layer to the substrate to reduce the sintering temperature to 
room temperature [69]. 
Electrical circuits. For electrical isolation and to protect printed 
patterns from damage, we used isolation spray (WEICON isolation 
spray [64]). However due to the crawling efect of the ink on the 
isolated layer, we were not able to print a second conductive layer. 
Therefore, our current approach is restricted to a single-layer circuits. 
In future work, we intend to address this by adding surface additives. 
This would allow creating layered designs, for example, to print 
multi-touch sensors [48]. 

While we have not performed any formal evaluation of long-term 
conductivity, we can anecdotally report that the conductivity of 
printed traces has not declined on tested materials (e.g., plywood, 
ofce paper, glossy sheet, and printable fabric) within a nine months 
period. As expected, we also observed that the printed traces are 
robust to bending and stretching. The response of inkjet printed 

traces to bending or stretching has been explored extensively in 
related research papers [6, 25, 26]. 

Iterative design and fabrication of a circuit may include removing 
parts of a circuit that was printed before [38]. We can anecdotally 
report that printed traces can be removed from coated paper (Mit-
subishi NB-RC-3GR120 [35]) before heat curing using a sponge 
soaked in a mixture of water and polyvinyl alcohol (PVA). How-
ever, removing ink after sintering or from more absorbent materials 
requires additional investigation. 
Open-loop printing. The size and form factor of selected print-
head allows printing on curved surfaces and across edges; however 
our current implementation of position tracking using the optical 
motion sensor would not be reliable on non-planar surfaces. In 
future work, we plan to investigate alternative position sensing 
techniques that allow for absolute positioning on a wider range of 
surface geometries. Recognizing materials from images is a topic 
of ongoing research [12, 55]. Our simple proof-of-concept imple-
mentation detects only a subset of all materials we successfully 
printed on. For the next iteration, we plan to extend the approach 
to a cover wider set of materials by sampling additional materials 
and tuning the printing parameters accordingly. The controlled 
lighting environment underneath the printer in combination with 
the dual data-sources from the IR visual fow camera and the RGB 
camera suggest that this approach has promise. 

To improve the visibility of printed patterns in the Figures and 
the video that accompanies this paper, most examples were shown 
on white substrates. However, we demonstrated that the blob de-
tection feature works on materials with diferent colors (e.g., black 
kinesiology tape, Figure 20c), visual patterns (e.g., non-solid colored 
foor tiles, Figure 20a and video fgure), and material textures (e.g., 
uneven surface of natural cork, Figure 20b). We note that the accu-
racy of blob detection can be afected if the surface features visual 
patterns that are similar to the size or colors of the printed pat-
terns. In future work, we plan to use the infrared spectrum [12] to 
improve the blob detection feature on surfaces with high-contrast 
colored patterns. 

In our current setup, the RGB camera is located inside the hand-
held device, making the printed patterns in direct proximity to the 
printhead invisible to the user. To assist the user in precisely adjust-
ing the printhead, the backend interface visualizes the live camera 
view (see Figure 5b), and the system automatically and precisely 
routes the printing trace toward the detected blob, if desired. In 
future iterations, we are considering displaying the location of the 
detected blobs on the OLED display. A simple alternative would 
be to make the casing of the handheld device out of a transparent 
material. 

The movement speed of our handheld printer is restricted to 
12 mm/sec. Of note, the printing speed of the Xaar 128 printhead 
is higher. The limiting factors are the Arduino system clock, the 
end-to-end latency between microcontroller, optical sensors, print-
head, and the backend interface. We plan to address this issue by 
replacing the Arduino with a faster microcontroller (e.g., Teensy 
4.1, 600 MHz). 

In our current implementation, the backend interface is running 
on a laptop and communicates with the Arduino via the serial port. 
In the next iteration, we plan to implement the backend interface in 
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a Raspberry Pi and make the setup fully portable. Finally, creating a 
fully closed loop system which not only measures the environment 
of the trace, but also samples the freshly printed trace itself to update 
inking parameters dynamically would be an exciting extension of 
this work. 

10 CONCLUSION 
In this paper we presented Print-A-Sketch, an open-source handheld
printer prototype for sketching circuits and sensors. Print-A-Sketch
combines desirable properties from manual sketching and func-
tional electronic printing. Manual human control of large strokes 
allows designing the overal interactive system while computer 
control provides fne detail, an interface to the miniature world 
of discrete components and integrated systems. Shared control of 
Print-A-Sketch enables sketching interactive interfaces on everyday
objects which is especially exciting for objects so large or heavy 
that they could not easily be placed inside conventional printers. 

We have shown that context-aware, dynamic printing can pro-
vide solutions for a number of challenges. Continuous sensing en-
sures quality prints by adjusting inking-rate to hand movement and 
material properties. Print-A-Sketchs sensing abilities also enables
prints to intelligently adapt to previously printed traces for incre-
mental and iterative sketching. Results show good conductivity 
on many materials (e.g.: 3 Ω/□ on tiles) and high spatial precision
(traces are aligned with <0.5mm mean error), supporting on-the-fy 
creation of functional interfaces. Hardware and frmware of the 
printer driver will be made available on GitHub upon publication. 
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