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Figure 1: We created RoboSketch as an example of a new class of devices that combines the desirable properties of a computer-
assisted handheld tool and an autonomous fabrication robot. The robotic high-resolution printer on wheels offers fluent
transitions between manual, assisted, and autonomous modes. It assists the user in free-hand sketching (a). When triggered to
switch to “autonomous mode” (b), it can roam freely to autonomously extend, complete, or refine the sketch (c). Application
areas include fabricating electronic circuits, textile accessories, and woodworking (d).

ABSTRACT

Personal fabrication has mostly focused on handheld tools as em-
bodied extensions of the user, and machines like laser cutters and
3D printers automating parts of the process without intervention.
Although interactive digital fabrication has been explored as a
middle ground, existing systems have a fixed allocation of user
intervention vs. machine autonomy, limiting flexibility, creativity,
and improvisation. We explore a new class of devices that combine
the desirable properties of a handheld tool and an autonomous
fabrication robot, offering a continuum from manual and assisted
to autonomous fabrication, with seamless mode transitions. We
exemplify the concept of mixed-initiative physical sketching with a
working robotic printer that can be handheld for free-hand sketch-
ing, can provide interactive assistance during sketching, or move
about for computer-generated sketches. We present interaction
techniques to seamlessly transition between modes, and sketching
techniques benefitting from these transitions to, e.g., extend (up-
scale, repeat) or revisit (refine, color) sketches. Our evaluation with
seven sketchers illustrates that RoboSketch successfully leverages
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each mode’s strengths, and that mixed-initiative physical sketching
makes computer-supported sketching more flexible.
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1 INTRODUCTION

Handheld tools, ranging from brushes and sculpting tools to cutter
blades, offer the creative and practical maker an undisputed level
of directness. Yet, purely manual work practices using such tools
can be repetitive and cumbersome, and are often constrained by
the user’s manual skills, precision, and physical abilities. With the
emergence of ever more sophisticated means of digital fabrication,
machines are taking over such tasks. While these machines have
proven to be extremely useful to process users’ intents without
live intervention, delegating fabrication to the device in this way
inhibits the inherently iterative nature of making.
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Two streams of research have set out to tackle this problem from
different directions: the first has proposed to add digital assistance to
manual fabrication practices by augmenting handheld fabrication
tools. Examples include hybrid carving [80], computer-assisted
sketching [26, 46], 3D modeling [42], augmented airbrushing [55],
and hybrid fabrication on the human body [16, 45]. While most
of these approaches integrate directly with manual fabrication
practices, their assistance suffers from a significant restriction: It is
limited to the reach of the human arm, which prevents the device
from carrying out fabrication tasks autonomously. It is always the
user who has to lead the fabrication task.

The second research direction has investigated means to increase
the interactivity of standard digital fabrication machines, for in-
stance, by adding options for real-time design interventions to laser
cutters [38] or 3D printers [41]. While these augmented machines
can work more independently of the user and benefit from the
precision and speed of high-end fabrication tools, they lack the ease
and directness of in-situ physical practice with handheld tools.

We set out to integrate these worlds and propose a new class
of devices that can be all three: a hand-operated manual tool, a
computer-assisted handheld tool, and an autonomous fabrication
robot. Such devices can assist the user where needed while in their
direct proximity, but they can also be unleashed and roam freely,
in order to solve some tasks independently. When done or called
back, they return to the user and can again be operated in a manual
or assisted mode.

To explore the potential of such “handheld tools unleashed” col-
laboration between humans and machines in the design and fabri-
cation process, we created RoboSketch: a robotic printer on wheels
with a joystick controller for manual sketching, capable of creating
large-scale, high-resolution prints. It can be operated completely
manually, inspired by a handheld brush (manual mode), but it can
also provide interactive assistance during sketching (assisted mode).
In addition, it can turn into an autonomous robotic device moving
about for computer-generated sketches (autonomous mode). It is
capable of operating on many surface materials, such as fabrics,
paper, and wood, and with various inks including multi-color, UV,
and conductive inks.

In the remainder of this paper, we first introduce the approach of
“handheld tools unleashed”: mixed-initiative physical sketching in
which humans and machines work together proactively and fruit-
fully, unleashing the creative and unique benefits of handheld tools
and robotic autonomy in concert. We discuss the emerging range
of fabrication modes, from manual and assisted to autonomous, and
highlight why seamless mode transitions are key in this context.

Next, we present interaction techniques to control such seam-
less mode transitions that are based on simple interactions well-
compatible with sketching. These techniques support user-initiated
and robot-initiated transitions between all modes, even while sketch-
ing a continuous trace. We also introduce a set of sketching tech-
niques that benefit from these transitions to help the designer ex-
tend manual sketches, for instance, by repeating elements or up-
scaling a design, and to help revisit a sketch, for instance, to refine
or color it.

We then contribute a proof-of-concept implementation of a func-
tional robotic device, comprising a high-resolution print head that
is capable of operating with a variety of surface materials and inks.
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It is based on a commercial handheld inkjet printer and a robotic
platform equipped with various input controllers and sensors to be
context-aware.

Finally, to validate that our approach is technically feasible and
useful for physical sketching, and to illustrate that it can be applied
in a wide variety of fabrication contexts, we present three applica-
tion examples: (1) creating electronic circuitry, (2) creating sewing
patterns on fabric, and (3) woodworking. In addition, we present
our findings from a case study with seven sketchers. It uncovers
flexible patterns of use, and illustrates that mixed-initiative physical
sketching can make computer-supported sketching more powerful
and flexible.

In summary, the main contributions of this paper are:

o the concept of a mixed handheld and autonomous device for
mixed-initiative human-robot collaborative physical sketch-
ing that includes manual, assisted, and autonomous modes;

e interaction techniques to seamlessly move between modes
and make use of the robot’s autonomous capabilities to ex-
tend and revisit a sketch in the making;

® RoboSketch, a working prototype of the first computer-assisted
robotic printer that supports mixed-initiative physical sketch-
ing across all its three modes, with capabilities to create
error-preventing constraints, and validated to enable dy-
namic, context-aware sketching at high resolution and large
scale.

2 RELATED WORK

Our contribution builds on prior work on interactive fabrication,
sketching interfaces, and drawing tools for 2D surfaces.

2.1 Interactive and Bidirectional Fabrication

Digital design and fabrication technology have revolutionized the
way we create and interact with objects. With modern technology,
the design process can be done entirely digitally using computer-
aided design (CAD) software, while the fabrication process is com-
pleted using computer-controlled machines (e.g., 3D printer, inkjet
printer, laser cutter). This improves speed and accuracy. However,
creative activities often require user engagement during the fabrica-
tion process [3, 27]. Inspired by traditional crafting tools, interactive
fabrication [72] allows humans to participate throughout both the
design and the fabrication process. This allows manipulating the fab-
ricated workpiece in real-time. As an example, Constructables [38]
enables users to manipulate the workpiece directly with a proxy
laser, while a cutting laser creates the results instantly. Further
research has explored this concept for various fabrication activi-
ties such as creating 3D models [41, 42], fabricating e-textiles [29]
directly controlling fabrication machines [15, 35, 59] and creating
interfaces around the body [16, 45]. To leverage the advantages of
direct manipulation and automated fabrication systems, researchers
have explored mixed-initiative systems that allow machines to act
like collaborative partners and contribute to problem solving [18].
In this work, we build on this background and introduce mixed-
initiative physical sketching as an instance of mixed-initiative fab-
rication that supports user-initiated and robot-initiated interaction
and interweaves direct control and autonomous sketching.
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In particular, our approach takes up the conceptafncurrent
interactive fabrication, where design and fabrication occur simulta-
neously. Prior work has realized this using computer-assisted hand-
held tools. For instance, FreeB( proposed a handheld milling
tool to shape and carve 3D models with computer-assisted guidance.
Augmented Airbrush 55 guides the user in spraying a painting us-
ing a computer-controlled airbrush system, dePEN@[o ers sup-
port for sketching using pen and paper, and Shaper Origi8,[62
assists precise 2D cutting. More recently, Print-A-Sketd# [pre-
sented an interactive handheld printer for the physical sketching
of electronic interfaces. While these devices support manual and
assisted modes of interaction, due to their handheld form factors,
they cannot roam autonomously.

Bidirectionafabrication is another form of interactive fabrication
that enables iterative manipulation of objects through digital and
physical inputs P8 71]. For instance, ReFornT[] presents a system
that fabricates 3D objects based on on-the- y modi cation of digital
models and updates digital models after the physical deformation of
objects. With this paper, we contribute to this vision of bidirectional
fabrication by introducing a system that records manually sketched
traces and prints digitally modi ed designs in real time.

RoboSketotombines the idea of real-time interactivity between
humans and machines with the ability to print high-resolution
marks and presents the rst robotic printer that supports manual,
assisted, and autonomous sketching.

2.2 Sketching Interfaces
Sketching is a fundamental part of any design process. It is a quick
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or enabling dynamic brushes and stroke34[ 68 76. With recent
advances in arti cial intelligence (Al), collaborative design with
an Al agent enables iterative ideatio,[4( and mixed-initiative
content creation 10 14. We drew inspiration from these works for
the implementation of our design tool and sketching techniques.
RoboSketatxpands upon these ideas by linking sketches in the
physical and virtual worlds and supporting physical sketching, e.g.,
fabricating circuits, textile patterns, and markings for woodwork-

ing.

2.3 Drawing Tools for 2D surfaces

Commonly used drawing tools include pen and paper. Previous
work has explored various ways to make drawings at large scale and
on arbitrary surfaces more autonomous and accessible. Common
examples are the use of XY pen plotteis b4, 64, hanging V-
plotters [6, 9, 39, or robotic arms B3 79 to automate the drawing
process on horizontal and vertical surfaces. Their use of pens or
markers limits these devices to printing vector graphics at low speed.
In contrast, making use of inkjet heads to replace the marker allows
printing raster graphics at high resolution and higher speegfj.
However, with all of these devices, the drawing area is limited to
the dimensions of the device as they do not move freely.

To solve this issue, researchers have proposed the use of wheeled
robots that can move freely and print on any size and shape of the
surface. Lee et al3f] introduced one of the earliest examples of
sketching robots. Cobbie8g and DIY Omni Wheel Plotter37 are
other examples of mobile plotters. Sustainab&€][is a small robot
printer that uses everyday materials to create shapes. K24 [

and easy way to communicate ideas and concepts. It can be used to generates temporary patterns by etching fabrics. There also exist
explore new ideas, create prototypes, and convey design concepts Several commercial sketching and printing robots for educatiad][

in an incremental and iterative way. Since sketching requires a
certain level of skill, a variety of sketching interfaces have been
developed to improve the accuracy of sketches, making it more
accessible to a wider range of people. Physical sketching practices
can be augmented with visual guidance, which for instance can
take the form of a projected overlay that adds information to the
surface [L6 45 56. Another approach is to provide haptic support
during sketching to help users create better sketches. For example,
dePENd 7§ actuates a ballpoint pen by using a permanent magnet
to provide directional force feedback. Langerak et &0[show
how a variable force can be generated using an electromagnet
and explore algorithms to minimize tracing errors. Phasking on
Paper uses friction-based haptic guides to investigate shared control
between user and system during sketchir@d. However, these
devices cannot print high-resolution marks and do not support
autonomous sketching.

While many of these interfaces center around sketching with
pen and paper, a signi cant number of studies have instead con-
centrated on supporting users and enhancing their skills within
digital environments. SketchPad]], considered one of the pi-
oneers of Computer-Aided Design (CAD) software, transformed
traditional drawing using a display and a light pen. Building upon
this, sketching tools such as DesignScrig},[DressCode23, and
Dynamic BrushesZ2, made drawing easier for users with a more
intuitive interface. Other approaches focused on providing guid-
ance B3, tactile feedback 31], beautifying the strokes 20 77,

and construction §1, 52. However, these machines usually print
prede ned designs. They are not designed for interactive fabrication
and do not support on-the- y modi cation of the design.

RoboSketamakes use of a robotic printer on wheels. It lever-
ages its advantages to enable mixed-initiative physical sketching
with a robotic printer. It enables manual, assisted, and autonomous
sketching.

3 HANDHELD TOOLS UNLEASHED

We envision a new class of handheld devices to expand the scope
of collaboration between human and machine in creative design
and fabrication processes, by combining the desirable properties
of handheld tools with autonomous fabrication. Expanding upon
Horwitz' notion of mixed-initiative interaction [1§, we aim for
tools that proactively contribute to the manual fabrication process
whenever needed, while allowing the user to continue working in

a natural manner, but that can also contribute to the fabrication
process completely autonomously if desired. WRloboSketchve
contribute a rst and fully functional instantiation of this concept,
demonstrating how a robot on wheels with a high-resolution color
inkjet printhead can be used as a handheld tool foanualsketch-
ing, supportassistedgketching, and can be "unleashed" to act as
intelligent robotic partner forautonomousirawing. RoboSketch
addresses two key challenges:
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Figure 2: a) Transition of control sharing when the user initiates the transition. Examples of user initiated transitions during a
single stroke: b) Sketching a circle in assisted mode, overriding the constraints to add details manually, and then switching back
to assisted mode to nish the rst half of the sketch, before giving over the control to the robot to mirror the sketch across
vertical axis. ¢) Drawing a straight line in assisted mode, sketching a heart-shape in manual mode, and then giving over the
control to the robot to scale the design. Finally, taking over the control to nish the sketch with a straight line in assisted mode.

Leveraging human and robotic skill s¢#simans and robots part-
nering in a design and fabrication process would ideally leverage
the unique skill set of each partner: While humans excel at gen-
erating creative ideas and can more easily adapt to a dynamic
context and unforeseen events, robotic tools are capable of creating
precise, high-resolution output and exact replicates at high speed.
RoboSketatnables a variety of physical sketching techniques that
demonstrate how human and robotic skill sets can complement
each other. UsindRoboSketchs a handheld tool, the user sketches
out their creative vision before "unleashing" the devi€oboSketch
is then able to autonomously expand upon the user's drafts by
repeating patterns (e.g., leveraging symmetry), re ning drafts (e.g.,
adding details), or by lling sketched-out regions with color. In addi-
tion, RoboSketatan o er the user to auto-complete their sketches
(e.g., completing polygons), or o er creative completion by mak-
ing use of Al to artistically elaborate on the user's input. Hereby,
RoboSketctianscends the function range of existing computer-
assisted fabrication tools such as Freefj[and Phasking 26.
While those tools allow the user to “seize control' by overriding
computer assistance, e.g., with a button-press, or by applying force,
they still require the user's guiding hand to fabricate. They cannot
fabricate autonomously beyond the con nes of the user's reach.
In contrast, our proposed approach enhances the scalability of the
resulting designs and considerably enhances the extent to which
the machine can act as co-creator.

Flexibly shifting control back and fortMixed-initiative physical
sketching requires control shifts across the entire range froman-
ual, where the user is in full control, oveassistedvith various levels
of shared control, taautonomousnode, where the robotic tool is

fully unleashed and sketches independently. To enable natural and
e cient co-creation with both human and robotic tool iteratively
contributing to the fabrication process, mode transitions need to be
seamless. To this end, we developed a series of simple interaction
techniques (Fig. 2) that enable uentser-initiatedmode transi-
tions throughout all modes at fabrication time: releasing the handle
and giving the robot a gentle push signals the robot to continue
on in autonomous mode (e.g., for elaborating on a user-created
draft). In contrast, the user can solidify their grip ("Hold Firmly’)
to remain in control when inmanual or assistednode, or seize
control by grabbing the robot's handle when iautonomousnode.
Robot-initiateccontrol shifts are necessary when the robot encoun-
ters contextual or environmental ambiguity and requires human
assistance imutonomousnode. Here, the robot stops and blinks.
Moreover, inmanualor assistedanode, the robot proactively o ers

to take over control by making context-aware suggestions (e.g.,
auto-complete a shape) or by enforcing constraints (e.g., to prevent
short circuits when sketching electronic traces with conductive
ink). In summary, these techniques let the user access the full range
from handheld sketching tool to autonomous sketching robot with
a single device, and even within a single stroke.

4 SKETCHING TECHNIQUES

RoboSketab ers a variety of sketching techniques and support-
ing tools to help designers, makers, and artists sketch out their
initial idea, iteratively extend their idea, and revisit the composi-
tion to complete details. To enable natural and e cient co-creation
by the human and the robot, these techniques uently integrate
manual sketching with computer-assisted handheld fabrication and
autonomous fabrication.
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4.1 Extending a Sketch

A human sketcher may require help when a design needs to be
precise or symmetrical, contains repetitive elements, or when the
canvas is large. Partnering witRoboSketcban help sketchers
extend their creative vision while still maintaining a high level of
precision and control.

4.1.1 Repeating pa erdany sketches contain repeating patterns,
which can be tedious and time-consuming to realize manually. The
Repeat technique combines the expressiveness of manual drawing
with support for repetitive sketching. Having selected the Repeat
technique on the device's screen, the user starts by sketching the
pattern (Figure 3,la) and then, in a seamless movement, pushes the
robot toward the desired direction. This triggers the Autonomous
mode; the robot takes over and continues printing the pattern
autonomously and repetitively (see Figure 3,Ib), until the user takes
back control by grasping the handle to continue sketching manually,
or by holding the hand in front of the robot to stop the repetition

at the desired position (Figure 3,Ic).

One of the main principles of design is achieving balance. This
can be done by using symmetrical patterns. There are di erent
manual techniques that can be used to create symmetrical drawings.
For example, an artist may use tracing paper to trace a sketch and
then ip it over to create the mirrored part. We provide assistance
for creating repeated designs that are symmetrical around a central
point or across an axis. As an example, to draw a pregis/gon
the user rst activates assistance to draw a straight line in manual
mode (Figure 3,l1a). Inspired by, this makes the robot cancel
out lateral hand jitter. After selecting the Polygon function on
the device screen, the user draws the rst polygon segment, then
de nes the number of sides of the polygon by tapping the robot the
corresponding number of times (e.g., ve taps to make a pentagon,
see Figure 3,1Ib), and then pushes the robot. The robot then sketches
the desired shape autonomously (Figure 3,lIc).

For creatingmulti-axial symmetrieghe user sketches the desired
design in manual mode (Figure 3,llla) and then taps on the robot
(or selects from the displayed menu, see Figure 3,1lIb) to set the
number of radial axes across which the sketch is repeated. The user
pushes the robot, and the robot nishes the sketch (Figure 3,llic).

4.1.2 Auto-completing shap@s.assist users to complete the cur-
rent sketch quickly and preciselfyRoboSketcprovides an Auto-
complete feature. When the user is sketching in manual or assisted
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Figure 3: Repeating patterns: 1) along a path, Il) around a
central point to create polygons, and Ill) across an axis to
create symmetrical patterns.

Figure 4: Creative completion: a) sketching the initial idea,
b) accepting RoboSketcts Al-generated suggestion for com-
pletion, shown on the display, c) robot sketches an artistic
overlay over the existing sketch.

on initial text and image input. By combining the advantages of
both methods, humans and machines can co-create content and pro-
duce unique and personalized results. Pushing toward the machine
end of co-creationRoboSketatan realize new ideas based on the
user's existing sketches (Figure 4b). We, therefore, use the recent
implementation of the stable-di usion modé] based on%3, for
image-to-image synthesis guided by a text prompt. In our current
implementation, the user selects a Creative Completion function
and starts sketching. We then query the stable-di usion model

mode, if the system detects the current shape, the prediction is ity the user's current sketch as an initial image and with the

shown on the display. If the prediction is correct and the user
wishes to hand over control to the robot, the user simply releases
the handle. The robot then autonomously completes the user's
current sketch. Otherwise, the user continues sketching, and the
predicted shape disappears or is updated with a new prediction.
Our current implementation can recognize basic shapes (e.g., line,
circle, square, and triangle) by inspecting the robot's movement
trajectory. In the future, we will extend this feature to predict more
complex shapes using a neural network [17, 36].

4.1.3 Creative completioBketching is a medium for humans to vi-
sually express their thoughts, ideas, and emotions, often in an artis-
tic way. On the other hand, recent advances in Al algorithnag[
have proven that they are capable of creating original visuals based

text prompt line art miro style (100 steps of interference, prompt
strength 85%) regularly. We post-process the resulting image with
a standard auto trace algorithm (with center line optiord] [to
create the paths foRoboSketdo print. Then, we show the result
on the screen. When satis ed, the user pushes the robot to trigger
autonomous mode, and the printer prints the Al-created image
(Figure 4c).

4.1.4 Routing traceSketching is an incremental and iterative
practice. It is important to be able to pause and review a sketch,
or return and add more detail. This implies that new traces often-
times need to connect to existing traces and marks, and need to

Lhttps://github.com/CompVis/stable-di usion
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