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Figure 1: Examples of robot-sculpted clay models.

ABSTRACT

We present an interactive design system that allows users to create
sculpting styles and fabricate clay models using a standard 6-axis
robot arm. Given a general mesh as input, the user iteratively selects
sub-areas of the mesh through decomposition and embeds the
design expression into an initial set of toolpaths by modifying key
parameters that affect the visual appearance of the sculpted surface
finish. These parameters were identified and extracted through a
series of design experiments, using a customized loop tool to cut
the water-based clay material. The initialized toolpaths are fed into
the optimization component of our system afterwards for optimal
path planning, aiming to find the robotic sculpting motions that
match the target surface, maintaining the design expression, and
resolving collisions and reachability issues. We demonstrate the
versatility of our approach by designing and fabricating different
sculpting styles over a wide range of clay models.
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1 INTRODUCTION

Sculpture is one of the oldest forms of three-dimensional visual art.
Amongst all the materials used for sculpture, clay is the most wide-
spread and frequently used. Its malleability allows it to be formed
into any shape imaginable and makes it suitable for both additive
and subtractive processes. During a sculpting process, artists utilize
a variety of techniques and employ different tools to reform a piece
of clay until it satisfies the intent of their artistic expression.

In today’s industrialized context, CNC milling is widely used
for the manufacturing of three-dimensional sculptural artefacts
and often substitutes traditional processes including stone carving
or foam cutting. However, conventional CNC milling techniques
are limited when applied to soft materials like water-based clay.
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Highly ductile materials are notoriously di cult to cut mechani-
cally, and the strong adhesive tendency of clay greatly hinders the
removal of small shavings. A special technique called cryogenic
machining uses low-temperature coolant to freeze soft or elastic
materials (for instance, rubber) temporarily during the milling pro-
cess [Dhokia et al2011], but has to our knowledge not been used
for clay material.

On the other hand, human sculpting still holds a special place due
to its close association with arts and crafts. Due to the non-linear
nature of the design process, artists usually rely on an interactive
process to think and create through minds and hands simultane-
ously. Compared to machining, manual clay sculpting satis es this
need, with its modi able and superimposable layers of sculpting
strokes. Additionally, the often imperfect surface nish records the
working process of the artist and thus becomes a feature of artistic
expression. Such patterns and textures are di cult to achieve and
often not considered in CNC machining, and if required, they are
typically only achieved by subsequent special surface treatments.

With the long term goal of endowing robots with human-level
skill, we presentRobotSculpta user-guided design and motion
planning framework for robotic clay sculpting. By isolating those
parameters related to the aesthetics of the sculpture from the fabri-
cation process, we enable the user to de ne the style of the result.
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assess the degree to which simulated results translate to the real
world.

1.1 Overview
As illustrated in Figure 2, our pipeline proceeds as follows:

(1) Given a mesh representation of the target model as input, the
user sketches free strokes on the model to de ne preferred
independent areas for further processing.

(2) For each disconnected stroke group, the system computes a
decomposed patch.

(3) With a minimal set of user input on directional guidance, our
system generates the initial sculpting paths for each patch.

(4) After the toolpaths have been initialized, the optimization
adjusts the toolpaths to eliminate collisions and smoothen
sharp corners, while still maintaining the artistic expression.

(5) Finally, once the toolpath has been successfully optimized,
the user can preview the simulated result, or directly execute
the trajectory information computed from the optimization
to obtain a physical artefact of the stylized target geometry
in clay.

We organize this paper as follows: Section 2 covers work related

to our research. Section 3 shows a series of design experiments we

Our system automates the sculpting process by generating feasible conducted to understand how the material deforms with speci c

motion trajectories that can be executed by robot arms.
In order to make the computational problem tractable, we focus
on a sculpting process that only involves subtraction of material,

fabrication parameters. Section 4 explains how we build our design
system based on the important parameters extracted from those
design experiments. Section 5 presents the optimization formulation

using custom-shaped wire loop tools (Figure 3). The use of such that helps to transform design intent into collision-free, feature-
customized tools poses two challenges: since the tools are direc- Preserving robot trajectories. We demonstrate the capacity of our

tional, no o -the-shelf algorithm is available, as conventional path
planning algorithms for CNC machining often treat the milling
bit as axisymmetric. New planning algorithms are needed to suit

system on a set of physically fabricated examples in Section 6, and
discuss the limitations and future work in Section 7. See also the
accompanying video, which showcases the pipeline along with the

our tool, i.e. manage all 6 Degrees of Freedom (DoFs). The other résults.

challenge is how to support a wide range of possible sculpting
strokes that unleash the expression of the user's creativity while
simultaneously complying with the above algorithms.

We open our investigation with a set of experiments aimed at
identifying the primary parameters that a ect the expression of
the user's design intent. Building on the insights gained through

2 RELATED WORK

Clay FabricationAs a representative material for geometry form-
ing, clay sculpting has been widely used in arts and crafts elds as
a hand modelling process [Faraut and Faraut 2013; Philippe Faraut
and Charisse Faraut 2009]. Recently, its economical and malleable

these experiments, we then address the challenges listed above by characteristics have also led to increasing popularity in 3D printing

separating the entire pipeline into two independent units:

User-Guided Initialization exposes a set of parameters
for the user to control interactively, and transfers the input
style information into a series of initial tool positions, i.e. a
toolpath, that matches their design intent. This part aims to
provide the user the freedom to design the sculpting strokes;
Path Planning takes the initial toolpath as input to an op-
timization and computes the complete robot trajectories.
This part aims to nd a high delity approximation of the
input that balances accuracy and design expression. It fur-
ther resolves any collisions and respects all other workspace
constraints of the fabrication robot.

We demonstrate the versatility of our computational approach
on a set of examples of increasing complexity, and nally fabricate
these objects with &Jniversal Robot URS kg-payload version), to

and multi-axis robotic applications. These applications typically
employ a customized tool attached to a common 3-axis CNC ma-
chine [Nan et al2016] or a 6-axis industrial robot arm [Bechthold
2016] and manufacture artefacts through additive, subtractive, or
formative processes. Additive processes usually deposits clay either
in layers to create sealed surface geometries, or in a woven style
[Friedman et al2014; Rosenwasser et 2017] to create patterns.
Deposition processes start either from a non-planar base geometry
[Dunn et al. 2016; Ko et al2019] or a planar base that is gradu-
ally transformed to a non-horizontal fabrication plane [Bhooshan
et al 2019; Trilsbeck et aR019]. Taking advantage of the mate-
rial's malleability, digitally controlled throwing of the clay has
also been studied in order to erect large-scale building structures
over distance [Dor er et al2014]. Subtractive and formative pro-
cesses, however, generally start with an initial block of clay which is
shaped by either applying pressure to deform the material [Tan and
Dritsas 2016], or cutting o material [Schwartz and Prasad 2013].
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Figure 2: System overview. It takes four steps to design & sculpt a given model with speci c styles: 1) the system takes a
general triangle mesh as input and decomposes it based on the drawn strokes. 2) The user speci cs sculpting styles based on
the patch-level parameters and generate a set of initial toolpaths using our system. 3) Using the initialized toolpaths as input,
the optimization will compute robot trajectories while maintain style information and resolve collisions simultaneously. 4)

The trajectories are executed on a URS5 to sculpt a physical clay model that match the optimized results.

Weichel et al[2015] combined additive and subtractive processes
(i.e., milling) using two distinct tools.

Design InputWhile engineering problems are often well-de ned

approachesisocurvesndcontoursand their strengths and weak-
nesses. Our method is similar to thigocurveapproach, but allows
for more exibility in toolpath generation as we care more about
the design expression than machining time or toolpath length. To

and have clear objectives to optimize towards, design questions increase the variety of surface styles, we further employ a divide-

are usually open-ended and require di erent approaches to resolve.

and-conquer concept for toolpath generation by splitting the target

For instance, in order to increase the design variety and expres- geometry into several sub-sections. Similar approaches have also
siveness, designers usually prefer a forward design process where peen applied to multi-axis milling path generation [Muntoni et.al

they can apply modi cations interactively, based on simulated or
even fabricated results and typically do not settle for rigid objec-
tives before a nal result is deemed adequate [Cli ord et aD14;

2018; Zhao et al. 2018].
The general problem of robotic path planning has been studied
extensively in the past, and respective software is readily available.

Schwartz and Prasad 2013]. Interactive approaches are employed toFor example, the Open Motion Planning Library [“ucan et 2012]

enlarge the variety of the resulting appearance through speci cally

provides a collection of sampling-based algorithms to plan a fea-

designed rapid-prototyping systems. These systems provide instant sjple path between two points, subject to optimality conditions.

feedback or guidance during the fabrication process [Braumann
and Brell-Cokcan 2015; Johns 2017; Peng.e2Gl8; Zoran and

The Descartepackage of the ROS-Industrial project [Edwards and
Lewis 2012] implements a tree search to nd a robot trajectory that

Paradiso 2013] and embrace the imprecise mapping between the matches a suite of prescribed tool positions. Unlike these applica-

digital models and the physical results.

Unlike the interactive fabrication approaches mentioned above,
our approach still automatically fabricates the target, but intends to
facilitate the artistic design process through an interactive toolpath
initialization, and compute feasible toolpaths that balance the user's
design inputs and model accuracy through an optimization process.

We mustidentify the factors that a ect the translation of manually-
created designs into machine commands. In our context, the distri-
bution of toolpaths vitally in uences the appearance of the nal
surface. Kontovourkis and Tryfonos [2018] and Rael and Fratello
[2017] demonstrated potential applications in this direction, but
it still remains open to what extent a robot can achieve subtrac-
tive clay sculpting. This leads us to develop style-oriented toolpath
generation techniques that have rarely been touched.

Path PlanningWhile toolpath planning plays an essential part
in our work, we frame it in a broader context of path generation
problems where a large body of work is available in CNC machining
[Chiou and Lee 2002; Feng and Li 2002; Jun €@03; Sullivan

tions, however, toolpath planning for our application calls for long
trajectories with very dense sampling, in order to accurately follow
the ne-scaled details of the target shape. Further, the entire length
of the cut path is heavily restricted by collision constraints and
computationally expensive optimization criteria. Such conditions
are inherently challenging for sampling based approaches. Notably,
De Maeyer et al[2017] report that already fobOtrajectory points,
memory usage starts to become a matter of concern for the tree
search used biescartedn our application we routinely exceed
this number ten-fold. We therefore choose to rely on iterative opti-
mization, namely Newton's method, to handle the large number of
parameters albeit at the expense of global optimality.

Robotic manipulation of a wire-like tool has recently been stud-
ied in Duenser et a[2020], where an elastically deformable, heated
rod cuts through blocks of polystyrene foam. That work focused on
trajectory optimization for a small number of individual cuts using
a comparably large tool, rather than on a global cutting strategy. In
contrast, the tools we employ are much smaller in size, such that a
global strategy for path generation is necessary. Nevertheless, we

etal 2012; Tournier and Duc 2005; Zhu and Lee 2004]. One main draw inspiration from their work for our path planning step, and

di erence of our work lies in the customized tool, which requires

specially designed path planning algorithms to manage all of its
6 DoFs, compared to a usual 5-DoF milling bit. Dragomatz and
Mann [1997] surveyed general path generation methods used in
CNC milling, and Elber and Cohen [1994] summarized two main

optimize for feasible robot trajectories in a similar fashion.



SCF 20, November 5 6, 2020, Virtual Event, USA

3 DESIGN FACTOR EXTRACTION

Instead of developing a fully automated system similar to existing
software for Computer-Aided Manufacturing (CAM), we intend to
provide the user with control over those aspects of the fabrication

process that are relevant for the design and appearance of an object.

Thus, we need to rst understand what factors a ect the fabrication
result of a sculpting process so as to abstract them into parameters
that can be built into our system.

In order to reveal the most important design parameters, we
conducted a series of experiments involving the interaction between
the tool and the clay material. These experiments were designed to
help us in three aspects:

Understand the relationship between the material deforma-
tion and sculpting velocity;

Guide the selection of a suitable shape and size of the cus-
tomized tools;

Decide on a minimal set of parameters exposed to the user
to exert control on the toolpath generation.

Before discussing the details of these experiments, we brie y
introduce our tool designs.

3.1 Customized Loop Tool

A conventionalloop tool(Figure 3) for cutting clay consists of a
handle and a planar loop, a piece of steel wire or a thin, narrow
metal strip bent into rectangular, triangular, or circular pro les to
ful Il di erent cutting needs (size, angle, texture e ects, level of
detail, etc.). While the sculptor uses their hands for the modelling
(additive) and formative process, such loop tools are usually used
for the subtractive process cutting a strip of clay o by moving
the tool along a desired path.

Figure 3: Left: di erent manual loop tools used by profes-
sional sculptors; Right: our customized loop tool that can be
attached to a URS5 as the robot end e ector.

We use similar customized tools with replaceable loops (Fig-
ure 6) and a handle that can be attached to the robot. Compared
to a conventional milling bit, one important bene t is the non-
axisymmetry of the tool, which allows it to cut o clay strips of
di erent widths and sizes by simply rotating around its axis. While
this additional exibility is trivial for human users to control, it adds
signi cant complexity to the planning algorithm the additional
degree of freedom needs to be managed and exploited.

3.2 Parameter Extraction Experiments

We categorize the experiments into two classes: patch-level param-
eters and path-level parameters. The patch-level parameters a ect
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the selected areas ( patches ) of the mesh on which the preferred
sculpting styles are applied; the path-level parameters a ect the
toolpaths generated on each patch. The selected patch can be either
a portion of the whole mesh or the mesh itself.

Patch geometry (patch-leverhis parameter is directly related
to how an input model is decomposed. It de nes the area and
shape to which a particular style can be applied, and can be created
with various methods. We implemented a sketch-based method
for the interactive design process in our system (Section 4). Note
that simple cases, manual decomposition with any mesh operation
software may su ce.

Patch overlap (patch-level)e observed undesired material ag-
gregation near the seams between individual patches, leading to
a clear visual separation. This is caused by the high ductility of
the material when the tool enters or exits the clay, at the material
interface, it carries forward some material by pushing or pulling,
rather than causing a clean separation. This e ect is most visible
when entry and exit locations accumulate in the same spot. We
found that we could reduce this e ect su ciently by introducing
an overlap between adjacent patches, as illustrated in Figure 4, and
thus eliminating the accumulation.

Figure 4: Seam comparison models. Left: sculpt paths in-
tersecting at seam area without overlapping; Middle: sculpt
paths intersecting at seams with overlapping; Right: contin-
uous sculpt paths across the whole surface.

Toolpath length (path-levelJhe above-mentioned material prop-
erty has a similar impact on the toolpaths generated for a spe-
ci ¢ patch. Regardless of the generation methods, a toolpath will
start/end in three circumstances: 1) at the start/end point of another
toolpath (toolpaths connected), 2) at the middle of another toolpath
(toolpaths overlapped), 3) at an empty area (toolpath disconnected).

Our experiments showed that for a speci ¢ patch, 1) and 2) will
always create leftover material at the intersection, and 3) will result
in a area not sculpted in the target geometry. As the number of
intersection locations is largely decided by the number of toolpaths,
we favor long toolpaths to reduce this aggregation. Two extreme
cases are shown in Figure 5, where one contains randomly gener-
ated short toolpaths on various directions and the other contains
only aligned toolpaths across the entire surface.

Toolpath direction (path-levelhis parameter a ects the tool-
path generation process, and is the most important one for de ning
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