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Human–robot collaboration: a fabrication framework for the
sequential design and construction of unplanned spatial structures
Edvard P. G. Bruun a,b, Ian Tingb, Sigrid Adriaenssens a and Stefana Parascho b

aDepartment of Civil and Environmental Engineering, Form Finding Lab, Princeton University, Princeton, NJ, USA;
bSchool of Architecture, CREATE Laboratory, Princeton University, Princeton, NJ, USA

ABSTRACT
Robots in traditional fabrication applications act as passive participants in the
process of creation—simply performing a set of predetermined actions to
materialize a completed design. We propose a novel bottom-up design
framework in which robots are instead given the opportunity to participate
centrally within a creative design process. This paper describes how two
6-axis industrial robotic arms were used to cooperatively aggregate a
collection of solid spherical units. The branching spatial structure being
constructed is unplanned at the outset of this process, and is instead
designed in pseudo-realtime during construction. This ‘design-as-you-build’
approach relies on robotic input, in the form of path-planning constraints, in
tandem with human evaluation and decision-making. The resulting structure
emerges from a human–robot design collaboration operating within the
specified physical domain.

KEYWORDS
Cooperative assembly;
robotic fabrication; human–
robot collaboration; spatial
structures; sequential design

Research Highlights

(1) Implemented a cooperative assembly pro-
cess with two 6-axis robotic arms.

(2) Developed a fabrication workflow that
used randomness as an exploratory action
to find non-intuitive design solutions.

(3) Used the kinematic and path-planning
constraints imposed by the robots as
inputs to the design process.

(4) Assembled a structural prototype, which
was designed in pseudo-realtime during
construction.

(5) Demonstrated the ability for robots and
humans to collaborate on creative pro-
blems, such as the design of a structure.

1. Introduction

Robots are traditionally viewed as passive par-
ticipants in the process of construction and cre-
ation: in this capacity, they materialize a
finished design through a set of pre-pro-
grammed actions (e.g. movements, material
and tool manipulations). While useful in a
highly controlled and repetitive industrial
application, this approach does not allow the
robot to contribute to the actual design of the
finished structure in a meaningful way (i.e. act-
ing as a creative agent). This project seeks to
subvert the traditional fabrication paradigm
in two ways: (1) utilizing a bottom-up
approach to design a structure sequentially
during construction, (2) creating a
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collaborative framework for the robots to par-
ticipate centrally within the design process.

In this paper, we present the results of a con-
struction process for a branching three-dimen-
sional (3-D) structure assembled from the
aggregation of solid spherical units. We
implement a cooperative robotic assembly
method, where two industrial robotic arms
alternate between supporting and connecting
new spheres to the existing structure. In the
context of the proposed framework, the robots
are thought of as both design agents and assem-
bly instruments that facilitate the creation of a
final structure. Rather than being pre-defined,
the structure is designed and built incremen-
tally on the basis of direct input from the robots,
using their kinematic and path-planning con-
straints to generate a wide range of possible
new additions to a structure. The human user
is integrated into the geometry generation-
aggregation process by being asked to evaluate
the aesthetics of the proposed geometry in
each new aggregation cycle, which sets up a col-
laborative dialogue between the human and
robotic system. The design process can be
thought of as completely decentralized as
neither robot or human is aware of the final
structure at the outset of the assembly process.
The result is an unplanned stochastic topology
and geometry where the placement of each
new sphere is dictated by changes in both the
physical and aesthetic criteria at each time-step.

1.1. Randomness in design

The terms random and stochastic are used
interchangeably in reference to generating an
outcome that is not directly controlled or
affected by a human user participating in the
design process. Randomness in design can be
thought of as an exploratory function, used to
nonsubjectively find a set of solutions that are
feasible but not immediately apparent to a
designer (i.e. unintuitive solutions that would
not typically have been proposed) and thus to
stimulate creativity. It is also a way to sample

a range of options from a broad design domain,
where an exhaustive search of all design possi-
bilities is computationally intractable.

The idea of using randomness in a design
process is inspired by how randomness is
used by evolutionary algorithms to create opti-
mized solutions that are often not intuitive at
the outset of the process. In our case, the task
is performed without an optimization target,
as the goal is only to generate a feasible struc-
ture without being biased towards intuitively
known solutions. Thus, we use randomness as
an informed visualization process that helps
represent a range of feasible designs for the
structure on the basis of robotic constraints.

1.2. Bottom-up design methods

Bottom-up design describes a broad category of
design methods which take as their starting
point the definition of a clear set of their
most basic units and actionable rules. These
are combined and used systematically to create
a more complex form or functional whole. Pro-
cedural design, where a sequence of instruc-
tions or procedures are used iteratively to
generate form, is a subset of this category, as
are computational techniques like evolutionary
algorithms. These methodologies stand in con-
trast to top-down approaches, where the final
form is the starting point which is then broken
down to its constitutive components.

Our proposed geometric aggregation strat-
egy follows the bottom-up principle. We view
the design formation process through the lens
of architectural theorist Stan Allen’s landmark
essay ‘Field Conditions’ (Allen 2010, 2013).
This theory describes the abstract formation
of the whole: defined as a field condition or a
spatial matrix ‘capable of unifying diverse
elements’ (Allen 2013). This framework can
also be applied to any bottom-up approach
where the emphasis is placed on the local con-
nection between objects, rather than an over-
arching global scheme or ‘grand design’.
Allen’s work, which comes from an interest
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in emergent phenomena applied in the context
of architecture and design, is also inspired by
the more theoretical work on cellular automata:
their classification (Wolfram 2002) and their
dynamics in creating complexity from simple
rules (Langton 1992).

2. State of the art in the robotic
context

The following section looks specifically at pro-
jects in the field of architectural fabrication
that demonstrate robotic applications along
the main themes of the current research: (1)
multiple robots used to assemble spatially com-
plex structures, (2) robots used in stochastic
processes, (3) human–robot collaboration fra-
meworks. The section concludes with a sum-
mary of the conceptual framework
represented by these projects and how the cur-
rent paper builds on the concepts described in
the existing literature.

2.1. Cooperative robotics and complex
spatial structures

Structures that are specifically designed for
robotic construction are often simplified to fol-
low an intuitive layer-based vertical aggregation
strategy (Bonwetsch et al. 2006; Bonwetsch and
Kohler 2007). But when using more than one
robot (i.e. a cooperative fabrication approach),
the ability to alternate the functions of each
robot opens up the design space to allow for
much more spatial complexity in the type of
structures that can be built without collapsing.

The assembly of spatial metal structures
(Parascho et al. 2017, 2018; Parascho 2019),
bespoke timber frame modules (Thoma et al.
2018), and a large-scale glass brick vault (Para-
scho et al. 2020, 2021) are examples of recent
robotic fabrication projects that demonstrated
the potential of using cooperating robots to
build non-planar geometries. All of these pro-
jects rely on two robotic arms working together
to perform the aggregation process: performing

tasks such as having one robotic arm to hold
and support the structure while the other
places a new member. Furthermore, these pro-
jects also required the careful coordination of
the robots from the perspective of kinematic
constraints in planning motion trajectories
(Gandia et al. 2018) to avoid collisions.

The simultaneous application of two robots
allows one to be physically holding the assem-
bly at all times, acting as a dynamic support
structure. This allows for the exploration not
only of more complex geometrical assemblies,
but of a wider range of topological possibilities
in the construction sequence. In addition to
greater flexibility, cooperative robotic assembly
eliminates the need for significant repetitive
human intervention in the addition of tertiary
structural supports outside the logic of modu-
lar structural aggregation. In the aforemen-
tioned projects, the sequence of robots and
their exact movements are pre-defined before
construction, removing any exploratory possi-
bilities associated with the construction pro-
cess. We are instead interesting in using the
potential of cooperative assembly to explore
the vast potential design space opened up by
this fabrication method.

2.2. Stochastic structural aggregation

The precise and algorithmic nature of robotic
processes means that they are often not applied
in the random or chaotic application. But sto-
chastic aggregation has been explored in a
series of ‘granular matter’ robotic fabrication
projects (Dierichs and Menges 2016; Dierichs
et al. 2019). By aggregating numerous simple
grains (i.e. small star-like components)
researchers were able to achieve complex
spatial forms on the global architectural scale.
The general robotic placement of the grains
was controlled (i.e. the location where the
grains were chaotically scattered was planned),
but the connection between individual com-
ponents was completely random. Therefore,
controlling the form of the individual grains
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was used as a means to program the overall
structural behaviour as a bottom-up design
approach. These aggregated structures demon-
strate how simple building blocks and random-
ness at the local scale (i.e. unit to unit
connections) can be used to create a complex
global form. In our project, we seek to emulate
this type of bottom-up fabrication strategy
using simple components—spherical units in
our case. But we are interested in exploring a
more controlled form of randomness, by pla-
cing each element individually, thereby allow-
ing our stochastic process to shape the global
rather than local form of the structure.

2.3. Collaborative creation and
computational creativity

Computational creativity is defined as ‘a field of
artificial intelligence focused on developing
agents that generate creative products autono-
mously’ (Davis et al. 2016), which is still a nas-
cent topic in architectural fabrication. While
the process of aggregation in this project does
not rely on artificial intelligence in an algorith-
mic sense, it is similar to recent work (Akten
2017; Barqué-Duran 2018; Bidgoli and Veloso
2018) by virtue of shifting away from the tra-
ditional process that ‘credits the human agent
as the sole author and source of creativity’ (Bid-
goli, Kang, and Llach 2019). A suitable classifi-
cation of the project would be that of
collaborative creation, a broadly encompassing
term which is defined as a human–machine
interaction where ‘the human user is inspired
by computational input, with optional sugges-
tions or explicit changes to human creations
acting as the stimulus for lateral thinking on
the part of the designer’ (Liapis et al. 2016).
Bidgoli extends this idea directly to the field
of architectural robotic fabrication with the
theoretical concept of a ‘Design-Making’
machine—a framework where suggestions are
continually made by the Robot-Tool-Material
(RTM) system for the user to evaluate (Bidgoli
2016).

2.4. Research contribution

This project seeks to extend the themes sum-
marized in Sections 2.1–2.3 in the following
way:

. We use the logic of previous cooperative fab-
rication projects that alternate support and
placement functions (Section 2.1), but extend
the placement decision-making step through
the pseudo-realtime interpretation of robotic
kinematic and path-planning constraints.

. We use the exploratory nature of random-
ness in the process of structurally aggregat-
ing simple building blocks, but we use
randomness on the global, rather than the
local scale (Section 2.2), to create an
unplanned complex structure.

. We implement the theoretical construct of a
‘Design-Making’ machine (Section 2.3) in
our collaborative creation framework by vir-
tue of asking the human to evaluate options
proposed by the robotic fabrication process.
This fosters collaboration between the
human and robot during the sequential pro-
cess of designing and constructing an
unplanned structure.

In summary, the novelty of this project lies
in creating a framework that uses randomness
as a means to generate potential design options.
While the final aggregated structure is unpre-
dictable, the process of assembly is governed
by a simple rule-based process (described
next in Section 3) in combination with robotic
feedback and human decision-making. This
type of fabrication-informed sequential con-
struction holds a major advantage over a tra-
ditional top-down process—it ensures every
element in a structure can be successfully
placed by the robot, and avoids having to do
post-processing on a finished design to ensure
placement feasibility. Finally, creativity is fos-
tered as both the robot and the human are
thought of as having some influence on the
final design of the physical structure.
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3. Methodology

The structure we are presenting in this paper is
being built using a cooperative robotic assem-
bly strategy, where two industrial robotic
arms alternate between supporting and con-
necting new spheres to the existing geometry.
This assembly strategy was implemented to
build a branching 3-D structure from solid
expanded polystyrene (EPS) spheres. Since
the purpose of this project was to explore a
design process, rather than a material system,
generic lightweight spherical units were chosen
due to their aggregation flexibility—spheres are
geometrically versatile as they have no aggrega-
tion constraints associate with directionality.

The structure had to be stable throughout all
stages of construction, so the process of aggre-
gation follows an alternating sequence; while
one robot performs a pick-up and attachment
sequence, the other holds the structure steady.
The rest of the construction process was stan-
dardized as the pick-up actions occurred at a
fixed location, and only the final sphere place-
ment was calculated in each design cycle.

The overall aggregation is governed by the
following set of local rules for each new solid
sphere added to the structure:

(1) Must be in contact with at least one other
sphere.

(2) New position must be reachable by the
robot.

(3) Must be placed in a way that avoids all
obstacles.

The first rule describes the physical con-
straint associated with our material system:
EPS spheres joined at a single point by means
of a metal pin fastener. The second and third
rules are associated with the constraints
derived from inverse kinematic calculations
performed by the robots during the path-plan-
ning process.

The following sections will explain how
the actual process is executed, starting with

an outline of the experimental setup (Sec-
tion 3.1), followed by a description of the
three main steps that are repeated through-
out the fabrication process: generating geo-
metry (Section 3.2), considering inverse
kinematic and path-planning constraints
(Section 3.3), and robotic control (Section
3.4).

3.1. Experimental setup

The structure was built using two 6-axis IRB
120 robots (from ABB robotics) located 800
mm apart on a work surface 620× 1, 480mm
(Figure 1) using commercially available 76.2
mm (3 in.) EPS spheres. The two robots are
designated a common start location (based on
a calibrated work object position), from
which the actions for sphere pick-up and con-
nection take place per aggregation cycle. The
initial sphere of the total aggregation process
is manually inserted into a fixed-base holder
(Figure 3(c)) which is able to be placed any-
where within the working domain.

Individual spheres are held by the robots
using a pneumatic gripper with custom jaws
(Figure 2). In each new aggregation cycle, the
respective robot starts the process by picking
up a sphere from the pick-up holder (Figure
3(a)). The mechanical connection between
spheres is achieved with the insertion of a
double-pronged metal pin connector—after
picking up the sphere, the robot presses the
sphere onto the top half of a connector placed
in the holder (Figure 3(b)). Upon extraction,
the bottom half of the connector is revealed,
and the sphere/connector assembly is guided
by the robot to the correct spatial location.
The new sphere is then pressed into another
sphere in the existing structure, connecting
the two through a single pin connection.

3.2. Generating stochastic geometry

The process of generating new geometry is
based on a random sampling approach inspired
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by the Rapidly-Exploring Random Tree (RRT)
class of robotic motion planning algorithms
(LaValle and Kuffner 2001). These algorithms
are used to randomly and incrementally
explore a domain space to find a feasible trajec-
tory, and are particularly successful since their
sampling strategy biases them to search unex-
plored areas of a domain. Thus, the exploratory

nature of an RRT sampling approach is per-
fectly suited to the goal proposed in this pro-
ject: using randomness to explore a large
physical design-space in the process of sequen-
tially constructing an unplanned structure.
Note that only the sampling strategy in our
project (i.e. generating potential positions for
the next piece of a structure to aggregate at
each time step) is borrowed from the RRT
algorithm. Figure 4 shows examples of 2-D pat-
terns generated in a circular domain by an
RRT* algorithm (Karaman and Frazzoli
2011). The final tree structure and path is
always different, and is unknown at the start
of the process; the tree is grown by drawing a
random sample in each iteration and connect-
ing it to an existing branch. The final 3-D form
of our structure (see Section 4) is visually remi-
niscent of this kind of branching output from
an RRT algorithm as the solution path is
expanded outward.

The process by which new spheres in the
structure are generated can be thought of as a
3-D manifestation of an RRT sampling
approach. The process is schematically shown
in Figure 5, which illustrates the following
steps:

Figure 1. Plan view of work domain.

Figure 2. Custom pneumatic grippers.
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Figure 4. The RRT* algorithm used to plan different trajectories through the same domain space.

Figure 3. Custom setup components. (a) sphere pick-up holder. (b) Pin connector holder. (c) Fixed-base holder.
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Step 1. A random point is sampled from the
physical domain.

Step 2. The centre of the closest sphere in the
existing structure is located, and a vec-
tor is drawn between the random point
and the centre of this sphere.

Step 3. The new sphere is located along this
vector, tangent to the surface of the
existing sphere.

Step 4. The robot places the sphere following the
approach vector calculated in Step 2.

3.3. Inverse kinematic and path-planning
constraints

A significant portion of the computation per-
formed during the aggregation process occurs
when determining whether the newly gener-
ated sphere is reachable, and can be placed
without collision by the robotic arms. All geo-
metric calculations (e.g. defining robotic
frames/planes, transformations between coor-
dinate systems) were done using the data struc-
tures available through the COMPAS

Figure 5. Example of the geometry generating procedure (random point, connecting vector, tangent sphere and
placement along vector).
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framework (Mele et al. 2017), and the scene
creation and inverse kinematic calculations
were done through COMPAS Fab (Rust et al.
2018) by importing the Robot Operating Sys-
tem (ROS) back-end. A set of collision meshes,
which represent the existing structure and the
position of the other robot arm from the pre-
vious iteration, is added to the planning scene
and included in the inverse kinematic calcu-
lation. If the calculation returns a PASS value,
it means that the new sphere location is reach-
able by the robotic arm without colliding with
any of the physical objects in the domain. In
this way, the robot itself, through its kinematic
constraints, becomes an active participant in
the creation of the structure as it dictates
whether a newly generated random sphere is
acceptable or not.

It is important to note that it is not the cal-
culation of the next sphere that is considered
‘active participation’, but rather the evaluation
of an input (i.e. suggested sphere) in relation
to a physical state, leading to a response, that
is considered creative participation from the
perspective of the robot. In this paper, the
response is a simple binary (PASS/FAIL). But
the distinction becomes more obvious if the
framework is extended to trigger a more
nuanced set of suggestions, which are perhaps
based on previous history and additional sen-
sor input. Therefore, we define the act of pro-
viding a response to stimuli, which is then
used to stimulate a human decision, as a crea-
tive input on the part of the robot.

The full computation loop is described in the
flowchart shown in Figure 6. Once a kinemati-
cally acceptable new sphere has been found, its
position is assessed by the user for compliance
with additional criteria. If deemed acceptable
by both robot and human, the sphere is added
to the model and the robot proceeds with the
physical task of attaching the sphere to the exist-
ing structure (Section 3.4).

The human decision-making process in
selecting a new sphere to aggregate was based

on: (1) aesthetics, (2) choosing new spheres
that would steer the growth of the structure
in a certain direction. In this implementation,
since the random sphere generating domain
was not changing (see discussion of this in Sec-
tion 4.2), the human user was responsible for
guiding the structure to achieve the loose goal
of spanning from one end of the work-space
to the other. Without input from the human,
the direction of growth could not be controlled.
Aesthetic considerations (i.e. favouring long
branches) were also involved in this decision.
Therefore, all paths from the human perspec-
tive were not self-similar.

3.4. Robotic control

Once a new sphere that passes all criteria is
found, it is added to the existing structure by
sending the following set of assembly com-
mands to the active robot arm:

(1) Release grip on the existing structure.
(2) Reset the robot arm to the rest position.
(3) Pickup up new sphere and connector.
(4) Reset the robot arm to the rest position.
(5) Position new sphere along approach

trajectory.
(6) Attach sphere to existing structure.

This aggregation loop is repeated, alternat-
ing between each robot. A full cycle for both
is shown in Figure 7.

4. Final structure

The progressive assembly of 16 spheres that
comprise the final structure is shown in Figure
8, where each image represents the end of a
single aggregation cycle. Figure 9 shows the
final structure viewed from various perspec-
tives. To illustrate the contribution of each
robot, the spheres have been coloured (white
= robot 1, grey = robot 2) to reflect which
arm was used to place them.
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5. Discussion

5.1. Inverse kinematics calculations

This project was successful in implementing
pseudo-realtime kinematic evaluation, which
is used as input to design the structure during
the actual process of building. The result of
the kinematic evaluation required a manual
action by the user in response to the binary
PASS/FAIL returned by the calculation (see
Figure 6 for the logic flowchart). As such, it
became a collaborative design between the
robot and human. This is one of the first

aggregation projects in the architectural
robotics field to actually focus on evaluating
the feasibility of each new component during
a sequential design process.

The inverse kinematic calculation, which
was the driving force behind the final design,
was successful in identifying the following con-
straints: when a sphere was out of reach, and
when a collision in the scene was expected to
happen. At the beginning of the build, it was
mainly the out of reach constraint that gov-
erned the placement of the spheres (Figure 10
(a)), as the robots were required to stretch to

Figure 6. Flowchart for robotic path planning calculation loop.
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almost their maximum capacity to reach the
starting point. Therefore, most of the initial
spheres were placed at an angle close to hori-
zontal pointing towards the robots. Then as
the structure grew towards the middle of the
domain, the governing constraint became
the collision between one robot arm and the
other (Figure 10(b,c))—more dynamic sphere
placements were therefore necessary to avoid
these collisions.

5.2. Factors influencing the final result

Defining the volumetric domain within which
new points were generated in the geometry cre-
ation process (Step 1 in Section 2.2) played an
important role in determining the general
direction of growth for the structure. For
example, a tall domain would tend to grow
the resulting structure upwards, while a short
domain would lead to a shallower form (Figure
11(a,b)). In our experiment, we used a simple

bounding box, which encompassed the work
surface area and the vertical reach of the robots,
to define our point generation domain. How-
ever, various user-specified alternative options
exist for the definition of this bounding box.

In addition to modifying the shape and size
of the point generation domain, separate
domains could be defined per robot (Figure
11(c,d)). Because new points are generated
per assembly cycle, this would present the
opportunity for the different position and
work area of each robot to be accounted for
during its turn. Additionally, this manner of
differentiated domain has the potential to gen-
erate points resolving in spheres with an
approach angle (for the placement action;
Step 4, Section 2.2) more likely to be within
the kinematic range of the robot.

Finally, employing a dynamically changing
domain would further increase the capacities
of the generating system. Right now the
human chooses the direction of growth to

Figure 7. Example of one full aggregation cycle (top = robot 1, bottom = robot 2) (start/reset arm, pickup sphere
and connector, place sphere, start/reset arm, pickup sphere and connector, place sphere).
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roughly satisfy a goal (e.g. going from one end
of the domain to the other). But in the future,
a programmable objective can be built into the
generation scheme. For instance, a domain
which shrinks towards a point would bias
the structure in a certain direction, allowing
the for specification of a ‘goal’ (Figure 12).
Linking the domain space to the state of the

assembled structure might allow for a more
construction aware structure generating pro-
cess, or simply introduce another element of
unpredictability. The design of the domain
system represents a level of input which is
responsive not only to formal objectives, but
also to parameters of its own assembly and
of the robotic agents.

Figure 8. Structure at the end of each aggregation cycle (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, and 15).
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6. Conclusions and future work

This paper presents the implementation of a
cooperative fabrication process using two

6-axis robotic arms, which was applied in a
novel sequential design and construction fra-
mework to build a complex spatial structure.
We successfully extended the function of

Figure 9. Final structure (front perspective, left perspective and right perspective).
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robots in architectural fabrication beyond their
traditional role as passive facilitators of an end
design. This was achieved by using kinematic
constraints as actual inputs to steer the design;
the structure was unplanned at the outset of the
process and was instead designed sequentially
as it was being built. Therefore, the robots
became creative agents by virtue of suggesting
the position of new spheres to add to the exist-
ing structure. Asking the user to evaluate this
robotic input allowed an interesting dialogue
to flourish between algorithmic and human
creativity. The result of this collaboration was
an unplanned structure—a complex 3D aggre-
gation of solid spheres—sequentially designed

and built on the basis of physical constraints
associated with the fabrication domain.

In the current project, user and robotic
input is limited to a binary yes/no response
to a suggested sphere location. Strategies for
giving users more input in directing the end
form of the aggregation remain to be explored,
such as dynamic domain definitions, setting a
goal point, and sub-domains with varying
probabilistic weights for point generation. A
more complex decision-making process for
accepting or rejecting possible new spheres,
based on the history of prior decisions,
might also represent a direction for further
work.

Figure 10. Example of inverse kinematics constraints during construction. (a) Out of reach. (b) Collision: existing
structure. (c) Collision: robot arm.
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From the perspective of collaborative cre-
ation, there are several improvements to the
process of generating structures based on
external feedback that can be done in future
work performed on a larger scale. The gen-
erative workflow implemented here relies
entirely on simulated randomness as a surro-
gate for natural variability that would exist
in a real-world open design context. Our

main finding from this preliminary work is
that a local rule-based design process can
use randomness as a catalyst to create a glo-
bal structure. The next step would be to
apply this type of approach working with
found materials (i.e. stones or recycled com-
ponents) where such a flexible design
method would be necessary to account for
all the variability.

Figure 11. Examples of different domain space configurations for point generation. (a) ‘Tall’ domain. (b) ‘Wide’
domain. (c) Simple split domain. (d) Work-area based split domain.

Figure 12. Hypothetical gradated constraint of domain space towards goal.
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Further improvements to the process would
involve integrating sensor feedback with robotic
fabrication, which would allow for actual real-
time adjustment, rather than a pseudo-realtime
scheme used here. This would increase the pos-
sibilities for digital and human collaboration,
and make better use of robotic manipulators
as a design-fabrication tool. Although there
exist many types of sensors for measuring a
wide range of physical conditions, the prevalent
modes for collecting data on physical assembly
are visual and force sensing. One application
would be to introduce a computer vision system,
allowing the spatial positioning of the structure
to guide the robotic placement of new com-
ponents. This would allow unpredictable
changes or deformations to be taken into
account directly during the aggregation process.
Another option would be to use a force sensor
mounted on the robot gripper to inform the pla-
cement of new components in locations that
would minimize the total unbalanced force.

In summary, we consider a robot to have the
creative potential not because it can perform a
calculation, or suggest an action that cannot be
predicted or replicated by a human, but because
the act of suggestion is itself the essence of a
creative process. The interactive ‘design-as-
you-build’ process we presented is evidence
that robots have the potential to be used both
earlier in the design process, and in more crea-
tive roles. We hope that this project serves as
an overall catalyst for future research on the
topic of collaborative creation in architecture.
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