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Abstract

Cooperative 3D printing has recently emerged as a scalable extension of traditional additive manufacturing, enabling substantial gains in both
makespan and build volume through the use of multiple robots. However, coordinating several printers within a shared workspace introduces
the critical challenge of preventing inter-robot collisions. While prior work has largely focused on computationally intensive methods, such as
optimal partitioning and coordinated toolpath generation, these approaches can be difficult to deploy in real-time. We introduce a lightweight,
threat field—based method for generating minimum-risk trajectories when two printers require repositioning (e.g., homing to avoid collisions).
The proposed algorithm integrates naturally with existing constraint-based strategies that command robots to retreat to safe configurations during
hazardous interactions, providing a rapid, maximum-clearance motion solution. This paper offers a formal analysis of the underlying framework
and numerical characteristics of such online planners, with particular emphasis on minimum-risk motion sequences for SCARA-based systems.
Our numerical study examines how different distance metrics and workspace configurations affect computation time, threat-field reconstruction,
and the accuracy of the resulting trajectories, as well as a simulated success rates.
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1. Introduction

J Shared

Recent years have seen growing interest in multi-robot addi- Workspace Y2
tive manufacturing (AM) [1, 22], also known as cooperative 3D
printing (C3DP). The primary motivation behind these efforts % s Vs
is to develop systems that can scale traditional AM processes -—
(e.g., FDM) in size, speed, and process capability, thereby en- "
abling broader industrial adoption (see Fig. 1). In C3DP, mul-
tiple printing agents operate within a shared workspace, often
collaborating on the fabrication of a single large-volume struc- '-afg‘i*::ale SCARA 1

Printers

ture. Successful examples of C3DP systems include multi-laser
powder bed fusion (LPBF) [29], multi-robot direct energy de-

position (DED) [2], and multi-nozzle micro cold-spray (MCS) Fig. 1. An example of 3 SCARA printers engaging in a cooperative process [6].

[27]. While the benefits of this paradigm are evident, introduc-
ing multiple autonomous manufacturing units also brings sig-
nificant challenges. In particular, C3DP is inherently a multi-
stage process that hinges on three core components: task divi-
sion, task scheduling, and toolpath-level motion planning [20].

Optimizing these steps simultaneously requires a hierarchical
2212-8271 © 2025 The Authors. Published by Elsevier B.V.

or multi-level approach, which is computationally demanding,
especially as the geometry of each printed layer evolves during
the process. Additionally, offline optimization methods are sen-
sitive to process uncertainties, including robot speed variations
and printing tolerances [18, 23].

A lightweight alternative to fully optimized C3DP pipelines
is to adopt a constraint-based strategy in which a printer tem-
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porarily moves to a safe configuration when at risk of collid-
ing [28]. This reactive approach does not guarantee a globally
optimal makespan, but it is straightforward to deploy across a
wide range of scenarios and preserves the originally designed
toolpath, an important characteristic when specific mechanical
are desired, given the inherent anisotropy of additively manu-
factured parts. However, current literature offers limited guid-
ance on how to execute such homing and resuming (i.e., repo-
sitioning) maneuvers under general operating conditions, how
to minimize collision risk during motion, and how to determine
the desired configurations dynamically. In this context, the con-
tributions of this paper are:

e A general computational framework for leveraging C3DP
with SCARA robots.

e An optimal motion sequence algorithm that minimizes
risk of collision in multi-robot arm manufacturing during
repositioning maneuvers (e.g., homing).

o A sensitivity analysis of the methodology, including dis-
cretization resolution and failure modes.

As such, this paper stands as a unique addition to C3DP lit-
erature. The remainder of the paper is organized as follows. We
summarize the existing literature on C3DP motion planning in
Section 2. In Section 3, we present the conceptual framework
supporting the investigation, including the SCARA kinematics
model, threat fields, and safe regions. The methodology for the
optimal homing sequence algorithm and the associated evalua-
tion metrics are outlined in Section 4. Finally, a summary of the
results is presented in Section 5, followed by a discussion of the
limitations and future work in Section 6.

2. Related Work

Multi-robot motion planning and collision avoidance is not
a topic exclusive to C3DP. In fact, there is a wealth of plan-
ners available for mobile robotics that involve sampling-based
[14, 11], potential field [12], exact geometry [4], and, more re-
cently, neural network-based approaches [21]. However, C3DP
has a number of peculiarities in the problem definition that dis-
tinguish the methodological framework from traditional motion
planning. As C3DP involves a multi-step approach: task divi-
sion, task scheduling, and motion planning [20], any global op-
timization considerations must involve a multi-level approach.

One approach is to solve the collision problem purely from
the task division and scheduling angle. In this context, specific
regions are assigned and scheduled to printers in such a way
that they are never working in adjacent areas [25, 26, 5, 13].
Alternatively, one can optimize at the toolpath level, by build-
ing traditional mathematical formulations such as linear pro-
gramming or optimal control problems [9, 10, 24]. In any case,
the assignment of the tasks or the toolpath can then be opti-
mized according to some metric (e.g., makespan), however the
process is computationally demanding and is generally done in
a layer-wise manner, requiring re-optimization when the layer
geometry changes.

SIS

Fig. 2. Right-handed (elbow down) SCARA configuration used.

Finally, in the context of field-base methods, which are lever-
aged in this work, a significant family of algorithms come from
potential field approaches [12]. The idea is to construct a field
that can guide the robot’s motion based on collision constraints.
We leverage this approach in a hybridized sense, by incorpo-
rating the distance field of the printing robots to provide local
minimum-risk motion trajectories, resulting in a balance be-
tween purely constraint-based C3DP approaches [28] and ex-
pensive, offline-optimal ones.

3. Conceptual Framework

In this section, we present the conceptual framework under-
lying the proposed online collision-avoidance strategy. We fo-
cus on discussing the SCARA robot kinematic model used, how
the shared workspace is represented in the C3DP process, and
the key notions of safe regions [28, 25, 26] and threat fields.
However, the framework is general and can be applied to other
robot kinematics.

3.1. SCARA Robot Representation

In this paper we follow the well-established manipulator the-
ory for open-chain robots [19]. Without loss of generality, we
assume that the robots are right-handed, have a fixed base de-
noted b € R? in a two-dimensional Euclidean space, and distal
and proximal link lengths /; and /,. Thus, given the local frame
of reference of the printer {F'} and any desired end-effector po-
sition p € R?, the forward kinematics will follow the system of
equations

{x =1, cos B + I, cos(6; + 6,), (1

y= [ sin @ + [, sin(09; + 92),

where 0 is the joint angle between the proximal arm and the x-
axis of {F} and 6, is the joint angle between between the proxi-
mal and distal arms (see Fig. 2).

3.2. Shared Workspace in C3DP

We denote the printers in the C3DP process as P, where the
superscript i € Z* indexes the printer number. The total number
of printers in the process is given by N € Z* (i.e., i < N). Each
printer P’ has a corresponding local frame of reference denoted
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Fig. 3. Construction of two threat fields ¢; and ¢, based on multiquadric ra-
dial basis function interpolation. Using Poisson-disk sampling provides a better
coverage of the SCARA workspace, resulting in a more accurate scalar field.

by {F;}. Conversely, the shared workspace has a global frame
of reference {G} where the bases of the robots are given by b;.
As such, all end-effector positions p’, expressed in their local
frames of reference {F}, can be represented in the global frame
via the rigid-body transformation

p'=a+R("P). @

where vector a and the rotation matrix R represent the displace-
ment and orientation of frame {F;} with respect to frame {G}, re-
spectively. Therefore, given a set of printers, their local frames
of reference, and their current end effector positions, the kine-
matic chains can be projected onto the global shared workspace
via Eq. 2 and collision can be detected using various strategies.

3.3. Threat Fields

Given any two rigid bodies in a two-dimensional Euclidean
workspace, a collision occurs if and only if the intersection of
their occupied regions is non-empty. In practice, this is typi-
cally checked by discretizing the bodies into polygon-shaped
approximations and applying standard computational geometry
collision algorithms [16]. In our application, however, we are
not solely interested in detecting whether two SCARA robots
are colliding, but also in quantifying how close they are under
a suitable distance metric d : R> — R. By examining how the
kinematic chain evolves as the end-effector position p’ varies,
we construct, for each printer P, a scalar field ¢;(p’) = d(p)
that encodes the distance to collision with other printers at each
configuration p'.

As deriving a closed-form analytical expression for ¢; is,
except in very simple geometries, intractable [17, 15], we dis-
cretize the local workspace in polar coordinates centered at b;
(e.g., the base of the i printer). Polar coordinates are prefer-
able to Cartesian coordinates because the planar workspace of
a SCARA robot is annular [7]. We employ a Poisson-disk sam-
pling strategy, which, compared to a naive uniform sampling
scheme, provides better spatial coverage and consequently a
more accurate scalar field ¢ for the same computational cost
[3]. The resulting samples are then interpolated using multi-
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Fig. 4. Construction of the safe regions of P! based on the workspace of the
other SCARA robots. Sample safe and unsafe configurations are shown.

quadric radial basis functions (RBFs) [8] to generate the final
threat fields ¢; (naive) and ¢, (proposed) (see Fig. 3).

3.4. Safe Regions

The threat fields ¢ in C3DP applications are not static, but
rather time-varying as the robots move in the shared workspace
during the manufacturing process. As such, the threat field can
be represented as a time-dependent function ¢;(x,y,t), which
has to be recalculated at every discretized time interval At. In
this context, we define the safe region of printer P as the set
of end-effector positions for which ¢;(x, y, ) is non-zero for all
values of t. Mathematically, we can define this set as

Si:{(x»y)|¢i(x»y’t)>O’VtST}’ (3)

where T is the total duration of the manufacturing process. In-
tuitively, if the SCARA robot has its end-effector position in the
safe region (i.e., p’ € S), then it will not collide with any other
robot j regardless of their configurations. Conservatively, the
safe zone of robot i can be constructed geometrically by defin-
ing the union of the circles C}, centered at the base of the each
robot j and with radius l{ + lé, as the worst case obstacle space
for printer P'. If we let A(p') be the area occupied by robot i at
any end-effector position p’, the safe region is then defined as:

Si={p' |AP)INC},Vj+i}, )

which can be pre-computed and used throughout the C3DP pro-
cess in real-time for collision avoidance applications (Fig. 4).

4. Methodology

In this section, we present the methodology, based on the
proposed conceptual framework, to achieve:
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Fig. 5. Different types of discretization used in the sensitivity analysis.

e An algorithm for finding the minimum-risk trajectory to
the nearest safe region for a given SCARA robot in case
of a potential collision.

e A sensitivity analysis of the proposed algorithm based on
different distance metrics, number of robots, and failure
modes.

4.1. Minimum-Risk Homing Sequence

In a shared workspace it is essential to be able to move one
or multiple arms away in the event of a predicted collision.
Our goal is to develop a method for finding an optimal homing
sequence that minimizes the risk of collision while remaining
time-efficient. Thus, the optimal retreat sequence must maxi-
mize the distance from all colliders along the path while min-
imizing travel time. The reason for maximizing the distance is
three-fold. First, avoiding collisions takes priority in the man-
ufacturing process over small gains in makespan. Second, the
end-effector position may be subject to uncertainties during the
motion process (e.g., calibration). Finally, due to the dynamic
nature of the problem (i.e., the threat field is time-varying), the
homing sequence will be recomputed at every discretized time
step Az. Thus, a path with a higher clearance (i.e., higher ¢) will
allow the robots to react to moving obstacles in sufficient time.

To achieve this, we propose leveraging gradient descent on
the static scalar field —¢(x, y). The original field ¢(x, y) is multi-
plied by negative one to ensure that the final path (e.g, the hom-
ing sequence) goes toward the safe regions and away from the
other robots. As such, the optimal homing sequence for the i
printer, in the static threat field, is sequential set of end-effector
positions IT = (p/, p}, ...p}) is given by the update rule

Pr+1 = Pn — 1VO(Py), ©)

where Vg(p,,) is the gradient of the threat field at end-effector
position p,, and n is the step size (i.e., learning rate) of the
descent. Note that, in general, if two printers are in danger of
colliding, only one of them will follow the optimal homing se-
quence, as the other can continue the manufacturing process.
By following the gradient V¢ we can guarantee that the trajec-

tory locally minimizes the collision risk by moving towards the
neighboring region with maximal clearance (i.e., higher ¢.)

The stop condition of the algorithm is given when the end-
effector position p,| is contained within the safe region of the
printer (i.e., py+1 € A), resulting in the final sequence starting at
p: and ending at p,.;. This condition allows for a faster com-
putation of the homing sequence, while guaranteeing that the
printer is collision-free irrespective of the movement of nearby
printers. Finally, the calculation of the gradient at any point is
done by first computing the gradient via central differences on
the sampled points that generated ¢(x, y) and then using bilinear
interpolation for non-sampled points.

4.2. Sensitivity Analysis and Evaluation Methods

To evaluate the algorithm and its feasibility in physical sce-
narios, four evaluation metrics were used: computation time,
threat field reconstruction accuracy, homing sequence accuracy,
and success rate. These metrics change depending on how ac-
curately the threat field is constructed, which is dependent on
the distance metric d(p’) used, and the physical characteristics
of the environment (e.g, location and number of robots).

As the ground truth for comparison, the Euclidean distance
using all robot links (I}, l;, N, 1), here denoted 4-segments,
was used. This metric represents the distance from the entire
kinematic chain (i.e., both distal and proximal arms) of the
printer of interest, to the entire kinematic chain of all other
printers. While the most accurate, it can be computationally ex-
pensive and not able to find optimal homing solutions in real-
time. For comparison, we considered three other metrics, in or-
der descending order of more accurate to less accurate (see Fig-
ure 5):

e 2-segment, which considers only the distal arms of all
printers.

e 4-points, which considers the end-effectors, positioned at
pi» and the elbow joints that connect both arms of all
printers.

e 3-points, which considers the end-effector position, po-
sitioned at p;, and the elbow joint of only the printer of
interest (i.e., not all printers).

Time to compute was determined by checking the computers
internal clock at the start of the program call and comparing it
to the time value once the output was returned. This calculation
included only the time time to compute ¢(x,y), Vé(x,y), and
the iterative calculation of the gradient descent path.

To evaluate the accuracy D,, of the optimal homing se-
quence, the distance between the final end-effector position,
based on the baseline 4-segment case, and the final end-effector
position of the other cases was compared. Given n-runs in dif-
ferent scenarios, each final homing sequence end-effector posi-
tion p} was compared to the initial position p} via

1< S
Dm=-§ ] 6
Pl Il py — P!l (6)
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where 7 is the number of runs, and ||.|| is the Euclidean norm.
Additionally, in order to demonstrate the effect of outliers and
the skewness of the distance deviation average across samples,
we also recorded the percent of samples that were within a cer-
tain tolerance (e.g., a small radius 7) of the baseline value. The
value of 7 was considered to be the minimum distance between
points accepted during the Poisson-disk sampling (see Section
3.3).

The threat field reconstruction accuracy was determined by
taking the point-difference between the baseline and the other
methods. The values were normalized before subtraction. This
is due to each method having different magnitudes of distances
for the same point, despite having similar shapes. This allows
comparison of relative shapes rather than raw distance values.
The average of those differences was then computed and used
as the reconstruction accuracy value. The numerical value of
the distance accuracy does not reflect the distance offset, due
to its normalization, but rather the relative difference between
values.

Finally, the success rate of the method was estimated using a
Monte Carlo simulation in which random scenarios were gen-
erated with various number of SCARA robots and configura-
tions. For each scenario, successes were registered if the printer
requiring repositioning ultimately reached the safe zone with-
out collisions. Otherwise, a failure was added to the tally, even
if the printers did not collide.

5. Results

In this section we summarize the numerical results derived
from the evaluation of the proposed algorithm.

5.1. Simulation Environment & Computation Time

Simulations used 2-6 SCARA robots arranged around a
shared print area with dimensions 550 X 250 mm. Without loss
of generality, all SCARA had link lengths of 1 (i.e., l’i = lé =1).
The values for grid size, number of arms, and the choice of dis-
tance metric d(.) varied according to Section 4.2. Each configu-
ration was run 100 times with identical randomized end-effector
positions. From there, gradient descent was performed with a
maximum number of iterations of 500 and a 77 value of 1.

The 4-segment method was approximately 3.2 slower than
2-segment, and both point-based methods completed in less
than 0.1s for most runs. Increasing arm count increased times
for all methods due to more collision checks. The slowest case
(4-segment, grid size 110, 6 arms) required 1.94s. Time ranking
was consistent: 4-segment, 2-segment, 4-point, and then 3-point
(see Fig. 6, top left).

5.2. Path & Threat Field Reconstruction Accuracy

The path accuracy follows the same pattern as the previous
two, with three-point being the worst and two-segment being
the best. Even the largest deviation (75 mm for 3-point) is small
relative to the build plate size, making all methods safe though

not equally optimal (see Fig. 6, top right). Considering the mean
error based on percentage of solutions outside of tolerance 7, it
is important to note that the increase of the grid size decreases
the tolerance, accentuating the decrease in accuracy (see Fig. 6,
bottom left).

The mean error of the threat field reconstruction stays rel-
atively constant over larger sampling sizes. This implies that
when given the same resolution, the other three methods will
continue to be off by the same amount. The grid mean error
did increase slightly as the number of arms increased (see Fig
6, bottom right). The two-segment metric was the best, com-
pared to the baseline, with significantly lower than the other two
point-based methods. While an informative metric, the scalar
field reconstruction did not provide significant insights into the
difference between the distance metrics, as opposed to the path
accuracy and the computational time.

5.3. Success Rate

After running a 1000 randomized scenarios in which the pro-
posed method was applied, the success rate was of 77.1%. Fail-
ures could be reported in two cases, either the printer stalled in
regions of the field ¢ in which the gradient was near zero (e.g.,
a saddle point or a minima), corresponding to the remaining
22.9%, or it collided with a neighboring printer, which never
occurred (i.e., 0%). While the success rate is not ideal, we posit
that most of the randomized scenarios were unrealistic, setting
up the printer of interest in the middle of, or too close to the oth-
ers. Such scenarios create highly non-convex fields ¢ in which
gradient descent struggles, however, they would not be com-
monplace in C3DP applications. Finally, one could alleviate the
observed failure modes by introducing small stochastic pertur-
bations to the end-effector position when V¢ = 0.

6. Conclusion, Limitations and Future Work

Overall, we find that the two-segment method creates a bal-
anced approach between accuracy and computation time, espe-
cially on lower sampling resolutions. For applications requiring
high precision, the 4-segment is best and should be used as the
baseline value, albeit it is likely to be less reactive in real-time
manufacturing scenarios. The point methods are close in perfor-
mance, so we recommend considering all four points entirely,
and use it in applications requiring fast frequency of compu-
tations (e.g., high-speed printing). There is also the possibility
of employing a hybrid approach, in which the initial calcula-
tion can be performed with the 4-point method to quickly give
the printer an initial sequence, and then, time-permitting, future
sequence steps can use more accurate methods to find more op-
timal routes. Since the sampling number of the grid seems to
have relatively little effect on accuracy, the authors recommend
a choosing a value that provides a lightweight computation to
match the frequency of update needed on a case-by-case basis.

The use of threat field- and gradient-based methods to find
optimal motion sequences for SCARA arms extends beyond re-
active collision-avoidance. For instance, the length of the final
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homing path can be used as a metric for the ease in which
a SCARA arm can move in a specific region of the shared
workspace. This can be used to create a kinematic-induced par-
tition, improving existing safe region-based methods. Finally,
the framework can be implemented in a variety of applica-
tions, and is extendable to other types of manipulators (e.g., 6-
DOF arms). Future work will investigate more robust gradient-
based methods such as medial axis transform and potential field
approaches, which can alleviate premature convergence at lo-
cal minima. Physical experiments will also be carried out in a
swarm manufacturing testbed using multiple mobile SCARA
robots.
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