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A B S T R A C T
Additive manufacturing (AM) technologies have undergone significant advancements through the in-
tegration of cooperative robotics additive manufacturing (C-RAAM) platforms. By deploying AM
processes on the end effectors of multiple robotic arms, not only are traditional constraints such as
limited build volumes circumvented, but systems also achieve accelerated fabrication speeds, coop-
erative sensing capabilities, and in-situ multi-material deposition. Despite advancements, challenges
remain, particularly regarding defect generation including voids, cracks, and residual stress. Various
factors contribute to these issues, including toolpath planning (i.e., slicing strategies), part decompo-
sition for cooperative printing, and motion planning (i.e., path and trajectory planning). This review
first examines the critical aspects of system control for C-RAAM systems consisting of slicing and
motion planning. The methods for the mitigation of defects through the adjustment of these aspects
and the process parameters of AM methods are then described in the context of how they modify the
AM process: pre-process, inter-layer (i.e., during layer pauses), and mid-layer (i.e., during material
deposition). The application of advanced sensing technologies, including high-resolution cameras,
laser scanners, and thermal imaging, for capturing of micro, meso, and macro-scale defects is ex-
plored. The role of digital twins is analyzed, emphasizing their capability to simulate and predict
manufacturing outcomes, enabling preemptive adjustments to prevent defects. Finally, the outlook
and future opportunities for developing next-generation C-RAAM systems are outlined.

1. Introduction
Additive manufacturing (AM) processes utilize layer-

by-layer material deposition to fabricate parts from feed-
stock as opposed to conventional manufacturing which em-
ploy subtractive or forming methods from stock material
[1]. First developed in the 1980s [2], AM has grown to
seven recognized categories [3], specifically material extru-
sion (ME), material jetting, binder jetting, powder bed fu-
sion, directed energy deposition (DED), sheet lamination,
and photo-polymerization [4]. The processes utilize a wide
range of feedstock materials such as polymers, metals, com-
posites, concrete, and ceramics [5, 6]. AM’s capability to
fabricate complex geometries, reduce material waste and de-
crease production turnaround has driven use in various in-
dustrial areas including aerospace [7], defense [8], construc-
tion [9, 6], and medical [10] and has led to significant market
growth, with expectations to reach over $70 billion globally
by 2030 [4].

The majority of AM processes employ gantry-style plat-
forms to afford the control necessary for part fabrication
while remaining inexpensive [11, 12]. Several AM pro-
cesses including powder bed fusion and VAT photopolymer-
ization require gantry-style platforms as a result of process
characteristics (e.g., material handling) which constrains
system design [13, 14]. While effective, the nature of the "in-
bounds" build volume (i.e. static, exclusive build regions)
of gantries results in a limited maximum part size unsuit-
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able for large-scale part fabrication [15]. In instances where
parts exceed the maximum build volume, they must be de-
composed into segments which greatly reduces mechanical
strength. Furthermore, large-scale gantry systems are pro-
hibitively expensive and have subsequently seen little inte-
gration for large-scale AM.

Recent research has turned to the development of AM
systems that leverage robotic arms to facilitate the motion
of toolheads, commonly referred to as robotic arm additive
manufacturing (RAAM) [16], to provide enhanced capabil-
ities and alleviate drawbacks found in conventional gantry-
style systems [17]. The high degree of freedom (DoF) of
RAAM systems affords both multi-plane and non-planar
slicing methods which can improve mechanical strength and
reduce support material usage [18, 19]. The large build
area and out-of-bounds build volumes of RAAM systems en-
able the fabrication of large-scale parts with both single and
multi-arm configurations that utilize overlapping build vol-
umes [20]. RAAM systems have been explored in a variety
of AM processes including ME [21], DED [22] and stere-
olithography [23]. However, wire-fed DED processes such
as wire arc additive manufacturing (WAAM) suffer from de-
fects such as residual stress, porosity, and void generation
[24]. Powder-fed DED processes such as laser-DED (L-
DED) similarly suffer from porosity and voids in addition to
powder-specific defects including keyholing [25]. ME pro-
cesses such as fused filament fabrication (FFF)/fused depo-
sition modeling (FDM) suffer from defects including inter-
nal porosity, often known as voids, which form in between
deposition tracks within layers [26]. The presence of these
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Figure 1: Relevant research areas of RAAM and recent papers within these topics.

No. Author Description Area

1 Bhatt et al. [17] Describes advantages of RAAM sys-
tems including C-RAAM RAAM

2 Jiang et al. [27] Reviews high DoF gantry and
RAAM/C-RAAM systems RAAM

3 Urhal et al. [28] Reviews examples of RAAM systems RAAM

4 Tang et al. [19] Covers advantages and challenges of
multi-DoF systems RAAM

5 Zahid et al. [29] Covers quality control strategies for
WAAM RAAM systems

Intelligent
RAAM

6 Chen et al. [30] Investigates defects and detection ap-
proaches for WAAM RAAM systems

Intelligent
RAAM

7 Lehmann et al. [31] Discusses state of the art large scale
metal AM processes LSAM

8 Vicente et al. [20] Review of large scale polymer mate-
rial extrusion processes LSAM

9 Alhijaily et al. [11] Discusses multi-robot AM systems C-RAAM

10 Xiong et al. [32] Reviews intelligent monitoring meth-
ods for AM

Smart
AM

11 Khosravani et al. [6] Reviews LSAM, RAM and C-RAM
applications for construction C-RAAM

defects can require the re-manufacturing of RAAM compo-
nents leading to massive waste of time and costs especially
for large-scale parts.

Cooperative robotic arm additive manufacturing (C-
RAAM) platforms consisting of multiple robotic arms en-
able improved fabrication speeds [33], enhanced sensing
capabilities [34], and heterogeneous tooling for improved
mechanical properties [35]. As shown in Figure 1, previ-
ous reviews have discussed the advantages of RAAM sys-
tems [17, 27] and C-RAAM systems [11], as well as im-
provements to metal RAAM systems using machine learning
(ML) [36]. These works do not comprehensively discuss the
challenges of process quality and the relevant methods for
obtaining desirable qualities for both single and multi-arm
RAAM systems. Furthermore, there have been a few dis-
cussions specifically regarding multi-arm RAAM systems
which are pertinent to resolving large-scale fabrication chal-
lenges in AM through the lens of part quality and mechanical
properties.

In this paper, we review the aspects of C-RAAM sys-
tems critical to intelligent and high-quality fabrication of
parts (Figure 2). An overview of the development of RAAM
and its advantages is introduced. System control, or aspects
particular to the RAAM system, is then discussed regarding
three main areas of focus, slicing (i.e. toolpath planning),
motion planning, and digital twin. Process control meth-
ods, particular to the AM process integrated, for the miti-
gation of defects are introduced through three control levels.
Challenges and opportunities within C-RAAM systems as
a reflection of the current literature are described preceding
the conclusion of this work. The areas of investigation have
considerable future impacts on emerging research fields such
as digital twins which enable the harmonious integration of
physical world feedback from sensors with digital represen-
tations. Specifically, this work provides the following con-
tributions:

• C-RAAM configurations are characterized by build
volume into two categories: high-overlap (e.g., ho-
mogeneously tooled large-scale printing) and low-
overlap (e.g., multi-material or cooperative sensing).

• Toolpath planning (i.e., slicing) and motion planning
(i.e., path planning and trajectory planning) methods
are distinguished and discussed in depth in single and
multi-arm systems.

• Defect mitigation techniques applicable to RAAM
systems are discussed, as well as challenges pertinent
to C-RAAM systems. Methods are characterized ac-
cording to how feedback from these sensor signals can
be employed: pre-process, inter-layer, or mid-layer.

The literature review conducted uses specific key-
words to locate papers which utilize robotic systems for
AM fabrication. As this is an emerging field with non-
standardized terminology, a wider spread of terms is em-
ployed to locate works that fall under the definition of
RAAM. The search terms utilized to identify RAAM papers
include "robotic additive manufacturing", "robot|robotic",
and "arm|manipulator", and for multi-arm RAAM sys-
tems this adds "cooperative", "C3DP", "multi-arm", and
"arms|manipulators". Process-specific terms for RAAM in-
clude "DED", "WAAM", "ME", and "FFF|FDM". Sensing
specific terms for AM processes include "sensing", "qual-
ity", "monitoring", "detection", and "defect". Combinations
of these base search terms were used to locate the relevant
papers covered within this review.

2. Robotic Arm Additive Manufacturing
RAAM systems are consisting of an AM process tool-

head integrated into articulated robotic arms with g 4-DoF
(e.g., selective compliance assembly robot arm (SCARA),
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Figure 2: Flowchart of the review paper which system control methods (i.e., slicing and toolpath planning) and process control
methods for defect mitigation across process control levels (pre-process, inter-layer, and mid-layer) and using digital twins.

manipulator with spherical wrist). RAAM systems have
out-of-bounds build volumes that are capable of being over-
lapped with additional systems or moved to a secondary lo-
cation to enlarge the effective build volume and maximum
part volume. In contrast, systems with in-bound build vol-
umes (e.g., gantries, delta robots) can only increase the max-
imum effective build volume through an increase in the size
of the system itself as result of their geometry. Parts are
created through layer-by-layer deposition of material onto
a substrate from an end effector integrated with a specific
AM process (e.g., FFF, FDM, and DED). The framework
by which parts are created is outlined as follows: A part
created using computer aided design (CAD) is converted to
a suitable file format (e.g., STL and OBJ) to then be pro-
cessed by a slicing program. Pre-process operations such as
segmentation or transformation are applied to the part ac-
cording to the slicing method used. High degrees of free-
dom afford advanced path planning strategies such as multi-
axis slicing, whereby additional axes of 2D planar slicing are
defined, and non-planar slicing, where 3D surfaces are uti-
lized to slice parts. The predetermined path of deposition, or
toolpath plan, is then created using the desired slicing pro-
cesses similar to conventional approaches [37] to determine
which points the end effector must move through to create
the desired geometry. However, such high degrees of free-
dom found in RAAM systems require sufficient inverse kine-
matic solutions, or motion plans, to determine what set of
joint configurations should be used to move the end effector
to the desired location and orientation [25, 38]. Solutions
must be located which also avoid collisions and singulari-
ties which is further complicated in systems with multiple
robotic arms. Proper coordination of both the motion of the
robotic arm and end effector control allows for the fabrica-
tion of parts with superior capabilities compared to conven-
tional AM platforms.

Early examples of RAAM systems focused on metal de-
position processes which utilize modified welding processes
and high DoF in robotic arms [39]. AM systems that can
be compactly integrated into an end effector with moderate
loads (<50kg) are most commonly used for RAAM systems

which include ME methods such as FFF or FDM, and DED
methods such as WAAM [17]. One such early example is
an investigation in 2011 by Bonaccorso et al. [40] with a
modified welding process to enable layer-by-layer metal de-
position implemented on a 6-DoF Kuka robot. Around this
time RAAM studies utilizing FFF/FDM processes were also
investigated including a system proposed by Choi et al. [41]
in 2010 consisting of multiple SCARA robot arms on a mod-
ular plate.

Various robotic platforms have been used for RAAM
systems with differing DoF and subsequent capabilities [27].
For RAAM systems, the most basic platform utilized in lit-
erature is 4-DoF robotic arms such as SCARA arms. These
robotic platforms allow for large-scale and multi-arm sys-
tems but have limited uses in advanced slicing methods due
to their relatively low degrees of freedom. The most com-
mon configuration of robotic arms used for RAAM are 6-
DoF systems which allow for motion in all directions within
3D space (Figure 3). Such flexibility allows for the use of
advanced slicing methods, with limitations resulting from
the design of the end effector (e.g., maximum nozzle an-
gle) and the AM process implemented. Beyond high DoF
single arms, higher DoF systems come in two main forms:
mobile platforms and rotary tables. To enable large-scale
fabrication, authors have implemented high DoF robot arms
onto mobile platforms for up to 3 additional DoF [42]. This
allows for fabrication while the platform is moving or for
the robotic arm to reposition to a new location which both
increase the effective build volume of the system. Rotary
tables are also commonly integrated into RAAM systems
which typically allow for the rotation of the part in additional
axes. Notably, the use of redundant DoF allows for recon-
figuration while retaining end effector orientation [43]. This
allows for more flexibility for motion planning which can
result in lower jerk and prevent the need for reconfiguration.
2.1. C-RAAM Systems

Multi-arm RAAM systems, or C-RAAM systems, uti-
lize multiple robotic arms with overlapping build volumes
to create components with enhanced capabilities. C-RAAM
configurations can afford improved fabrication speeds, in-
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Figure 3: Single-arm RAAM systems are typically utilized for material extrusion processes such as FFF [44] (left) and directed
energy deposition processes such as wire arc additive manufacturing [22] (right).

creased maximum build volume, and heterogeneous tooling
capabilities superior to that of single-arm RAAM systems
(Figure 4). As these systems require the coordination of mul-
tiple arms to cooperate to complete a single part, they are
indicated as cooperative robotic arm additive manufactur-
ing systems whereas collaborative additive manufacturing
systems [46] typically refer to coordination between robotic
arms and humans.

The capabilities of a C-RAAM system are largely dic-
tated by the usable build volume as defined by the place-
ment and orientation of the integrated robotic arms. The
critical regions within the reach of a robotic arm are funda-
mentally where material can be deposited without collision
and onto a substrate which is a subset of the typical config-
uration space C (i.e., the set of all valid arm configurations
q). From this subset of the configuration space, a single-arm
RAAM system has a build volume V defined by the region in
which the arm can deposit material given its geometric con-
straints. A C-RAAM system which contains some n number
of robotic arms has build volumes Vn of each robot arm in
the system according to its configuration with the associated
regions Ve(n), the exclusive build volume which can only be
reached by the nth arm, and Vj(n;m), the joint build volume
between overlapping arms n and m (Figure 5). The effec-
tive build volume Veff is then the sum of all exclusive and
joint build volumes of the system. The capabilities of a C-
RAAM system are well described by the proportion of the
total exclusive build volume Ve and total joint build volume
Vj defined by

rV =
Ve
Vj

(1)

A high-overlap C-RAAM system possesses a volume ra-

tio rV < 1 where overlapping build volume exceeds ex-
clusive build volume. C-RAAM systems are high over-
lap most commonly in heterogeneous tooling configurations
(e.g., multi-material, multi-resolution, and cooperative sens-
ing) where multiple arms must work in or near the same re-
gion. A low-overlap C-RAAM system possesses a volume
ratio rV g 1 where exclusive build volume is equal to or
greater than overlapping. Such configurations are typically
used in large-scale RAAM applications where tooling is ho-
mogeneous; the joint build volume region is then necessary
but not crucial to the capabilities of the system (and is often
minimized). As all C-RAAM systems must determine the
location of placement for stationary arms, the value of rVby configuration must be carefully selected according to the
desired capabilities of the C-RAAM system. For systems
with mobile arms [42, 47] where the build volume of each
agent shifts, build volume evaluation should be considered
across the time of manufacturing. If build volumes overlap
during instances of the manufacturing process, agents are
cooperating and can be classified according to the volume
ratio described.

Large-scale C-RAAM systems that integrate multiple
homogeneously tooled cooperating arms have been previ-
ously explored in both stationary and non-stationary con-
figurations [11]. Shen et al. [33] integrated four 4-DoF
Dobot version 2.0 robotic arms for large-scale FDM fabri-
cation through overlapping build volumes. Using this sys-
tem a 300 mm × 250 mm part was fabricated with each arm
completing a separate segment while avoiding collisions be-
tween arms. Such systems can be further expanded by addi-
tional arms, though this is primarily limited to a single axis
as expansion in either the Z axis or in both X and Y axes are
constrained by robot arm geometry and interference of the
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Figure 4: Multi-arm C-RAAM systems o�er varying capabilities according to their con�guration including a) cooperative sensing
capabilities [34], b) low overlap large scale printing [33] and c) high overlap multi-arm fabrication [45].

Figure 5: Multi-arm C-RAAM con�gurations for a) low overlap (e.g., large-scale fabrication with homogeneous tooling) and b)
high overlap (e.g., multi-material fabrication with heterogeneous tooling).

robot arm itself. Mobile manipulators were used in coordi-
nation by Zhang et al. to fabricate a concrete bridge structure
spanning over 2 meters in length [42]. While mobile ma-
nipulators have greater advantages in expanding build vol-
ume, localization and coordination of arms within the sys-
tem becomes increasingly complex as well as both path plan-
ning and motion planning of the system. Both multi-arm
approaches greatly improve the e�ective build volume of
the system but incur limitations resulting from the increased
control complexity of the system.

C-RAAM systems composed of heterogeneously tooled
arms o�er alternative advantages and capabilities compared

to homogeneously tooled systems. Bhatt et al. integrated
two RAAM systems with varying nozzle sizes (0.4mm and
0.8mm) to improve surface quality while retaining high fab-
rication speeds [35]. Conformal printing was used for the
secondary �ne arm, further improving mechanical strength
and removing the stepping e�ect typical of 2D planar slicing.
Secondary arms can also be used for multi-material printing
for improved material properties. This includes �ber rein-
forced material extrusion where a secondary robotic arm lays
�ber between layers to improve part strength [48].
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