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Abstract— Increased usage of additive manufacturing (AM)
in various industries has solidified its role as an advanced
manufacturing technique. However, there is an inherent lack of
reliability in AM processes, particularly common in extrusion
or deposition-based methods due to the stochastic nature of ma-
terial deposition. This necessitates an intelligent manufacturing
solution to address the drawbacks of AM. Thus, we propose
a novel layer-wise approach toward closed-loop AM, which is
capable of in-situ monitoring and repairing geometric defects.
In this paper, we present a system that uses a robotic AM
experimental platform that mimics a conventional open-loop
fabrication setup, which we augment into a closed-loop system
using two add-ons: in-situ inspection subsystem and online
process correction subsystem. The in-situ inspection subsystem
collects 3D point cloud scans and compares them against a
reference CAD model, categorizing geometric deviations as
positive or negative defects. Then the subsequent online process
correction subsystem uses a re-plan and/or repair strategy to
address the positive and/or negative defects, respectively. To
evaluate this idea, we conducted three experiments on parts
with manually induced defects to investigate the system’s ability
to repair those parts, thereby reducing defects, improving part
accuracy, and enhancing mechanical properties. Comparing the
defective and repaired parts, we observe a reduction in defect
percent by volume from 10.7% to 1.3%, an improvement in
geometric tolerance from 3.86% error to 0.08% error, and
an increase in the part’s breaking load from 4.77 kN to
6.31 kN. These experiments prove that our layer-wise closed-
loop additive manufacturing approach improves the quality,
tolerance, and reliability of plastic 3D printed parts, with
the potential to extend to other extrusion/deposition-based
AM processes, or even subtractive manufacturing and hybrid
manufacturing methods.

I. INTRODUCTION

Manufacturing is a fundamental aspect of human ingenuity
and has seen significant advancements over recent years,
particularly in the Additive Manufacturing (AM) area. Typ-
ical AM processes involve manufacturing parts by building
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Fig. 1: An overview of the proposed closed-loop AM system. a)
The system is developed using a robotic extruder positioning system
augmented with a custom-designed sensor add-on. b) We propose
a layer-wise inspection routine that delivers a significant reduction
in part failures while keeping the cost low. Note that the above
plot is a conceptual relationship. ¢) The layer-wise closed-loop
AM system inspects the part after the completion of each layer
and corrects any defects that are detected during the inspection.
d) From our experiments, we observe that our system achieves a
10-fold reduction in defects, reaching 1.3% from 10.7% in defect
percent by volume after the repair.

* Layer-wise and real-time inspection methods are also equipped
with closed-loop corrections.

them layer-by-layer and have been widely used in various
industries for rapid prototyping or even to fabricate func-
tional parts [1l]. However, current AM processes are prone to
stochastic failures and lack reliability [2], which significantly
limits their use in engineering and critical applications.

Generally, parts manufactured using deposition-based AM
methods are considered mechanically weak due to incon-
sistency in material deposition [3]]. These deposition incon-
sistencies can also lead to deviation of the part from the
intended design, causing geometric defects. Therefore, it is
crucial for an AM system to maintain accurate material
deposition, which ensures the desired process reliability
and build quality. Furthermore, deposition errors such as
under-deposition will lead to mechanical failure, while over-
deposition may pose a risk during manufacturing, as col-
lision with a significant geometric defect can damage the
equipment.

Currently, a majority of AM methods rely upon a pre-
programmed open-loop workflow and adhere to a set path



without any sensory feedback to adjust the motion or process
parameters. While this open-loop workflow is fast and cost-
effective, it often results in lower product quality and ques-
tionable accuracy [2l]. Recent studies address quality control
of the parts made using AM by coupling the fabrication
process with post-inspection methods, that utilize additional
equipment such as coordinate measuring machines (CMM)
[4], 150, [6l, [7], computer vision [8], [9], or use expensive
and bulky 3D scanners [10]. Although the post-inspection
methods provide significant benefits toward after-build qual-
ity assessment, they are time-consuming and cannot reduce
fabrication failures and defects due to the nature of post-
inspection.

In recent years, researchers have started to explore the
concept of process monitoring and process control for AM
processes. For process monitoring, Hossain and Taheri [11]
developed a process monitoring approach by applying me-
chanical load to the workpiece and detecting acoustic waves
emitted by internal defects. Ye et al. [12] and Charalampous
et al. [13] developed in-situ inspection and defect monitoring
approaches by using machine learning and computer vision.
On the other hand, Liu et al. [14] developed a closed-
loop control method on machine parameters based on image
analysis, but their approach relies on tuned PID controller
parameters limiting its generalizability to even different
layers of the same part. Rebaioli et al. [[15] also proposed a
closed-loop parameter tuning and re-slicing system to ensure
the printed part reached a width and height within the desired
tolerances, but their technique relies on the heuristics of
re-slicing software and cannot handle infill areas. These
aforementioned monitoring and control strategies either lack
approaches to address the detected defects during fabrication
or are limited to control strategies that lack generalizability as
they are specifically tuned for selective process parameters.
As shown in Fig. [Ip, both the approaches mentioned above,
post-inspection and over-inspection either fail to prevent
fabrication failures or significantly increase the inspection
cost. Therefore, we propose a middle-ground solution: a
layer-wise inspection and repair framework that is adequate
to identify and correct defects during fabrication, while
avoiding a significant increase in the cost due to inspection.

Toward this goal, we present a layer-wise closed-loop AM
framework to enable the manufacturing of complex parts
with improved build quality and process reliability. We pro-
pose a novel Sense, Plan, Act workflow for AM to facilitate
in-situ monitoring and intelligent repair during the layer-
wise fabrication process, as shown in Fig. [Tk. The proposed
framework identifies defects during fabrication, formulates
plans to amend the defects, and executes the corrective
strategies. In this paper, we target the geometric defects that
occur during the Fused Filament Fabrication (FFF) process
that can be caused by under or over-deposition. To evaluate
the efficacy of this approach, we experimented with a robotic
3D printing setup with a custom profilometer to benchmark
the fabrication, inspection, and correction framework (Fig. E])
that identifies defects during fabrication and allows a sensor-
based AM repairing process. The results of our experiments
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Fig. 2: Overview of the closed-loop AM system, comprised of three
subsystems. Fabrication: Processes input G-code and sends the
control commands to the positioning system and filament extruder.
Inspection: Scans the manufactured part using a sensor add-on
and then detects geometric defects in the 3D scan. Correction:
Generates the corrective actions based on the defect type and
modifies control commands in the instruction queue to address those
defects.

confirm our framework’s ability to handle geometric defects,
improve tolerance, and increase the tensile strength of the
manufactured parts. The Sense, Plan, Act principle intro-
duced in this study holds immense potential not only for
conventional AM methods like FFF, but also for modern
AM techniques such as Wire Arc Additive Manufacturing
(WAAM), Aerosol Jet (AJ), and even subtractive and hybrid
manufacturing methods.

II. SYSTEM OVERVIEW

The proposed closed-loop additive manufacturing (AM)
system consists of three major subsystems: open-loop ma-
terial extrusion (fabrication) subsystem, in-situ inspection
subsystem, and online process correction subsystem, shown
in Fig. 2| Together they act sequentially to detect geometric
defects in the part during fabrication, formulate adjustment
plans, and execute them to correct those defects. The in-
formation and process flow is illustrated in Fig. 2] In this
section, we provide a brief introduction to each subsystem’s
specific role in the closed-loop AM process.

A. Material Extrusion (Fabrication) Subsystem

The material extrusion (fabrication) subsystem performs
fabrication using a layer-wise FFF process, similar to a
conventional 3D printer. The hardware components in this
subsystem include a filament extruder, an extruder position-
ing system, and additional supporting hardware such as a
heated print bed, an extruder heater and cooler, and a 3D
printing control board. To initiate the fabrication process,
the material extrusion subsystem is given G-code as input, a
standardized file format that encodes the motion and control
instructions for manufacturing equipment. The fabrication
subsystem acts as a test bed for the development of intelligent
inspection and repair.

B. In-Situ Inspection Subsystem

The inspection subsystem performs layer-by-layer 3D
scanning to detect geometric defects during the fabrica-



TABLE I: Defect Types and Correction Strategies.

Defect Type | Defect Example | Correction Strategy
Re-plan
Positive
Defect
) Positive Defect ) Positive Defect
Repair
Negative
Defect
J J

tion process. Compared with continuous monitoring, we
argue that our lower inspection frequency is sufficient to
monitor the process for enabling corrective adjustments in
downstream processes. For inspection, we have developed a
custom-designed laser profilometer based on previous work
from our group [16]. The sensor is collocated near the
extruder nozzle and is driven by the positioning system to
obtain the 3D scans. Additionally, the 3D scan of the entire
printed part can be obtained by accumulating the consecutive
layer-wise scans, providing an internal part representation
that cannot be generated by conventional post-inspection
approaches. During the layer-wise inspection, the generated
scans from the profilometer are compared against the ref-
erence CAD model to detect and classify any geometric
defects. The inspection subsystem classifies the detected
geometric defects into two categories: positive defect or neg-
ative defect, illustrated in Table[I} We define positive defects
as over-depositions that lie above the printing z height. Such
defects may obstruct the path of the extruder nozzle and
also affect the geometric tolerances of the part. On the other
hand, we define negative defects as under-depositions that
cause the part surface to lie below the expected z height.
Negative defects are the under-extruded voids that affect
the bonding strength between layers, reducing the strength
and integrity of the resultant part. The in-situ inspection
subsystem we propose enables the identification of defects
during fabrication, paving the way for our online process
correction subsystem to correct those defects.

C. Online Process Correction Subsystem

The online process correction subsystem rectifies defects
detected by the in-situ inspection subsystem via adaptive
correction of the fabrication process. In this paper, we intro-
duce two correction strategies, re-plan and repair, to address
the defects, illustrated in Table [ The re-plan strategy is
used when the system detects a positive defect blocking the
fabrication tool path. The tool path is re-planned on the fly
to avoid the obstructing part and the filament extrusion is
adjusted so the fabrication progresses as desired. On the other
hand, the repair strategy is used when the system detects a
negative defect involving a lack of material. The system cor-
rects the under-extruded void by interrupting the fabrication

process to fill the void. The part is then re-inspected to ensure
the defect has been corrected before the system resumes
fabrication; the repair process is repeated until no defects
remain. The online process correction subsystem enables the
correction of positive and negative defects and ensures the
quality of each layer thereby preventing any cascaded effects
of defects.

IIT. IN-SITU INSPECTION SUBSYSTEM

The in-situ inspection subsystem enables the system to
detect and classify geometric defects after completing each
layer during the fabrication process. Toward the layer-wise
inspection, we have developed a reference design for a sensor
add-on that is used to stress-test the developed algorithms for
defect detection during AM inspection.

A. Sensor Add-on for AM Inspection

In previous work, our group proposed a compact minia-
ture sensor for 3D scene reconstruction [[16]. For our AM
application, we adapt the same design philosophy to create
a custom lightweight laser profilometer that achieves sub-
millimeter 3D measurement accuracy. The sensor consists
of a laser line projector and a monocular color camera,
which measures 3D information by triangulating laser points
from the 2D image. The sensor used in this paper has a
form factor of 80 x 14.5 x 52mm, allowing it to fit in
the limited space next to the extrusion nozzle, and is much
more compact compared to commercial solutions such as
RealSense D435 (Intel, Santa Clara, CA, USA) and In-Sight
3D-L4000 (COGNEX, Natick, MA, USA). In addition, the
sensor design structure is generalizable to other applications
with different design requirements. The key components in
our sensor add-on can be replaced by cameras with different
resolutions or laser profilers with varying projection patterns.
Researchers can assemble their own versions based on their
minimum feature size {nin (eq. [I).

As our profilometer measures depth only along the pro-
jected laser line, we must stitch the measurements across
time to reconstruct a 3D point cloud of the printed part,
illustrated in Fig. 3] We mount the sensor on a robot arm
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Fig. 3: Illustration of a robot arm scanning an object using our
custom profilometer, allowing us to reconstruct a 3D point cloud
by concatenating the laser line scans along the linear coverage scan.



and perform a linear coverage scan between each layer. The
robot end effector’s pose at each time step is then used to
transform each line scan into a fixed coordinate system of
the robot’s base frame, and the scans are concatenated into
a single 3D point cloud of the manufactured part.

wx D

fexny

Emin = (1)
w camera sensor width

D distance to object

fe effective focal length

n, | camera resolution (no. of pixels)

B. In-Situ AM Defect Detection

To ensure accurate identification and localization of de-
fects, we compare the layer-wise 3D scans against a reference
CAD model to check for defects. Procedure [1] detects these
defects and categorizes them with the following 4 steps.

0) Initialization: To initialize our procedure, we first
obtain a dense point cloud Cr by performing volumetric
sampling on a reference 3D CAD model.

1) Preprocessing: After printing layer &, a scanned point
cloud Cgo is obtained from the custom profilometer. The
scanned point cloud is filtered by using a manually defined
crop box and then with statistical outlier removal to obtain
CE. Also, the reference cloud CJ; for layer k is extracted
from Cg using z, the known z-level of layer k.

2) Registration: After preprocessing, we perform point
cloud registration between C% and C 1’30. The workpiece trans-
formation with respect to the robot base is used as an initial
alignment, which is further refined by the iterative closest
point algorithm (ICP) [17]. The obtained transformation is
used to transform Cﬁo onto C% and get Ck.

3) Defect Detection: We calculate the difference of point
clouds DF by taking every point in Cg not near some point
in C}’%. The difference is computed efficiently using a KD
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Fig. 4: The defect detection pipeline compares the scanned point
cloud C% of layer k with the reference CAD Cg sliced at Cf
to detect positive and negative defects. The illustration shows the
detection of two types of defects: negative defect (under-extruded
void) and positive defect (3 arbitrarily placed cuboids).

Procedure 1 Defect Detection
Input: k: Layer number

zi: Absolute z-height of layer & in robot coordinates
C%_: kth scanned point cloud
Cgr: Reference CAD model
Output: D;%: Positive defect point cloud
Dﬁ/: Negative defect point cloud
1: procedure DETECTDEFECTS(k, 2, C§ )
> 1) Preprocessing

2: Ck, < REFERENCECLOUD(Cg, k, z;)
3 CE + FILTERSCANNEDCLOUD(z,C§, )
> 2) Registration
4: (Ro, to) + Initial workpiece transform
50 (RF,t%) < ICP(C}, ,C¥) with initial guess (Ro,to)
6: Ch RkCI’?‘:0 + & // Apply transformation to C%
> 3) Defect Detection
/I Define dc, to measure distance to Ck.
KD-tree is used to compute efficiently.
7: Let dcg(X) = min,  ccr |lx —xgl|

8: D;%e{[x,y,z] ECg :zsz,dcﬁ([:r,y,z]) > ¢}
9: Dk, « {[z,y, 2] € Ck 12 < 2k, dey ([2,y,2]) > €}
10: return D;%’Dj’{/—

11: end procedure

Tree on Cﬁ, segmenting each point zg € Cg with

Dk = {$S € Cg min ||zg — zg| > 6}
QIC‘REC;e2

where ¢ is a tunable threshold parameter. We let € be half
the layer height so that geometries outside a 1-layer band
are flagged as defects by our system.

The detected defects in D* are further categorized into
positive (D%) and negative (D}f/) defects based on the layer
z-level zj. Defect points with z > zj are positive defects,
while z < zj are negative defects.

IV. ONLINE PROCESS CORRECTION SUBSYSTEM

The online process correction subsystem amends geomet-
ric defects encountered during fabrication by associating
each defect type with a corresponding correction strategy.
In this paper, we propose two corrective strategies. Positive
defects are handled by the re-plan strategy which modifies
the next print layer to avoid the defects, while negative
defects are handled by the repair strategy which takes
priority from the fabrication process to take action between
layers.

To avoid fabrication errors due to positive defects, the re-
plan strategy modifies the extrusion and motion trajectory
to prevent any collisions or further over-extrusion. When a
positive defect is detected in a layer, the associated defect
point cloud is projected from 3D onto the 2D print surface,
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Fig. 5: Illustration of Re-planning strategy for handling a positive
defect. 1) A positive defect, colored according to z height, intersects
the extrusion tool path drawn in orange. 2) The trajectory and
intersecting 3D defect point cloud are projected onto the 2D print
surface, where we compute the alpha shape of the defect points,
shown in red. 3) The extrusion tool path is modified by removing
the line segments intersecting the defect and joining them with skip
paths, shown in black dashed lines. 4) Finally, the re-planned tool
paths are lifted back to 3D, with the dashed skip paths becoming
z-lifted travel paths.

which we use to compute an alpha shape [[18]]. This gives us
a 2D polygon representation of the defect, illustrated in red
in Fig. B}2. The next layer’s planned trajectory coordinates
are likewise projected from 3D onto the 2D part surface
to check for potential collisions. If a trajectory intersects
with a defect polygon, the path is re-planned by splitting
the trajectory across the defect polygon, shown in Fig. [5}3.
The trajectory segments intersecting the defect polygons are
given a z-hop (vertical lift) to pass above the defects, and
extrusion is paused during the lifted motion to ensure no
additional material is added to the defect.

The repair strategy addresses negative defects or under-
extruded voids that appear in the printed part. When a
negative defect is detected, the fabrication process is paused
and the negative defect is filled to ensure that the next layer
remains completely flat, minimizing the chances of further
errors. Similar to the re-plan strategy, we project the defect
point cloud onto the print surface and compute an alpha
shape [18] to obtain a planar polygon representation of the
negative defect, shown in Fig. [6}2. We offset the polygon
inwards by the extruder nozzle radius and use that as a
tool path to fill the boundary of the defective void. Then
the interior tool path is calculated by following an infill
pattern over the polygon representation of the defect (Fig.
@-3), and the target extrusion volume and extrusion rate are
calculated using the repair path length and defect volume.
After the system executes the repair tool path, we perform
an additional 3D scan and repeat the repair until there are
no more negative defects. Then fabrication resumes on the
next layer.

Negative defect Repaired (Filled)

1) 4)

2) Negative defect in 2D ‘ 3) Generated 2D fill path

Fig. 6: Illustration of Repair strategy for handling a negative defect.
1) A negative defect, or under-extruded void is detected. 2) The
corresponding 3D scanned point cloud is projected into 2D and we
compute the alpha shape (red) of the defect points. 3) A infill path
is generated by offsetting the boundary of the polygon and filling
the interior with an infill pattern, such as zig-zag. 4) Lastly, the
infill path is projected from 2D to 3D at the defect height to be
executed by the extrusion system.

V. EXPERIMENTS AND RESULTS

We evaluate the efficacy of our closed-loop AM system
through three experiments to benchmark the performance
using defect percentage, geometric tolerance, and tensile
strength. In our experiments, we compare three categories
of parts made by our system: unaltered parts, defective parts
i.e. parts with induced manual defects, and repaired parts
i.e. parts with defects repaired by applying our method. In
this section, we evaluate and measure our system’s ability to
correct the induced defects and restore the part’s quality and
reliability.

A. Experimental Test Bed

Our experiments are performed with a 6 DoF URSe
robot arm (Universal Robots, Odense, Denmark) as the
positioning system and Typhoon 2.85mm filament extruder
(Dyze Design, LeMoyne, QC, Canada). The utilization of
a robot arm as a positioning system allows the developed
system to be scalable as a test bed for the development and
testing of AM systems ranging from conventional FFF 3D
printing to specialized processes such as Wire Arc Additive
Manufacturing (WAAM)[19], Aerosol Jet[20]], or non-planar
3D printing systems [21] that require additional degrees
of freedom. Additionally, the extended degrees of freedom
allows our system to inspect and repair working parts
from various angles and complex topologies. The Typhoon
2.85mm filament extruder is coupled with a liquid cooler,
and a 235*%235mm heat bed to heat up to 60°C. We have
used 2.85mm diameter PLA filament that is heated to 215°C
during extrusion. It is important to note that the choice of
a larger 2.5mm nozzle diameter amplifies the defects and
highlights the need for prompt correction. We use MKS
Gen L v1.0 board (Makerbase, Guangzhou, China), an open-
source 3D printing control board to control the extrusion
firmware during fabrication. The use of standard 3D printing
components allows our system to be compatible with a wide
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Fig. 7: Experimental closed-loop AM test bed used in this research,
where core components and supporting hardware illustrated.

range of 3D printers and a wide variety of commercial off-
the-shelf components, such as print heads, extruder motors,
heat beds, etc. Our inspection subsystem utilizes a custom
sensory add-on (Section [[lI-A) to inspect during the layer-
wise fabrication process. The developed sensor consists of a
1/2.3” Ximea sensor (Ximea, Miinster, Germany), a 2.1mm
lens, and a 3.3V 3D-Scan Redline laser (Redline 3D, Cape
Town, South Africa). The sensor has a working distance of
230mm, and a camera resolution of 2448x1840 pixels, giving
us an object resolution of £,;, =0.27mm/pixel. The robot and
the sensor are connected to a laptop computer with an Intel
Core 17 CPU and an NVIDIA RTX 3080 with 8 GB GPU
memory.

B. Sensor Calibration

A common drawback of custom sensors is that researchers
have to carefully calibrate them to get accurate data. There-
fore, we have created an automatic calibration toolbox to
facilitate the calibration process, called the Automatic Cali-
bration Toolbox for Custom Laser Profilometer (ACT-CLP).
The ACT-CLP is capable of generating calibration motion
for a robot arm to autonomously take calibration photo
samples with the sensor mounted on the arm, without any
human intervention. The ACT-CLP performs three calibra-
tions needed for the sensor, namely, camera model (intrinsic)
calibration, hand-eye (extrinsic) calibration, and laser-plane
(extrinsic) calibration. The ACT-CLP takes the number of
photo samples as a parameter input and generates the motion
plan for the robot arm based on a predefined motion template.

C. Results and Observations

The experiment results directly compare our proposed
closed-loop AM system against the open-loop approach.
Defective parts are created by manually introducing positive
or negative defects during open-loop fabrication, and the
repaired parts are produced by applying our closed-loop
method to fix the manually introduced defects. In certain
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Fig. 8: Experiment to evaluate the defect reduction percentage of
the repair strategy. a) We manually introduce negative defects by
pausing the extrusion. b) A sample from the experiment showing
the qualitative result of the strategy before and after the repair is
performed. ¢) The defect percent by volume is compared before
and after the repair across N = 5 samples. We observe a significant
reduction in defect volume from 10.7% to 1.3% with a p-value of
1.4 x 107°,

experiments, unaltered parts are used as control groups,
which are hand-picked unflawed parts produced by our open-
loop AM workflow without artificially induced geometric
defects. All the experiments have a fixed layer height of
2.15mm. On average, our closed-loop method added a fixed
45 seconds to the print time per layer, consisting of 30
seconds of scanning plus 15 seconds of motion and nozzle
cleaning.

1) Defect Reduction Experiment: This experiment eval-
uates our system’s ability to reduce defects in a complex
and representative industrial part, a gear with a diameter
of 100mm and 10mm in height. In this experiment, under-
extruded voids are manually introduced in a layer by pausing
the extrusion during fabrication as shown in Fig. [8p. To
quantify the negative defects, we use defect percent by
volume, which is calculated using the generated voxels
in the defect detection pipeline. Thus, the efficacy of the
repair strategy (Section [[V) is measured by comparing the
defect volume calculated from the scans obtained before
and after the repair. Across N = 5 samples, we observe
a mean reduction in defect volume from 10.7% to 1.3%
Moreover, the mean defect percentage of the repaired parts
is comparable to the 0.6% in the unaltered parts, as seen in
Fig. [Bk.

2) Geometric Tolerance Experiment: This experiment
evaluates our system’s ability to address positive defects.
During the fabrication of a cuboidal wall of dimensions
(100mm x 10mm x 15mm), an obstacle of size up to (20mm
x 10mm x 4mm) is placed arbitrarily, blocking the extrusion
path as shown in Fig.[Oa. The system uses the re-plan strategy
(Section [IV) to minimize geometric deviations in the part as
compared to the unaltered control group. To evaluate the
part’s geometric tolerance, the width of the part is measured
along 5 equidistant points along the length and is compared
for the unaltered, defective, and repaired parts. Taking the
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Fig. 9: Experiment to evaluate the closed-loop AM system by
benchmarking the geometric tolerances of the part. a) We arbitrarily
place an obstacle during the fabrication, thereby adding a positive
defect. b) If the positive defect is not addressed by an AM system,
it will cause a collision with the extruder and may lead to the
failure of the print. We use the re-plan strategy to modify the
tool path by going over the obstacle and pausing the extrusion.
¢) If the positive defect is not addressed, the subsequent layers
get compressed and result in a deviation in part width. d) We
compare the part’s measured width for the defective and repaired
parts against the unaltered control group. The results show that our
method significantly improved the geometric tolerance after repair,
with a p-value of 3.2 x 107%.

unaltered parts as a control group, we observe a reduction
in the mean width measurement error from 3.86% in the
defective parts to 0.08% in the repaired parts (N = 5),
shown in Fig. Pd. However, it is important to note that
while our method succeeds to reduce the mean error of the
repaired part, it fails to improve the consistency in width
measurements.

3) Tensile Strength Experiment: This experiment eval-
vates our hypothesis that repairing under-extruded voids
improves a part’s strength. The breaking load is compared for
three categories of parts: unaltered, defective, and repaired,
shown in Fig. [I0p. Five samples of each category are tested
using an Instron extensometer, and we observe (Fig. [I0d)
that the average breaking load of the repaired parts 6.31kN
is higher than the defective parts by 32.2%. It is interesting
to note an outlier sample in the unaltered category has a
breaking load of 7.03kN, demonstrating the inherent incon-
sistency of parts produced by AM methods and justifying
the need for closed-loop AM.

VI. CONCLUSION AND DISCUSSION

This paper presented a closed-loop AM system that aims
to enhance the quality, precision, and reliability of AM pro-
cesses. The experiments conducted in this study have shown
the effectiveness of the proposed system in handling geomet-
ric defects, improving geometric tolerance, and improving
mechanical strength. We argue that this proposed closed-
loop AM framework can improve the quality and reliability
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Fig. 10: Experiment to evaluate the tensile strength improvement of
the repair strategy. a) This experiment contains three types of parts:
defective parts with a void, repaired parts with a close-loop strategy
applied, and unaltered parts. b) The setup of this experiment utilizes
an Instron Tensile Testing Equipment and the breaking load for
the parts is recorded. ¢) Illustration of the defective sample with
an under-extruded middle layer while the repaired part has that
negative defect repaired. d) The breaking load is compared for
the defective, repaired, and unaltered parts across 5 samples and
we observe a significant increase in the mean breaking load from
4.77kN to 6.31kN with a p-value of 1.9 x 10™* for the defective
and repaired parts.

of additive manufacturing processes and has potentially
significant implications for various industries. This study
also highlights the crucial role of layer-wise monitoring and
control capabilities, with further emphasis on the importance
of sensing and feedback in closed-loop AM systems. We
believe this work is an initial step toward the development
of a new generation of intelligent manufacturing systems that
fabricate, inspect, and even repair in a human-like fashion.
Moreover, we also tested the scalability of our method to
a different application of repairing pre-fabricated parts. As
shown in Fig.[T1] those pre-fabricated parts can be arbitrarily
placed inside the print bed workspace and our system is not
only able to locate and register the part but also able to repair
an unknown crack using our closed-loop strategy.

Despite the promising results presented in this paper, the
proposed closed-loop AM system still has certain limitations
that require further research and development. Due to the
current design of the defect detection process by comparison
with CAD, the system is limited to 3D printed parts with
only 100% infill and also it is unable to handle other defects
outside of the part’s intended volume, which may lead to
poor process ACC uracy at certain edge cases. Additionally,
the proposed system is initially focused on geometric defects
and has not been fully optimized for a wide range of
3D printing applications, such as metal, ceramic, and bio-
material printing. Those applications may require additional
sensing modalities to detect and repair abnormalities that are
not geometric defects, such as temperature-induced material
inconsistency that only exhibits a major color space signature
in contrast to geometric deviations. Therefore, additional
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Fig. 11: Repair of a pre-fabricated part. A part with negative
defects is arbitrarily placed on the print bed. Using the inspection
techniques, the system is able to localize the part and then identify
the defects by comparing the scan with the reference CAD. Then,
the system uses the repair strategy to fill the void defects.

work is needed to address these limitations and ultimately
build toward a truly operational closed-loop AM system,
making AM a robust and reliable solution for various en-
gineering applications.

VII. FUTURE WORKS

An area for future improvement in our corrective frame-
work is addressing the other defects such as over-extruded
defects outside of the part’s volume. One solution could
be incorporating a subtractive manufacturing end-effector
thereby making this a hybrid manufacturing setup, to effec-
tively remove any complex defects encountered during the
fabrication process.

In some niche applications, it might be pertinent to use
real-time inspection instead of layer-wise inspection for
the closed-loop AM framework to ensure greater precision
and accuracy. This would involve incorporating real-time
feedback from the profilometer and other sensors to con-
tinuously adjust the extrusion and motion parameters during
the printing process. Additionally, one would need to develop
advanced algorithms for real-time monitoring and control to
predict and correct defects in the print.

Finally, an interesting research direction is to optimize
the proposed framework for a wide range of 3D printing
applications such as metal, ceramic and flexible printing.
Our system has already demonstrated its adaptability in the
WAAM system from Lincoln Electric. As the next step, we
would also like to make our research open-source, to enable
and empower the robotic AM community.
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