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Abstract

In-situ monitoring is crucial in facilitating the industrial expansion of extrusion additive manufacturing by enabling the early detection of
defects in a non-destructive manner and at a low cost. This study introduces a technique for assessing the geometric accuracy of extrusion
additive manufacturing using a thermal camera as a sensor to monitor the extrusion-based bioprinting process in situ. The geometry of the
extruded material is continuously detected during deposition, allowing for a real-time comparison with the corresponding nominal shape, which
is extracted from the G-code and registered on the acquired thermal image sequences. The study demonstrates the effectiveness of the proposed
in-line monitoring technique in identifying the correctly deposited material, the regions of under-extrusion and the regions of over-extrusion

when printing with a transparent biomaterial.
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1. Introduction

Among the emerging additive manufacturing (AM)
technologies, bioprinting aims at fabricating artificial organs
and grafts by arranging living and non-living materials in
a three-dimensional structure according to a distinct
organization [1], [2]. Bioprinting shows the potential to
disrupt the healthcare industry; indeed, it explores the
opportunity to tackle the shortage of organ donors by
producing artificial organs containing cells collected from the
patient, minimizing the risk of rejection after
transplantation [1], [2]. Bioprinting has also garnered attention
from international space agencies to produce clinically
applicable tissue grafts that can support autonomous medical
treatment of astronauts in long-term space missions [3].

2212-8271 © 2025 The Authors. Published by Elsevier B.V.

In academic and industrial settings, extrusion-based
bioprinting (EBB) is the most diffused bioprinting technology
[4]. The bioink, a formulation of soft biomaterials, is initially
placed in a plastic cartridge and extruded from a nozzle in the
shape of cylindric filaments to generate layer-by-layer the
desired three-dimensional construct. EBB is likely the most
scalable bioprinting technology thanks to its affordability,
simplicity, versatility, and compatibility with a wide
range of bioinks [2], [4]. Still, sub-optimal process parameters,
construct design, and heterogeneous bioink properties cause
material deposition defects that prevent the clinical adoption
of EBB [5]. Indeed, accurate bioink deposition is essential
to replicate the architecture of native tissues from a
mechanical and biological standpoint [6]. Moreover, the stock
of biomaterial is restricted, and constructs are patient-specific;
therefore, random sampling of parts is not feasible [7]. For this
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reason, in-situ process monitoring of EBB is essential to
achieve an interior view of the printed part during construction
in a non-destructive manner, detect material deposition errors,
correct errors in-line, and identify optimal process parameters.

The literature has investigated in-situ monitoring of
material deposition in EBB with various sensing technologies.
In three studies, Armstrong et al. employed a displacement
scanner to monitor, and correct in subsequent prints, the
nozzle trajectory and the filament width [6], [8], [9]. Yang et
al. developed a self-built optical coherence tomography probe
mounted next to the nozzle to measure filament width and
adjust process parameters in subsequent iterations to achieve
the desired filament width. In the same study, Yang et al.
assessed the undesired interruption of filaments by comparing
the reconstructed profile of printed segments with their
nominal geometry [10]. Zanderigo, Bracco et al. exploited
images in the visible light spectrum to assess the quality of
printed parts and build probabilistic printability maps to
optimize process parameters starting from a small
experimental campaign [11].

Nevertheless, the methods proposed in the literature
measured the quality characteristics after printing a layer
without evaluating their measure in line. Moreover, they did
not demonstrate the compatibility of their methods with
transparent bioinks. Bioprinting frequently adopts transparent
bioinks, essential when printing parts mimicking specific
tissues such as the cornea [12], [13]. However, monitoring in
situ the quality of parts printed with a transparent biomaterial
is challenging due to their optical properties. Bonatti et al. and
Jin et al. proposed methods to evaluate the presence of defects
in parts printed with a transparent bioink by employing a
camera imager and machine learning methods, but these
solutions did not encompass a geometric evaluation of the
deposited material [14], [15].

Our previous work reported a proof of concept for in-line
geometry reconstruction in EBB by adopting in-situ thermal
imaging to monitor parts printed with a transparent bioink
[16]. Regardless of its optical properties, the bioink flowing
out from the extruder commonly has a temperature higher than
the substrate. In thermal images, this phenomenon translates
into a visible contrast between the biomaterial and the
background inside a region of interest (ROI) next to the
nozzle. Therefore, the extruder was motion-tracked to detect
the location of the ROI at every time instant, and image
segmentation was applied inside that region.

Building on these foundations, this study presents a robust
method for monitoring the geometry of a transparent bioink
during deposition utilizing an improved in-situ thermal
imaging setup and the trajectory encoded in the G-code. A
thermal camera was employed to record image sequences of
the EBB process, and the G-code trajectory was aligned with
the motion of the nozzle throughout a recorded image
sequence to determine the position of the ROI. To represent
ideal deposition, the nominal trajectory was interpolated with
a circular shape where extrusion was expected. As extrusion
took place, the shape of the deposited biomaterial was
segmented inside the ROI to allow a continuous comparison
between experimental and ideal deposition.

This paper is structured as follows: section 2 presents the
bioprinting and in-situ thermal imaging setup. Section 3
explains the methods to process the collected thermal images
and implement in-line monitoring. In section 4, the proposed
methodology is discussed by highlighting strengths and
limitations. Finally, in section 5, conclusions and an outlook
on future work are redacted.

2. Process Sensing
2.1 Bioprinting Platform

To conduct bioprinting experiments, the pneumatic
extrusion-based  bioprinter named BIOX  (Cellink,
Gothenburg, Sweden) was utilized.

The pneumatic print-head temperature was set at 37°C,
while the print-bed temperature was set at 18°C. A self-
prepared transparent bioink was employed. Initially, an 8%
(w/v) Sodium Alginate stock solution was obtained by
dissolving Sodium Alginate (Sigma Aldrich, St. Louis, USA)
in purified water. Before printing, to achieve the desired
printability, 3 mL of the solution were pre-crosslinked with 1
mL of 0.136 molar solution of calcium chloride, resulting in a
final concentration of Sodium Alginate at 6%.
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Figure 1: (a) G-code schematic indicating displacement with extrusion (red
arrows) and without extrusion (blue arrows). (b) Example of a printed
construct using transparent Alginate 6% bioink. The image was captured on
graph paper background with a visible light camera. (c) Experimental setup
featuring the BIOX extrusion-based bioprinter (left, red) and the X6900sc
thermal camera on self-developed mount (right, blue).
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Eventually, the biomaterial was loaded into a 3 mL plastic
cartridge equipped with a conical nozzle ending with a
diameter of 0.410 mm.

For printing, a personalized G-code was imported into the
bioprinter (Figure 1(a)). The G-code was designed to print a
single layer, consisting of a 5 mm straight filament placed at
2.5 mm to the left of the shortest side of the perimeter of a
15x5 mm rectangle. After conducting a small set of testing
prints, extrusion pressure was set at 65 Kpa and nozzle
traveling speed at 10 mm/s to obtain the desired filament
diameter.

2.2 In-situ Thermal Imaging

The thermal camera employed for in-situ data collection
was the X6900sc by Teledyne FLIR LLC (Wilsonville, U.S.).
The X6900sc is an infrared radiation (IR) thermal imaging
camera recording images of 640x512 pixels in sequences up
to 1000 Hz. A thermal image sequence was recorded during
each print with a frame rate limited to 30 Hz. This value was
sufficiently high to avoid losing process information while
containing the size of the digital files generated.

The thermal imaging camera was placed on a
self-developed mount in front of the bioprinter. Top-view
imaging was impeded by the encumbrance of the data sensing
setup, so the camera was positioned at approximately 45° with
respect to the print bed (Figure 1(c)).

The camera was coupled with a 50mm (f/2.5) lens supplied
by the manufacturer. A 0.75-inch metallic extension ring was
mounted between the camera and the lens, resulting in a
magnified image with a spatial resolution of 55 um/pixel. As
a downside, the extender ring caused a restricted depth of
field, imposing a boundary to the y-axis dimensions of the
designed G-code. The extender ring also caused vignetting, a
common undesirable phenomenon in thermal images caused
by the interaction between the optics and the heat absorbed by
the metal of the ring during camera operation [17]. Vignetting
consists of a Gaussian-like gradient that extends from the
center of the image to the edges. However, the camera
depicted printed constructs in the central area of the frame,
which was less affected by vignetting. In addition, although
the thermal imaging camera did not capture true temperature
values, it was able to detect a clear temperature contrast
between the extruded biomaterial and the background.

3. Data Processing
3.1 Thermal Images Pre-Processing

Each acquired thermal image sequence  was
pre-processed considering the following steps:

¢ Normalization: since actual temperature values were not
relevant for this study, the original thermal image sequence
containing IR radiation count values was transformed with
linear rescaling across all frames to obtain a greyscale
representation that preserved the relative difference between
pixel values. In greyscale, black corresponded to the lowest
temperature, while white corresponded to the highest
temperature.

* Perspective adjustment: the thermal imaging camera
could not capture the deposited material with a top-view
framing, thus requiring perspective adjustment of the acquired
images. Perspective adjustment was necessary to correct
perspective distortions and to align the acquired images with
the orientation of the G-code coordinate system for future
registration of the G-code trajectory on the captured thermal
images. Within the first frame of the thermal image sequence,
the operator manually identified the coordinates of four
recognizable landmarks on the print-bed. Then, the utilized
script computed the projective transformation required to
align the landmarks' coordinates in the digital space with their
coordinates in the real-world space. The script applied the
obtained transformation to all frames. The spatial resolution
(mm/pixel) was computed as the distance between landmarks
in the real world divided by the distance between landmarks
in the digital space.

* Cropping: to enhance processing efficiency, all frames in
the thermal image sequence were cropped to a region in
which material deposition occurred.

3.2 G-code Trajectory Extrapolation

To align the G-code trajectory to the pre-processed thermal
image sequence, the following methods were applied:

* G-code parsing: the G-code used for bioprinting was
imported into a self-developed parser script. The parser script
converted the G-code text into a matrix where each row
corresponded to a movement command and the columns
reported the corresponding x-target position (mm), y-target
position (mm), displacement speed (mm/s) and extrusion
(either 1 or 0) during displacement.

* G-code trajectory computation: a second script
generated the G-code trajectory by processing row by row the
matrix created by the parser script. Initially, the script
converted the x-target position and the y-target position from
mm to pixel, and the displacement speed from mm/s to pixel/s
by exploiting the spatial resolution (mm/pixel). Then, the
code computed the displacement distance (pixel) between the
current position (x, y), initialized at (0,0), and the target
position (x-target, y- target) using the Euclidean distance. The
script computed the time fto move (s) from the current position
to the target position by considering the displacement
distance and the displacement speed, as well as the
acceleration (pixel/s?) and deceleration (pixel/s?) of the
extruder at starting, ending, and turning points. The time to
move (s) was multiplied by the acquisition frame rate (Hz) to
obtain the number of frames required to complete the
displacement. At this point, both for the x-axis and the y-axis,
a linearly spaced vector covering the displacement distance
from the current position to the target position was generated
considering the number of frames required for completing the
move command so that for each frame in the thermal image
sequence a trajectory point (x, y, frame number, extrusion,
direction) existed. For each trajectory point, the extrusion
binary value, necessary to determine if extrusion should occur
or not it those coordinates according to the move command
extrapolated from the G-code, was stored.
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(a) Pre-processed Thermal Image Sequence

Frame 30 ¥

Frame 82 Frame 127

1 mm

(b) Registered G-code Trajectory

Frame 127°

1 mm

Figure 2: Frames 30, 60, 82 and 127 of thermal image sequence. In greyscale, black corresponds to the lowest temperature, while white corresponds to the
highest temperature. (a) Pre-processed frames. (b) Registered G-code trajectory schematic indicating displacement with extrusion (red segments) and

without extrusion (blue segments).

Eventually, the direction (°) of the trajectory for each
trajectory point was also stored based on the change in x and
y coordinates from one frame to the next.

The overall nominal trajectory was generated by
concatenating the trajectory generated for each G-code
movement command.

* G-code trajectory registration: as discussed, the
developed script generated the G-code trajectory according to
the image-wise coordinate system of the acquired thermal
images, and it generated one trajectory point for each
recorded frame. The G-code trajectory starting position was
initialized at the origin (0,0), but the positioning of the
extruder in the thermal images at the beginning of the G-code
execution was different. To align the G-code trajectory with
the position of the nozzle in the acquired images, the x and y
coordinates of all trajectory points were shifted according to
the relative position between the nozzle tip and the origin at
the start of the G-code. The position of the nozzle tip was
manually identified in the frame where the bioprinter began
executing the G-code.

3.3 Thermal Images Segmentation

The proposed image segmentation approach encompassed
three main steps to segment the shape of the transparent
biomaterial during deposition:

* Region of interest (ROI) detection: during extrusion,
the deposited material had a temperature higher than the
substrate in a region next to the nozzle defined as the region
of interest (ROI). Then, the temperature of the deposited
bioink decreased until it matched the temperature of the
print-bed. From a thermal imaging perspective, inside the
ROI, a significant contrast between the background and the
bioink was detected, regardless of the transparency of the
material. Instead, outside of the ROI, this contrast decreased
as time passed after deposition. For this reason, to segment
the shape of the extruded material, the ROI was detected in
every frame of the pre-processed thermal image sequence

(Figure 3(a)).

During each frame processing, an automatic script generated
an image mask to black out all the pixels in the image except
those contained in the ROI. The ROI positioning was defined
by the G-code trajectory, so that the trajectory point at that
instant was at the center of one of its sides, and the ROI
extended in the opposite direction to the direction in which
the extruder was moving. The ROI was sized to ensure that
material deposition occurred inside it. Since the ROI included
a portion of the nozzle, an additional trapezoid mask was
generated to cover it in all frames. The utilized script
automatically placed the trapezoid mask in every frame,
knowing its relative position with respect to the trajectory
point.

When the extruder moved toward the thermal camera, with
a direction of 270°, the nozzle obscured the deposited bioink
in the acquired thermal images. Therefore, if the direction
associated with a trajectory point was 270°, the ROI was not
placed, and no segmentation occurred. Then, when a new
frame with a different direction associated with the trajectory
point came up, the ROI for that frame was composed of the
region of interest corresponding to the trajectory point in the
new frame and in all those frames in which the nozzle
impeded visibility. This procedure enabled visibility on the
obscured bioink before the complete cooling of the
biomaterial.

* Otsu’s thresholding: after detecting the ROI, the
developed script adjusted the contrast inside it, and the shape
of the deposited material could be segmented from the
background utilizing Otsu’s thresholding (Figure 3 (b)).

» Segmented profile generation: since each ROI contained
the bioink extruded at a specific time instant, the overall
segmented profile of the printed part was derived by
concatenating all the segmented filaments accumulated until
that time (Figure 3 (¢)).

3.4 In-line Process Monitoring

After obtaining the cumulative segmented profile of the
extruded bioink up to the currently processed frame, the shape
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of the experimental deposition was compared to the
deposition expected from the G-code.

For this purpose, the utilized script interpolated the G-code
trajectory with a circle, with a radius equivalent to half the
desired diameter of the deposited bioink, in those trajectory
points where the G-code imposed to extrude (Figure 3 (d)).

A color-coded image was generated to depict the matching
and mismatching between the shapes representing
experimental and ideal deposition. The intersection between
desired and obtained deposition was green (correct extrusion),
the regions in which the G-code imposed extrusion but it did
not occur were blue (under-extrusion), and the regions in
which extrusion was not imposed but material was deposited
were red (over-extrusion) (Figure 3 (e)).

4. Discussion

In-line defect detection in extrusion-based bioprinting

(EBB) is essential to preserve the limited stock of biomaterial
and enable strategies for adjusting process parameters and
enhancing quality in real-time. This study proposes a solution
for in-line monitoring of EBB utilizing in-situ thermal
imaging and the information encoded in the G-code.
The experiment conducted showed that thermal imaging was
appropriate to detect the geometry of a transparent biomaterial
during extrusion. However, the resolution of thermal imagers
is a limiting factor compared to sensors working in the visible
field of light. In our previous work, the thermal imaging setup
yielded a spatial resolution of 200 um/pixel.

(a) Region of Interest Detection

Frame 30

Frame 30

Frame 60 Frame 82
o

(b) Region of Interest Segmentation

)

Frame 127

I mm

I mm

(c) Segmented Profile Generation

Frame 30

[

(d) Superposition of Nominal Deposition

(e) In-line Process Monitoring

I mm

Frame 82 Frame 1275

I mm

Figure 3: Frames 30, 60, 82 and 127 of thermal image sequence. In greyscale, black corresponds to the lowest temperature, while white corresponds to the
highest temperature. (a) Region of interest detection. Frame 82 exemplifies the placement of the ROI to reveal the shape of extruded material previously
obscured by the nozzle's motion towards the thermal imaging camera. (b) Region of interest segmentation. (c) Segmented profile generation. The
segmented profile was generated by concatenating up to the current frame the segmented profiles of the regions of interest detected in the previous frames.
(d) Superposition of nominal deposition. The nominal deposition was obtained by interpolating the G-code trajectory with a circle of appropriate radius in
those trajectory points where the G-code imposed to extrude. (e) In-line process monitoring. The experimental and nominal deposition shapes were
compared. The color-coded images show correct deposition in green, over-extrusion in red, and under-extrusion in blue.
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In this paper, the thermal imaging setup was upgraded by
mounting the 0.75-inch extender ring between the camera and
the lens, reaching a spatial resolution of 55 um/pixel after
perspective adjustment. The setup improvement allowed an
accurate segmentation of small features in the deposited
biomaterial. Nevertheless, the setup produced a depth of field
of less than 10 mm. This characteristic wouldn't have limited
the design of printed parts if imaged with a top-view framing,
given that the layer height was 0.410 mm, but on-axis framing
was impeded by the dimensions of the camera and the design
of the bioprinter. Since the camera had a 45° tilt angle with
respect to the print-bed, the y-axis dimensions of printed parts
were bound to 5 mm to ensure that they were in focus.
Vignetting was another technical problem caused by the
extender ring. However, keeping the monitored part in the
central region of the acquired images and independently
processing the pixels in the ROI produced stable segmentation
results.

Our previous work employed motion tracking to determine
the position of the nozzle and, consequently, the ROI. In this
work, the computational effort required by motion tracking
was avoided by extrapolating the extruder trajectory from the
inherent information of the G-code. The registered G-code
trajectory could determine the position of the nozzle tip in a
stable and accurate way. In addition, unlike motion tracking,
the registered G-code trajectory could predict where material
deposition was expected or not along the printing path. For
this reason, the new approach identified in-line the correctly
deposited material, the regions of under-extrusion, and the
regions of over-extrusion. The direct correlation between the
detected defects and their spatial position given by the G-code
trajectory is an enabler for future implementation of
feedback-loop control, in which process parameters are
adjusted in line to obtain the ideal deposition.

5. Conclusions

The developed study highlights the relevance of in-situ
monitoring in EBB to assess the fidelity of printed constructs
in a non-destructive manner during construction. By
leveraging in-situ thermal imaging alongside the information
embedded in G-code, the proposed method offers a robust
solution for in-line segmentation of the deposited biomaterial,
even when a transparent bioink is deposited. Through this
approach, the correctly deposited material, as well as regions
of under-extrusion and over-extrusion were identified along
the printing trajectory.

Future work will build on these results to evaluate the
accuracy of in-line image segmentation through in-situ
thermal images against alternative sensors. In addition, future
efforts will focus on assessing in line the geometry of the
segmented profile by measuring the filament width along the
printing path. Eventually, by studying the relationship
between process parameters and filament width, future
research will aim at developing feedback-loop control to
enhance the quality of parts during printing to pursue
defect-free and zero-waste biofabrication.
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