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Real-time process monitoring and
automated control for direct ink write 3D
printing of frontally polymerizing
thermosets
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Additive manufacturing (AM) enables the fabrication of complex geometries, yet its application to
thermosets remains limited by post-processing requirements. Frontal ring-opening metathesis
polymerization (FROMP) offers a promising alternative, enabling energy-efficient, in situ curing of
freestanding thermoset structures. This study presents a real-timeprocessmonitoring and automated
control system for direct ink writing (DIW) of FROMP thermosets. By integrating thermochromic leuco
dyes and computer vision, we enable real-time polymerization front tracking, allowing autonomous
printing parameter adjustments for consistent geometries across resin formulations. The system’s
accuracy was validated against manual tracking, demonstrating precise front velocity detection. Its
adaptability was confirmed by printing freestanding mechanical springs with different resins,
achieving consistent geometries and mechanical properties despite front velocity variations. These
findings highlight the potential of automated DIW control for scalable, repeatable, and material-
agnostic 3D printing of thermosets.

Additive manufacturing (AM) has transformed the field of manufacturing
by providing unprecedented design flexibility, accelerating design cycles,
and enabling the creation of intricate 3D geometries. The most commonly
usedAMmaterials are thermoplastics, which are simple to process but often
suffer from poor mechanical properties, especially in variable thermal
environments, rendering them unsuitable for high-performance applica-
tions such as automotive or aerospace1. In contrast, thermoset polymers
offer reliable thermomechanical properties, chemical stability, and
straightforward polymerization strategies2–4. Recent advances in thermoset
compositions and polymerization techniques have enabled AM of ther-
mosets with nearly unlimited access to an array of mechanical5, thermal6,7,
and dielectric properties8,9. Among the various AMmethods for fabricating
thermoset polymers, direct ink writing (DIW) 3D printing—an extrusion-
based technique—has emerged as themostmaterial agnostic10. DIW stands
out due to its ability to fabricate intricate structures from a wide range of
materials while maintaining low material consumption and cost.
Researchers have employedDIW to fabricate intricate thermoset structures,

including lattice metamaterials9, core-shell structures11,12, self-supporting
architectures13–15, and shape-morphing objects16–18. Despite the advantages
of DIW, post-curing with ovens or high-intensity UV lights is often
required, limiting its feasibility for on-demand, in situ fabrication.

Frontal polymerization is a promising approach for the rapid manu-
facturing of thermosets, utilizing the exothermic enthalpy of polymerization
to provide the energy to propagate the polymerization, eliminating the need
for an external energy source19. One type of frontal polymerization, called
frontal ring-opening metathesis polymerization (FROMP), was introduced
in 2001 to polymerize polydicyclopentadiene (pDCPD) to prepare high-
performance thermosets using commercially available reagents20. In 2018,
Robertson et al. demonstrated the potential of frontal polymerization as a
more energy-efficient and faster alternative to traditional curing methods
for high-performance thermoset polymers and composites21. Using this
approach, Sottos and colleagues demonstrated that frontal polymerization
could be used for DIW 3D printing of self-curing thermoset polymers22. By
carefully tuning the nozzle velocity to match the polymerization front
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velocity (referred to as the front velocity), they demonstrated the printing
and in situ curing of freestanding thermoset architectures, capable of
spanning gaps up to 100mm to create architectures previously unattainable
with other thermoset DIW methods. This technique has since been
expanded to produce a range of new components, including carbon fiber-
reinforced composites23, tailorable stretchable thermosets24, and shape
memory structures13. Nevertheless, limited regulation of frontal poly-
merization during printing has been demonstrated through a complex
thermal environment with a cooled syringe and heated print bed, intro-
ducing additional power requirements and the need for specialized tooling.
Automatedcontrol of printingparameters, such as extrusion rate andnozzle
velocity during DIW, could address this issue, but it remains a significant
challenge.

The most promising approach to automated control of DIW involves
using cameras to capture real-time information about the printing process,
which can then be used to inform process optimization steps25,26. This
approach is called computer vision and, when combined with big data, can
enable real-time control strategies to adjust printing parameters
dynamically27,28. Nonetheless, measuring frontal polymerization for ther-
mosets during the DIW process has not been demonstrated apart from in-
line IR sensors29. Therefore, a straightforward method for measuring ther-
moset cure kinetics is critical for real-time adjustment of DIW 3D printing
parameters.

In this work, a computer vision-based approach was developed for the
automated measurement of frontal polymerization in thermosets, enabling
real-time control of DIW 3D printing parameters to produce high-quality
components for a variety of printed materials. High-resolution cameras
operating at 200 Hz captured real-time images of the frontal polymerization
process, with image analysis performed using Python-based computer
vision toolboxes to filter the data and accurately track the polymerization
front. The incorporation of thermochromic leuco dyes, which change color
as a result of temperature change, significantly improved the detectionof the
polymerization front without affecting the front velocity or the mechanical
properties of the printedmaterials. The front velocity was easily determined
by tracking the front’smovement over time.Thismethodwas applied across
various resin systems with distinct front velocities, allowing real-time

printing process optimization to match the front velocity with the nozzle
velocity. Lastly, we demonstrate the effectiveness of this approach through
the DIW printing of freestanding spring architectures using two different
resins. Despite differences in resin properties, the automated front detection
and process optimization ensured consistent geometry and force-
displacement behavior across both prints. This auto-regulated approach
for extrusion 3D printing of frontal polymerized gels offers a promising
solution for repeatable, scalable, and sustainable fabrication of complex 3D
thermoset structures with high precision and resolution, regardless of the
material formulation.

Results
Thermochromic dye incorporation in FROMP
The study initially explored the effect of a thermochromic dye on a well-
characterized resin used in FROMP21. The FROMP formulation comprised
three key components: (1) a ring-strained monomer, dicyclopentadiene
(DCPD), which undergoes frontal polymerization; (2) a catalyst, such as the
second-generation Grubbs catalyst (GC2), responsible for initiating the
polymerization; and (3) an inhibitor, like tributyl phosphite (TBP), used to
control the reaction rate by regulating the catalyst’s activity (Fig. 1a). The
thermochromic leuco dye was introduced into the resin to visualize the
polymerization front, changing color fromblackbelow35 °C tovibrantpink
above35 °C (Fig. 1b).DIWof these inkswasperformedusinga custom-built
printer and a real-time control environment previously described in related
studies demonstrating DIW of unique thermoset polymer resins28,30,31.
Figure 1c schematically illustrates printing of frontally polymerized
p(DCPD). Notably, the addition of up to 2 wt% dye did not affect the
thermomechanical properties, such as storage modulus and glass transition
temperature, as confirmed by dynamic mechanical analysis (DMA) (Fig.
1d). A detailed discussion of the dye’s impact on detection accuracy is
provided in the following sections.

Adaptive process control for DIW 3D printing
A high-resolution camera, mounted parallel to the extrusion nozzle, was
integrated into the printer setup to determine the front velocity (Fig. SI1). In
this study, front velocity refers to the propagation speed of the exothermic

Fig. 1 | Addition of thermochromic dye to thermosetting polymer resin for
simple polymer front detection duringDIW3Dprinting. a Frontal ring-opening
metathesis polymerization (FROMP) of DCPD [monomer], GC2 [catalyst], TBP
[inhibitor]. b Front propagation in a thermochromic dye-loaded resin, showing a

color change from black to pink. c Schematic of the DIW 3D printing system
showing FROMP curing following the printing path. d Thermomechanical
properties of pDCPD with varying thermochromic dye loadings character-
ized by DMA.
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polymerization reaction zone, which separates the fully cured thermoset
from the monomer ink. Red lights were focused on the DIW print head to
maintain constant illumination, reduce undesired reflections, and increase
contrast. This setup allowed the camera and lights to move in tandem with
the printing nozzle. Before printing, a pixel-to-mm calibration was per-
formed to ensure accurate measurement of the frontal polymerization and
printing rates. Videos were captured at a rate of 200 frames per second,
enabling precise trackingof thepropagating front.An image acquired by the
computer vision cameras during FROMP with thermochromic dye dis-
tinctly shows the difference between the extruded gel and the cured polymer
(Fig. 2a).

A Python script was used to filter the real-time images, determine the
velocity of the front, and automatically update the 3Dprinting parameters
during the printing process. A detailed workflow of the Python script can
be seen in Fig. SI2. The first step was that each frame underwent edge
detection, which transforms an image into a binary representation,
emphasizing the boundaries of objects with contrasting black and white
colors. Additionally, black-and-white thresholds for this specific system
were optimized for contrast and noise reduction. A reference point was
placed underneath the extrusion nozzle in each frame, and a region of
interest (ROI) encompassing a rectangular area of 60 × 80pixelswas set 30
pixels away fromthe reference point (Fig. 2b).An algorithm thenanalyzed
the ROI to detect a linear front based on specific criteria, including a
minimum line length (30 pixels), a maximum edge slope (15 degrees from
vertical), and a maximum gap between edges (7 pixels) to account for
unwanted reflections (Fig. SI3).

Once a linear front was detected within the ROI, the systemmeasured
the distance between the detected front and the reference point at a rate of
100Hz (Fig. 2c). Each distance measurement was recorded, and the system
then calculated the difference between the first and last valuemeasured over
half second intervals to determine the front velocity. The nozzle velocitywas
then automatically adjusted to match the measured front velocity, ensuring
the front remained at a consistent distance from the referencepoint. Because
nozzle velocity alone does not dictate material output, we employ a coupled
control scheme that synchronizes changes in nozzle velocity with propor-
tional adjustments to the extrusion rate, providing a consistent volumetric
flow. This approach mitigates the risk of under- or over-extrusion when
responding tofluctuations in the polymerization front velocity. This process
operated continuously, capturing new frames, performing edge detection
and front detection within the ROI, measuring the distance between the
front and the referencepoint, calculating the front velocity, andupdating the
nozzle velocity. A video of the system performing real-time auto-regulative
printing using this approach can be seen in SI Video 1. The system started
with a nozzle velocity of 1mm s−1; if no front was detected within a second,
the system reduced the printing velocity by 25%, allowing the lagging front
to catch up to the nozzle. This framework is crucial for automatically
printing various formulations without requiring prior knowledge of the
front velocity.

Optimizing dye loading for accurate front detection
After refining the system workflow, we evaluated the effect of thermo-
chromic dye concentration on detection accuracy. Accurate detection of

Fig. 2 | Computer vision approach for automated polymerization front detec-
tion. a Black and white still image of DIW 3D printing of p(DCPD) with thermo-
chromic dye during curing.bEdge detection processing on the region of interest and

reference point. cAutomatized front detection and distance determination for front
velocity calculation. d In situ detection accuracy for different thermochromic
loading.
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the propagating polymerization front is crucial for precise control over
the 3D printing process. Different inks were prepared with varying
amounts of thermochromic dye, and front detection accuracy during 5 s
(50 frames) of recording wasmanually verified. Positive front detections
were counted over that period, false positive readings were removed, and
the number of accurate front detections was divided by the total number
of frames to obtain an accuracy percentage. This approach exhibited a
54% accuracy for pure pDCPD thermosets as slight color changes occur
during polymerization of pure pDCPD thermosets (Fig. 2d). However,
with a small addition of thermochromic dye (0.1 wt%), the accuracy
increased dramatically to 91.33%. The accuracy reached 100% by adding
0.5 wt% thermochromic dye loading and reaching a plateau at higher
loadings. Therefore, the addition of thermochromic dye provides a clear
distinction between the extruded gel ink and the polymerized thermoset,
allowing for facile detection of the self-propagating polymerization front
during DIW 3D printing. Based on these results and the thermo-
mechanical characterization previously discussed, 0.5 wt% was deter-
mined to be the optimal thermochromic dye loading.

Influence of resin aging on front velocity and detection accuracy
Background polymerization enables the ink to reach a viscosity suitable for
DIW3Dprinting.However, as the ink continues topolymerize, it undergoes
rheological changes that can potentially affect front velocity. To understand
the influence of the evolving gel state on the accuracy of the in situ mon-
itoring system, a line was extruded every 5min from a single batch of resin
over a span of 70min (Fig. 3a). The front velocity measured by the system

was then compared to that obtained using open-source physics tracking
software. As anticipated, the results showed a decrease in front velocity over
time, attributed to monomer consumption, which reduces the residual heat
of polymerization in FROMP21. The in situ monitoring system accurately
measured front velocity during the first 55min of printing. However, after
60min, a significant increase in measurement variability was observed. We
propose that this variability is due to a phenomenon known as “sharkskin”
in the 3D-printed specimens, characterized by periodic surface irregula-
rities. Although widely studied, the exact cause of this instability remains
under debate, with a prevalent theory suggesting localized stress-induced
polymer fracture at the die exit as the ink shears against the nozzle wall
during extrusion32,33. These ridge-like irregularities cause undesired reflec-
tions, which the in situ monitoring system incorrectly identifies as front
locations (Fig. SI4). As a result, the standard deviation of front velocity
measurements increases significantly, leading to a decrease in detection
accuracy above 55min.

To further explore the versatility of the in situ monitoring system,
linear prints were performed under three different conditions: directly on a
build platform (“on-bed”), on a previously printed layer (“layered”), and in
free space without a supporting structure (“in-air”). The front velocity did
not differ significantly across these conditions (Fig. 3b). This finding is
crucial, as it demonstrates the system’s ability to accurately determine front
velocity under various conditions and maintain matching print speed
during printing of complex geometries, including in-air printing. This
capability is particularly valuablewhen support structures are impractical or
undesirable.

Fig. 3 | Automated polymerization front velocity detection and characterization
for varying print scenarios and resin formulations. a Comparison of average
velocities between the in situ monitoring system and a physics tracker. b Average

front velocities under different printing conditions. c Front velocity measurements
for various resin formulations. d Velocity comparisons across different catalyst
loadings and comonomer formulations (n = 3).
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Dynamic adjustment of printing parameters for different resin
systems
To evaluate the adaptability of the in situ process control system across
various resin formulations, catalyst loading was varied, and three comono-
mers were introduced, which were expected to alter the front velocity of
FROMP (Table SI5). A moving average was used to display the system’s
automatic front velocity tracking and the corresponding adjustments to the
printing nozzle velocity (Fig. 3c). As detailed in Adaptive Process Control for
DIW 3D Printing, the process begins with the nozzle moving at 1mm s−1,
while a soldering iron is used to initiate front propagation. Initially, a brief
decrease in nozzle velocity was observed due to the absence of a detectable
front in the ROI. The system then rapidly increased the nozzle velocity to
match the polymerization front velocity. While the extrusion rate is coupled
to the nozzle velocity, the lack of a retraction feature allows die swell effects to
form a non-uniform material reservoir. This initially leads to fluctuations in
the printing velocity (Fig. SI6).However, the system self-corrected, eventually
reachinga stable state.Maintaining anappropriate extrusion rate is critical for
ensuring a stable polymerization front.Under-extrusion reduces the volume-
to-surface area ratio of the cured thermoset, increasing heat dissipation and
raising the risk of front quenching. Conversely, over-extrusion can introduce
inconsistencies in material deposition, potentially destabilizing the poly-
merization front. The average front velocity and corresponding printing
speeds of the different inksweremeasured over 10 s of unsupported printing,
with three replicates performed for each formulation.

First, formulations with catalyst loadings of 100 ppm and 150 ppm of
DCPDwere tested. The system automatically adjusted the nozzle velocity to
match the front velocity, irrespective of catalyst concentration. Videos of the
front identificationand self-adaptiveprintingapproach for 150ppmand100
ppm inks can be seen in SI Videos 1 and 2, respectively. The front velocity
increased from1.01mm s−1 for the 100 ppm formulation to 1.36mm s−1 for
the 150 ppm formulation. The observed phenomenon of front velocity
increase with higher catalyst loading aligns with previously published data34.

Inks incorporating comonomers were printed to further demonstrate our
in situ monitoring system’s versatility. One such resin, containing 7.5mol%
of 2,3-dihydrofuran (DHF), had been reported to exhibit a slower front
velocity35. Our system measured an average front velocity of 0.65mm s−1,
closely matching the previously reported value of 0.54mm s-1.

A formulation incorporating 1,5-cyclooctadiene (COD) as a como-
nomer with DCPD was evaluated to demonstrate the system’s capability
withnovel resin compositions. Toourknowledge,CODhasneverbeenused
in a DIW process, despite its established role in modifying polymer prop-
erties when combined with DCPD6. The ratio of COD to DCPD sig-
nificantly influences both the thermomechanical properties of the polymer
and the front velocity of FROMP. Incorporating 7.5mol% COD into the
DCPD formulation reduced the front velocity to an average of 0.58mm s−1,
compared to the control DCPD formulation at the same catalyst loading.

Finally, we tested a formulation incorporating an eight-membered
cyclic silyl ether comonomer (iPrSi8), previously used as a cleavable
comonomer in p(DCPD) formulations36,37. iPrSi8 integrates into the poly-
mer network backbone, enabling efficient deconstruction at low comono-
mer loadings for future upcycling38. However, to our knowledge, iPrSi8 has
never been used in a 3D printing process. The in situ monitoring system
demonstrated effective adaptability across various resin formulations,
accurately tracking the front velocity and adjusting the printing nozzle
velocity in real-time. This capability was consistent across different catalyst
loadings and comonomers, including novel formulations, highlighting the
system’s versatility for 3D printing complex and high-performance ther-
mosets. These results emphasize the potential of this approach for future
advancements in AM and upcycling of thermosets.

Enabling complex, high-precision structures through automated
control
Finally, we evaluated the in situ monitoring system’s ability to produce
reproducible geometries across different resin systems by printing

Fig. 4 | Automated free-form 3D printing of springs using distinct FP inks which
achieve identical geometry and spring constants despite different frontal
polymerization rates. a Schematic of 3D-printed spring, highlighting the linear
section and the freeform unsupported section. b Average front velocities and

corresponding images of 3D-printed spirals using DCPD [150 ppm] andDCPD-co-
iPrSi8 inks. cCompression testing results, showing that both printed spirals achieve
the same spring constant despite differences in material composition.
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freestanding mechanical springs. A schematic of an unsupported 3D-
printed spiral with two distinct sections is shown below in Fig. 4a. Here, the
first section consists of a 17mm linear path that allows the in situ mon-
itoring system tomeasure the front velocityof the ink andadjust theprinting
parameters before printing the second, freestanding spring section.
Importantly, to maintain high dimensional accuracy throughout the
printing process, the printing nozzle velocity must match the front propa-
gation speed during FROMP, as shown in Fig. SI7 and SI Video 3.

Two different formulations with the same catalyst loading were selected
for this demonstration. Although DCPD [150 ppm] exhibited the fastest
velocity amongall the tested inks (1.36mm s−1), an almost identical geometry
was achievedusing amuch slower ink,DCPD-co-iPrSi8,whichmovedat half
the velocity (Fig. 4b). Compression testingwas conducted to demonstrate the
impressive geometric similarity between the two printed springs. The spring
constant can be calculated by fitting the slope of the linear region of the force
vs. displacement curve (Fig. 4c). Both springs presented similar values,
254.4 Nm−1 forDCPD [150 ppm] and 260.1Nm−1 forDCPD-co-iPrSi8. The
predicted spring constant based on geometry could also be calculated using
principles of spring design39, as shown in the equation below:

k ¼ Gd4

8D3na

where G represents the shear modulus of the material, d is the spring wire
diameter, D is the mean diameter of the spring, and na is the number of
active coils. The calculated values were consistent with the experimental
results, yielding a predicted value of 241.8 Nm−1 for DCPD [150 ppm] and
245.9 Nm−1 for DCPD-co-iPrSi8. These findings emphasize that the
consistency of the spring constants, regardless of the ink’s front velocity,
reflects the system’s ability to print highly reproducible geometries from
different resins. The developed in situ monitoring system successfully
adjusts printing parameters based on the ink’s front velocity, enabling the
precise fabrication of complex 3D-printed parts with varying resin
formulations. This capability demonstrates its broad applicability for any
thermoset resin system requiring adaptable front-velocity control.

Discussion
This study demonstrates the development of an in situ, computer vision-
based monitoring and control system capable of autonomously adjusting
printing parameters for DIW of thermosets undergoing FROMP. By inte-
grating thermochromic leuco dyes into the resin formulations, the system
achieves reliable real-time tracking of the polymerization front, allowing the
printer to respond dynamically to variations in front velocity. Importantly,
the inclusion of the dye was shown to have no measurable effect on the
thermomechanical properties of the final cured material yet significantly
enhanced the detection accuracy of the front.

The system’s performance was benchmarked against manual tracking
using a commercial physics tracker, confirming its high accuracy in front
velocitymeasurement. Unlike conventional FROMP-DIW approaches that
require manual tuning of printing parameters for each resin formulation,
this automated platform seamlessly adapted to a range of formulations with
varying front velocities. The utility of this approachwas further validated by
printing freestanding mechanical springs from distinct resin systems.
Despite differences in material composition and reaction kinetics, the
resulting structures exhibited nearly identical geometries and mechanical
performance, demonstrating the robustness of the monitoring and control
system. These results suggest a high degree of process repeatability, a critical
factor for translating DIW-FROMP technologies into scalable manu-
facturing applications.

Compared to existing frontal printing methods, the proposed strategy
offers several key advantages. The closed-loop nature of the system enables
continuous, real-time adjustment of printing speed and conditions in
response to environmental or formulation-based changes. The use of
thermochromic dyes provides a simple yet effective non-invasive solution
for front tracking, eliminating the need for embedded sensors or complex

instrumentation. Finally, the auto-regulative approach allows for precise
printing of intricate and complex structures from diverse resin formula-
tions. By integrating adaptive automation and removing the dependence on
formulation-specific calibration, this systemrepresents amajor step forward
in the control and scalability of frontal polymerization-based DIW. The
demonstrated framework opens pathways toward energy-efficient, on-
demand fabrication of high-performance thermosets, with potential
applications spanning aerospace, printed electronics, and robotics. Future
work may extend this platform through multi-angle imaging and more
advanced nozzle architectures, further enhancing its responsiveness and
expanding its applicability.

Materials
All reagents were obtained from commercial sources and used as
received without additional purification, unless otherwise specified.
The materials used in this study include dicyclopentadiene (DCPD,
Sigma-Aldrich) as the primary monomer in all resin formulations,
mixed with ethylidene norbornene (ENB, TCI America) to lower its
freezing point. Grubbs’ second-generation catalyst (GC2, Sigma-
Aldrich) was used to initiate FROMP. Tributyl phosphite (TBP, TCI
America) served as an inhibitor to regulate the catalyst activity and
control the reaction rate. Thermochromic leuco dye (Atlanta Chemical
Engineering) was added to the resin to enable real-time visualization of
the polymerization front during DIW. Additionally, several comono-
mers were incorporated to adjust the front velocity and properties of
the resulting polymers, including 2,3-dihydrofuran (DHF, Oakwood
Chemical), 1,5-cyclooctadiene (COD, Sigma-Aldrich), and an eight-
membered cyclic silyl ether (iPrSi8, synthesized as described
previously40,41) to create cleavable and deconstructable thermosets. All
mentions of DCPD in this manuscript refer to a 95:5 weight ratio
mixture of DCPD and ENB.

Methods
Ink preparation
GC2 (1 equivalent)was carefullyweighed into a scintillation vial andTBP (1
equivalent) was then added. Separately, DCPD, (6.67 × 10³ or 10.00 × 10³
equivalents) wasmeasured and transferred into the vial containing the GC2
and TBP mixture. The resulting mixture was sonicated for 5min to ensure
complete dissolution of the catalyst. Comonomer resins were prepared in a
similar manner, with the total monomer concentration maintained at
6.67 × 10³ (150ppm)or 10.00 × 10³ (100ppm)molar equivalents, relative to
GC2. Following preparation, the inks were incubated at 25 °C in an envir-
onmental chamber to increase viscosity and ensure stable extrusion during
DIW printing, following procedures established in prior work21,22,34,35. The
iPrSi8-containing formulation followed the same incubation process. In
contrast, COD-containing inks were first conditioned at 5 °C for 3 h to
increase viscosity and minimize the risk of spontaneous polymerization,
then transferred to a 25 °C oven for final conditioning prior to printing.
Rheological properties were qualitatively assessed via vial-tip tests42,43 and
monitored periodically to ensure consistent printability across batches.

3D printing platform
A custom-designed DIW system equipped with a real-time control envir-
onment (Aerotech A3200) was employed to position the printing nozzle in
the X-Y-Z space. A volumetric syringe pump, mounted on the Z-axis
motion stage, extruded the inks during the printing process. Printing was
carried out at room temperature onto an aluminum platform, coated with
PTFE to prevent adhesionwith the resin. Anozzlewith an inner diameter of
1.55mm was used for extrusion. The initiation of FROMP was achieved
using a soldering iron set to 400 °C to provide controlledheating and induce
polymerization of the DCPD.

Computer vision system
The computer vision system comprised a Basler Ace2 (Basler AG,
Ahrensburg, Germany) camera positioned at a 45-degree angle relative to
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the extrusion nozzle for optimal visualization of the polymerization front.
Images were captured via a CameraLink cable connected to an NI PXIe-
1088 chassis, using a PXIe-1435 Frame Grabber Module (National Instru-
ments, Austin, TX, USA). Two red lights (~650 nm) were mounted
alongside the camera tomove in tandemwith the printing nozzle, providing
consistent illumination. After image acquisition, custom computer vision
algorithms developed using open-source Python libraries were applied to
detect and measure the polymerization front, allowing for real-time
adjustments to the printing parameters.

Python-based computer vision
The front speed during the 3D printing process was calculated using a
computer vision approach developed in Python. A pixel-to-millimeter
calibration was performed using a ruler prior to testing to ensure accurate
spatial measurements. Real-time monitoring of the nozzle position was
achieved by selecting a ROI around the nozzle. Canny edge detection was
used to identify the most notable vertical line within the ROI, representing
the FROMP movement. The parameters for Canny detection, Tlower and
Tupper, were adjustedbased ondaily lighting variations, improving detection
while minimizing false reflections. Additionally, the Hough line transfor-
mation’s ‘line gap’ parameter was optimized to enhance line detection
precision. Speed and distance data were continuously logged for analysis
and real-time process optimization. The comprehensive source code
employed in this research is shown in Fig. SI8.

Accuracy detection calculation
The accuracy of FROMP line detection during the printing process was
evaluated using a multi-step procedure. Initially, the true position of the
polymerization front was manually analyzed on specific frames from each
video recording, providing a reference for comparison. The computer vision
system then automatically detected the polymerization front in the same
videos. Detection accuracy was determined by comparing the system’s
results to themanuallymarked reference,measuring the difference between
the two. This process was repeated across various dye concentrations (0%,
0.1%, 0.5%, 1%, and 2%byweight), with three video recordings analyzed for
each concentration to ensure a comprehensive evaluation of the detection
system.

Pot life study
In the pot life study, we aimed to determine the duration over which the
DCPD-based ink remained viable for DIW 3D printing and to assess the
system’s ongoing ability to detect the polymerization front. To do this, we
printed a single line of pDCPD every 10min, continuing until the ink
exhibited noticeable degradation, including higher viscosity, reduced bed
adhesion, and sharkskin defects (SI4). We ended the experiment once the
in situmonitoring system could no longer reliably locate the polymerization
front. By monitoring ink consistency, printability, and detection accuracy
over time, this approach offered a comprehensive view of the DCPD ink’s
pot life and the robustness of our printing setup.

Physics tracker
To evaluate the accuracy of the real-time front velocity tracking software
developed in this study, we utilized Tracker (https://physlets.org/tracker/),
an open-source video analysis andmodeling tool formanual tracking of the
polymerization front. Videos of the printing process were recorded, and a
10-s segment from each printed line in the pot life studywas analyzed frame
by frame to determine the front velocity profiles, providing a benchmark for
comparison with the in situ monitoring system.

Effect of printing conditions
We assessed the impact of different printing conditions by testing three
distinct scenarios: direct printing on the print bed, printing atop a
previously printed DCPD layer, and an air-printing setup. For each
condition, three lines of DCPD were printed, allowing the poly-
merization front to reach a steady state, ensuring consistency across all

tests. This standardized approach enabled accurate comparisons of
performance across the varied conditions, with a focus on speed sta-
bilization and material-substrate interaction. The data gathered from
these tests provided valuable insights into how different substrates
affect the printing process, particularly in relation to front propagation
and the overall stability of the material during DIW 3D printing.

Dynamic mechanical analysis (DMA)
The thermomechanical properties of pDCPD samples were evaluated using
DMAon a TA Instruments RSAG2 equippedwith torsion grips in ambient
conditions. Standard TypeV dogbone samples with a gauge length of
7.62mm, a width of 3.18mm, and a thickness of 4mm were subjected to
dynamic loading at a frequency of 1Hz. The strain amplitude was set at
0.5%.The temperaturewas increased linearly at a rateof 3 °Cmin−1, starting
from 50 °C up to 250 °C. Data were analyzed and exported using TA
Instruments Trios v5 software.

Compression testing
Compression testingof the3D-printed springswasperformedonan Instron
(Norwood, MA, USA) 5564 Universal Testing Machine. Each spring was
carefully alignedbetween the compressionplates to prevent off-axis loading,
and testing took place at room temperature under displacement control,
with the crosshead moving at 1mmmin−1. Force and displacement data
were continuously recorded throughout the test, allowing accurate analysis
of the mechanical response.

Data availability
All data supporting the findings of this study are available within the
manuscript and its Supplementary Information. The datasets generated and
analyzed during this study are available from the corresponding author
upon reasonable request.

Code availability
The code used in this study is shown in Fig. SI8. A copy is also available from
the corresponding author upon reasonable request.
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