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significant challenges remain for rapid 
fabrication of complex structures with 
high strength, stiffness, and thermal 
stability. High-speed printing of com-
plex, high-resolution structures has been 
achieved through photocuring,[13,14] but the 
thermomechanical properties are often 
inferior to thermally cured counterparts. 
DIW is an extrusion-based technique 
highly suitable for 3D printing thermally 
cured thermosets with excellent proper-
ties.[15] The ability to add reinforcing fibers 
and particles further enhances the engi-
neering properties of DIW materials.[16,17] 
However, the inherent viscoelasticity of 
DIW inks invariably leads to creep and 
slumping of deposited structures, espe-
cially gap-spanning features, often lim-
iting the size and geometrical complexity 
of the manufactured part.[11,18–20] More 
recently, Qi and co-workers combined 
light- and thermal-curing resins to enable 

rapid initial solidification by photocuring followed by thermal 
post-curing to achieve desired engineering properties.[21,22]

An alternative printing approach for thermoset resins relies 
on frontal polymerization (FP) during DIW to enable rapid 
curing of printed structures in tandem with the printing pro-
cess.[23] FP is initiated by a thermal or photo stimulus, trig-
gering an exothermic cure front that propagates by transport of 
heat and continued reaction in the monomer. During FP-DIW, 

The ability to manufacture highly intricate designs is one of the key advantages 
of 3D printing. Achieving high dimensional accuracy requires precise, often 
time-consuming calibration of the process parameters. Computerized feed-
back control systems for 3D printing enable sensing and real-time adaptation 
and optimization of these parameters at every stage of the print, but multiple 
challenges remain with sensor embedment and measurement accuracy. In 
contrast to these active control approaches, here, the authors harness frontal 
polymerization (FP) to rapidly cure extruded filament in tandem with the 
printing process. A temperature gradient present along the filament, which is 
dependent on the printing parameters, can impose control over this exothermic 
reaction. Experiments and theory reveal a self-regulative mechanism between 
filament temperature and cure kinetics that allows the frontal cure speed to 
autonomously match the print speed. This self-regulative printing process rap-
idly adapts to changes in print speed and environmental conditions to produce 
complex, high-fidelity structures and freestanding architectures spanning up to 
100 mm, greatly expanding the capabilities of direct ink writing (DIW).
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1. Introduction

Capabilities for additive manufacturing of thermoset poly-
mers and composites have grown significantly over the past 
two decades. Although many thermoset components such as 
microfluidic devices,[1–4] reaction vessels,[5–7] and soft robots[8–12] 
have been successfully fabricated by stereolithography, digital 
light processing, inkjet printing, and direct ink writing (DIW), 
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a monomeric ink is cured by the self-sustaining reaction front 
upon extrusion. Concurrent polymerization of the filament 
during extrusion enables layer-by-layer as well as free-form 
DIW. Freestanding thermoset structures with high strength, 
stiffness, and glass transition temperature are fabricated 
without any postcure. Like other DIW methods, reinforcing 
fillers can be incorporated into the ink to produce functional 
composites.[24–27]

Coordinating deposition speed to the cure kinetics during 
FP-DIW is a challenging optimization problem. In our ini-
tial study,[23] the cure front was thought to be independent of 
the printing process and the print speed needed to match the 
front speed at all times, severely limiting the process. While 
processing maps or models can guide the selection of optimal 
printing parameters, [18,20,21,28–34] this open-loop calibrate-then-
print approach is only efficient for simple print geometries. The 
printing of complex geometries requires continuous closed-
loop feedback between cure kinetics and deposition speed 
while accounting for all relevant parameters in a dynamic work-
space.[35] Current strategies to achieve closed-loop feedback 
during printing rely on a combination of sensors to receive 
real-time process information and artificial intelligence (AI) to 
compute and implement corrections. Closed-loop feedback has 
led to reported improvements in printing precision,[36–40] mini-
mization of defects,[41,42] and the ability to print accurately on 
moving surfaces.[43,44] To date, the correction times for most of 
these computerized systems are relatively slow, of the order of 
10 s,[35] and the use of sensors generates additional challenges 
pertaining to their accuracy and embedment. While closed-loop 
feedback is effective at improving issues of inconsistent quality, 
its use is absent in 3D printing platforms due to multiple 
implementation difficulties.

Here, we demonstrate the self-regulative control of FP-DIW 
through the inherent coupling of the frontal curing and deposi-
tion processes, without the need for sensors or AI. Contrary to 
our earlier study, we find that the Arrhenius reaction kinetics 
(dependence of the polymerization front on initial resin tem-
perature) of the curing reaction is coupled to the printing 
mechanics, creating a self-regulatory mechanism that synchro-
nizes the front speed to the nozzle printing speed automatically 
and enabling printing of high fidelity, complex architectures 
that are not accessible through other DIW approaches. We also 
model the underlying thermo-chemical processes key to the 
speed-regulating mechanism to predict and better understand 
the dynamic front response.

2. Results and Discussion

The FP-DIW process is summarized in Figure  1a. A gelled 
monomeric ink is stored at a temperature of about −5  °C in 
a chilled ink barrel and is extruded through a printhead. As 
filaments are deposited on a heated print bed, the available 
heat initiates a self-propagating cure front along the filament. 
The ink barrel is kept at −5  °C to mitigate background poly
merization, minimize changes in the ink rheology, and extend 
working time. The cold metal nozzle also consistently quenches 
the reaction front, eliminating clogging issues in the nozzle 
and providing a convenient way to terminate a print path.

For the ink, we exploit the frontal ring-opening metathesis 
polymerization of dicyclopentadiene (DCPD; Figure  1b),[45–47] 
although FP has been demonstrated in other thermoset-
ting resins such as epoxies,[48–50] polyurethane,[51,52] and poly-
acrylates.[53,54] Gradual gelation of the DCPD resin is achieved 
through the addition of a ruthenium catalyst ([Ru]) and a tributyl 
phosphite (TBP) inhibitor to the DCPD resin.[23] After sufficient 
time, a partially cured, viscoelastic gel is formed (Figures  S1 
and S2, Supporting Information) with the requisite rheology for 
printing. As shown in Figure  1c, the DCPD ink exhibits shear 
thinning necessary for controlled extrusion.[55–58] The filament 
retains its extruded shape for several seconds before deforming 
(Figure S3, Supporting Information). The time scale associated 
with filament relaxation must be longer than the cure time to 
ensure fidelity of the printed shape. The gelled DCPD ink takes 
20 s to completely relax at the ambient print temperature of 20 °C 
(Figure  1d), which is sufficient since the front typically catches 
up with the printhead within 5 s. The ink rheology at the barrel 
temperature (−5 °C) is also shown in Figure  1c,d for complete-
ness. High extensibility of the ink is also desirable to prevent fila-
ments from rupturing when stretched or bent, especially when 
free-form printing with no support structures.[59,60] As annotated 
in Figure  1e, the extensional failure strain of our DCPD ink is 
≈1200%. This remarkable strain-to-failure is attributed to the rel-
atively high molar mass of the ink and resulting polymer chain 
entanglements (Figure S1b, Supporting Information).

Upon printing a single filament on a print bed heated to 
≈100 °C, we tracked the exothermic front using IR imaging. A 
representative IR image is shown in Figure 2a. When the speed 
of the nozzle, Vprint, is set to 1.2 mm s–1, the propagating front 
decelerates from about 1.7 to 1.2 mm s−1 (Figure 2c; Video S1, 
Supporting Information). Increasing the print speed Vprint to 
2.6 mm s−1 while keeping all other process parameters (temper-
ature of heated substrate and extrusion flow rate) unchanged 
causes the polymerization front to accelerate and then stabilize 
to the prescribed print speed (Figure 2d; Video S1, Supporting 
Information). This self-regulative behavior of the cure front was 
observed over the range 1.2 mm s−1 ≤ Vprint ≤ 3.0 mm s−1.

Computational modeling of the coupled reaction-diffusion 
relations that govern FP[23,61] predicts that the front speed 
increases with the initial temperature of the gel (solid curve 
in Figure  2b, details provided in Supporting Information 
Section  S3.3). To verify the dependence of front speed on 
the gel temperature, we also measured two additional para
meters: the length L of the uncured filament, i.e., the distance 
between the nozzle and the polymerization front, and the gel 
temperature Tgel at the arrival of the front (Figure 2a). The rela-
tionship between Tgel and Vfront was also obtained empirically 
(symbols and dashed curve in Figure 2b).

The self-regulative front speed is due to a mechanism 
similar to closed-loop feedback but based on the filament 
heating from the print environment and temperature depend-
ence of the front speed. When the front travels faster than 
the nozzle (Vfront  > Vprint), the front gets closer to the nozzle 
(i.e., L decreases) toward the cooler regions of the filament. 
As the front encounters gel filament of lower temperature, 
the cure front decelerates, as shown by the decrease in Vfront 
in Figure  2c. In contrast, if the front propagates slower than 
the printing nozzle (Vfront < Vprint), it increasingly lags behind 
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the nozzle (i.e., L increases), retreating to a higher temperature 
region of the deposited filament. Due to the monotonic rela-
tion between front speed and gel temperature in Figure  2b, 
the falling back of the front subsequently leads to front accel-
eration, as depicted in Figure 2d. Continuous readjustments of 
the front-nozzle distance due to front acceleration/deceleration 
creates a self-restoring dynamic that allows the front speed to 
progressively self-correct toward Vprint in both situations.

The self-regulating process is thus the result of a reaction-dif-
fusion process that links the front speed to the temperature of 
the gel, the progressive heating of the deposited material over 
the length L of the uncured filament (Figure  S5, Supporting 
Information), and the kinematics that describes the time evolu-
tion of L. In its simplest form, the model can be schematically 
described by Figure 3. In addition to the monotonic Tgel–Vfront 
relation shown in Figure 2b, the model involves the following 
expression for the evolution of L:

L L V V dprint front

t

0
0∫ τ= + −  	 (1)

where L0 is the initial value of L when the polymerization front 
is initiated. The progressive heating of the deposited gel due to 
both conduction and convection can be modeled by

T T T T
h

c D
tgel exposeexp

4
d

pρ
( )= − − −





∞ ∞ 	 (2)

where Td is the deposited temperature at extrusion, T∞ is the 
surrounding temperature, h is the equivalent heat transfer 
coefficient between the filament and environment, ρ and cp 
respectively denote the density and specific heat capacity of 
the gel, and D is the filament diameter. texpose, defined as the 
exposure time to the print environment, can be simplified 
as L/Vprint. The derivation of the Equation  (2) is provided in 
Supporting Information Section  S3.2. As reflected in the red 
curves in Figure 2c,d, this simple model captures well the front 
deceleration and acceleration as well as the stable plateau at 
Vfront  = Vprint. Good agreement is also obtained between pre-
dicted and measured values of Tgel and L, further validating the 
proposed mechanism.

Figure 1.  Frontal-polymerization-enabled DIW process for thermoset polymers. a) Schematic of cure front propagation during extrusion of gelled 
ink from the chilled printhead (−5 °C). The heated print bed (≈100 °C) initiates a self-propagating front, enabling the printing of complex structures.  
b) Chemical scheme for gelation of DCPD monomer into a printable ink and the frontal polymerization during DIW. c–e) Key rheological properties for 
printing ink include c) shear-thinning flow, d) a moderate relaxation behavior, and e) a high extensional failure strain (failure is indicated by the arrow).
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The natural coupling of the frontal response to the printing 
speed is further demonstrated for the case of alternating print 
speeds in Figure  2e. The front rapidly senses changes in the 
printing conditions and adapts its behavior through accelera-
tion or deceleration. The front responds within 1  s when L is 
small (≈2  mm), but the response time is extended to 4  s for 
larger values of L (≈7  mm) due to a longer catch-up distance 
for the front. The evolutions of Vfront, L, and Tgel along with 
the different response times are well reproduced by the tran-
sient model. Considering that heat is transferred from the 
surroundings to the filament, the temperature of the heating 
bed sets the upper limit for Tgel and, thereby for Vfront. The key 
element to replicating the self-regulative mechanism is the 

Arrhenius-type reaction kinetics (i.e., the dependence of front 
speed on the material temperature), which has been reported 
for a number of frontally polymerizing materials.[62–66] There-
fore, we anticipate the self-regulative mechanism observed here 
for DCPD resin will likely occur in other frontally polymerizing 
thermosets, provided that the environment temperature is suit-
ably controlled within the active temperature range for FP.

Similar to many self-regulating engineering systems, the 
FP-DIW process demonstrates an inherent resilience to 
changes in external conditions.[67–71] Lowering the ambient 
temperature (T∞) should lead to a decrease in front speed,[61] yet 
we observe that the system is able to self-correct in response to 
different T∞ values, similar to the response to changes in Vprint. 
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Figure 2.  Experimental demonstration and modeling of the self-regulative mechanism during FP-DIW. a) Representative IR snapshot during the 
printing process. The speed of the print nozzle is set at Vprint and Tgel is the temperature of the gel measured just behind the cure front, which moves at 
speed Vfront and lags behind the nozzle at distance L. The dashed white line indicates the location of the top edge of the print bed. b) Vfront as a function 
of the initial temperature of the gel. Horizontal error bars represent standard deviation from the mean (n ≥ 4), while vertical error bars are negligibly 
small. Self-regulative response to c) constant Vprint = 1.2 mm s–1, d) constant Vprint of 2.6 mm s–1, and e) for variable Vprint. The imposed value of Vprint 
is denoted by the solid black line in the top row figures. The symbols and red curves respectively denote the measured and predicted evolution of the 
Vfront (top row), L (middle row), and Tgel (bottom row).
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As T∞ is decreased from 100 to 60 °C, an initial front decelera-
tion is observed (Figure S7, Supporting Information), followed 
by a self-correction to equilibrate the front speed once again to 
the print speed. A similar self-correction was captured during 
the transition between printing on heated support and printing 
in midair (Figure S8, Supporting Information). Adapting to var-
iable thermal conditions is advantageous since environmental 
temperature may change during the printing process.

The self-regulating front produces prints with excel-
lent quality. The printed pDCPD filaments are fully 
cured (α   =  0.98), exhibiting a high Young’s Modulus 
(E  = 1.9  ±  0.1  GPa) and yield strength (σy  = 51.8  ±  1.7  MPa) 
(Figure  S9 and Table  S2, Supporting Information). The pro-
duction of high-fidelity structures requires minimal sagging 
deformation along the viscoelastic uncured portion L of the 
filament.[28] Choosing print speeds that maintain L at ≈4 mm 
or less enables free-form printing of complex curvilinear fea-
tures without support. The printed overhanging beams in 
Figure  4a and cantilevers in Figure  4b exhibit cross-sections 
with high circularity. No viscoelastic sag is observed during 
the printing of the filaments (Video  S2, Supporting Infor-
mation), and the tip-end deflections for the cantilevered fila-
ments compare well with predictions obtained for linearly 
elastic Euler-Bernoulli cantilever beams (Figure  4c,d). These 
load-supporting filaments easily spanned across a 100  mm 
gap. This is a significant advance over prior reports of DIW 
that produced a maximum of 20  mm spans.[19,21,28,31,59,74] The 
minimum filament diameter is currently limited to ≈400  µm 
due to quenching of FP from heat loss in thinner filaments. 
Smaller filaments could be achieved by printing at a higher 
ambient temperature or using alternative resins with greater 
exotherms and heat release rates, such as exo-DCPD.[72] More-
over, printing at variable speeds (while keeping the material 
extrusion rate constant) will cause the filament to stretch and 
potentially enable control of diameter on-the-fly.[73]

To further demonstrate the capabilities of FP-DIW, we fab-
ricated several complex free-form structures that are difficult 

to produce using conventional DIW (Figure 4e–g). The Fermat 
spiral in Figure  4e showcases the ability to create precise cur-
vatures in midair. Deviations between the toolpath and printed 
structure are minimal (Figure  S10, Supporting Information). 
Restricting L (L ≤ 4 mm)[28,32] aligns the filament better with the 
curvature tangents and results in precise curvatures (Figure S11, 
Supporting Information). As the print speed increases, keeping 
L large would lead to poor shape replication; a failed specimen 
is shown in Figure  S11b in the Supporting Information. The 
rapid deceleration of the print head brings the front even 
closer to the nozzle and translates to even smaller values of 
L (≈1  mm). Momentarily pausing the print nozzle creates the 

Figure 3.  Algorithm for the computational model. The model connects 
physical parameters L, Tgel, and Vfront together into a reciprocating loop. 
L, Tgel, and Vfront continuously adjust when Vfront ≠ Vprint until the value of 
Vfront reaches an equilibrium with Vprint.

Figure 4.  FP-DIW of freestanding architectures. a) Overhanging beams 
(with diameter D = 1 mm) were printed across 20, 40, 60, 80, and 100 mm 
spans in the absence of supports (Vprint = 1.0 mm s–1). Inset shows the 
circular filament cross-section. b) Representative printed cantilever beam 
(Vprint = 1.1 mm s–1), with the black solid line outlining the edges of the 
support ledge. Measured tip-end deflection δ (symbols) and prediction 
from Euler-Bernoulli beam theory (solid curve) as a function of c) printed 
cantilever beam length for a 1  mm filament diameter, and d) filament 
diameter for a cantilever beam length of 100 mm. Error bars represent the 
standard deviation from the mean (n ≥ 3). Examples of complex features 
printed with FP-DIW: e) cantilevered Fermat spiral (Vprint = 1.3 mm s–1),  
f) cantilevered star (Vprint = 1.0 mm s–1), g) spider created by a combination 
of free-form and layer-by-layer FP-DIW (1.3 mm s–1 ≤ Vprint ≤ 1.8 mm s–1). 
All structures are fabricated on a 100 °C print bed.
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corner features shown in Figure  4f. As a final demonstration 
of the printing ability, we built a spider spanning over 80 mm 
in width (Figure 4g). The spider legs were printed first before 
constructing a body layer-by-layer directly on top of the legs 
(Figure S12, Supporting Information).

3. Conclusion

In this work, we have demonstrated the direct ink writing 
of complex structures enabled by self-regulating print speed 
under varying conditions and excellent dimensional stability 
of the rapidly cured filaments. The mechanism behind self-
regulative front behavior is analogous to a closed, continuous 
feedback loop, enabling the front to sense the printing con-
ditions and rapidly correct its front speed to match the pre-
scribed print velocity. Unlike computerized control systems 
used with other printing processes, the coupled feedback 
effects in FP-DIW are integrated in the underlying physics. 
A computational model was developed to better understand 
the self-regulating behavior and capture the influence of key 
process parameters. FP-DIW readily produces high-fidelity 
free-form and layer-by-layer features with excellent mechan-
ical and thermomechanical properties. This expansion of 
printing capabilities can be combined with a diverse palette 
of ink fillers to induce tunable functionality in sophisticated, 
tailored architectures.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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