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Fiber-reinforced polymer composites are lightweight structural materials
widely used in the transportation and energy industries. Current approaches
for themanufacture of composites require expensive tooling and long, energy-
intensive processing, resulting in a high cost of manufacturing, limited design
complexity, and low fabrication rates. Here, we report rapid, scalable, and
energy-efficient additive manufacturing of fiber-reinforced thermoset com-
posites, while eliminating the need for tooling or molds. Use of a thermo-
responsive thermoset resin as the matrix of composites and localized, remote
heating of carbon fiber reinforcements via photothermal conversion enables
rapid, in-situ curing of composites without further post-processing. Rapid
curing and phase transformation of the matrix thermoset, from a liquid or
viscous resin to a rigid polymer, immediately upon deposition by a robotic
platform, allows for the high-fidelity, freeform manufacturing of dis-
continuous and continuous fiber-reinforced composites without using sacri-
ficial supportmaterials. Thismethod is applicable to a variety of industries and
will enable rapid and scalable manufacture of composite parts and tooling as
well as on-demand repair of composite structures.

Despite the increasing use of fiber-reinforced polymer composites
(FRPCs) across multiple industries for the development of lightweight
structures, the conventional manufacturing methods for composites
still remain lengthy, inflexible, labor-intensive, energy-inefficient, and
cost-prohibitive1–3. A major drawback of present composite manu-
facturing methods is the need for complex tooling for every new part
design, which can take up to several months to produce based on
traditional manufacturing and can account for more than 30% of the
final product cost4,5. In addition, it might be quite challenging, or even
impossible, to develop tooling for the manufacture of composite
structures with complex geometries6,7. Production of a composite part
using the developed tooling will then involve sustained, bulk heating
of the material (and tooling) for several hours until the matrix ther-
moset resin of the composite is cured, leading to slow and energy-

intensivemanufacturing processes. Additivemanufacturing (AM), also
known as 3D printing, is promising for addressing the inefficiencies
associated with conventional composite manufacturing and enabling
rapid, flexible, and cost-effective custom manufacturing of FRPC
structures6. Additive manufacturing of FRPCs requires automated
deposition or placement of fully integrated constituents along desig-
nated paths, accompanied by rapid phase transformations of the
matrix polymer for high-fidelity fabrication of high-quality structures
in the absence of tooling surfaces and at ambient conditions. Current
methods for the AM of FRPCs, using discontinuous or continuous
fibers, primarily rely on themelt processing of thermoplastic polymers
or photopolymerization of thermoset resins as the matrix polymer of
composites8–15. While the AM of thermoplastic-matrix composites has
garnered attention for its ease of processing and potential
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recyclability, most of the thermoplastic polymers employed in AM are
unsuitable for structural applications, mainly due to their limited
mechanical properties, thermal stability, and creep resistance16,17. In
addition, the high melt-viscosity of thermoplastics presents a chal-
lenge in creating composites with a high concentration of fiber rein-
forcements (>50 vol%) while maintaining a low void content (<2 vol%),
restricting the performance of produced composites18–21. In contrast,
photocurable thermoset resins with substantially lower viscosities
facilitate the AM of composites containing a high volume-fraction of
fiber reinforcements. However, the low penetration depth of the
incident light (ultraviolet or visible) caused by the screening effect of
nontransparent fillers or reinforcements leads to partial and nonuni-
form curing of the matrix resin, limiting the print fidelity and printing
speed and requiring hours of post-curing at elevated temperatures in
size-limiting ovens22–28. While thermally curable thermosets, like those
used in traditional composites, are ideal polymers for theAMof FRPCs,
adoption of such resins in AM technologies has been hindered by their
long cure cycles and flow-induced instabilities during high-
temperature curing processes29–32. Direct ink writing (DIW) of highly
thixotropic inks or reactive extrusion of thermoset resins reinforced
by discontinuous fibers have been previously used to mitigate the
processing issues of thermoset resins8,33,34. These approaches, how-
ever, are mostly suitable for manufacturing simple 2D geometries and
cannot easily be used with continuous fibers. Additive manufacturing
of continuous fiber-reinforced thermoset composites has been
demonstrated by capillary-driven impregnation of fibers and in-situ
thermal curing via Joule heating35. This approach similarly produces
low-fidelity composite partswith a simple geometry, cannot beapplied
to the AM of discontinuous FRPCs, and has limited processability and
printing speeds due to the requisite wicking effect. Frontal poly-
merization (FP) has been recently introduced as a promising curing
strategy for 3D printing of discontinuous and continuous fiber-
reinforced composites by in-situ curing of the matrix thermoset
resin through a self-propagating chemical reaction36–39. While the self-
sustaining, FP-assisted 3D printing is promising for freeform

manufacturing of composite structures, its practical application is
limited by the low front velocities of the FP chemistries (<10 cmmin-1),
reaction quenching caused by heat losses through boundaries, and
difficulties in maintaining a high frontal reactivity in the presence of a
high concentration of fillers or reinforcements36,40–42. It is thus desir-
able to develop robust AM techniques for the high-quality manu-
facture of thermoset-matrix composites for use in aerospace, space,
marine, energy, automotive, and biomedical applications.

Here, we present an AMmethod for rapid, tool-free production of
high-quality thermoset-matrix composites by in-situ, immediate ther-
mal curing of composite materials. Use of a rapid-curable, thermo-
responsive thermoset resin along with a local photothermal stimulus
mounted on the printhead of a robotic platform allows for on-demand
rigidization of carbon fiber composites on existing surfaces or in
midair. By tuning the cure kinetics and rheological profiles of the resin
system, we demonstrate the AM of FRPCs using both discontinuous
and continuous carbon fibers. Systematic experimental studies are
performed to understand the effect of various processing parameters
on the printability of the composite materials and guide the design of
reliable AM processes. This method offers rapid, scalable, and
resource-efficient custom manufacturing of custom FRPC structures
while eliminating the need for tooling and post-curing steps, and can
be applied to a variety of rapid-curable polymer resins, reinforcement
types, and thermal stimuli.

Results and Discussion
Additivemanufacturing of composites via in-situ photothermal-
assisted curing
Our approach for the AM of FRPCs is predicated on the use of rapid-
curable, thermoresponsive thermoset resins as the matrix phase of
composites coupled with local heating of the composite material
immediately upon deposition by a robotic platform (Fig. 1a). Here, the
ring openingmetathesis polymerization (ROMP) of dicyclopentadiene
(DCPD) in the presence of a second-generation Grubbs’ catalyst and
phosphite inhibitor (Fig. 1b) is used to develop thermoresponsive

Fig. 1 | Additivemanufacturingofcompositesvia photothermal-assistedcuring
of thermoresponsive resins. a Schematic representation of the additive manu-
facturing process. Localized photothermal heating of the composite material
immediately upon deposition by a robotic platform allows for high-fidelity printing
of composites on solid substrates and in midair. b Scheme of the ROMP of the
thermoresponsive DCPD resin system using a second-generation Grubbs’ catalyst

(GC2) and tributyl phosphite inhibitor (TBP). c The tunable viscosity and cure
kinetics of DCPD resin enables additive manufacturing of composites using dis-
continuous and continuous carbonfibers.dPhotothermal responseof dry and resin-
impregnated carbon fiber tows (tow size = 3000) as the laser beampasses a point of
interest on the fiber tow at a scanning rate of 1.5mmin−1. e Laser power density
should be adjusted when decreasing the printing speed or using various tow sizes.
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resins for composite AM. The tunable viscosity of this resin system,
ranging from a low-viscosity liquid resin to a viscous gel, is ideal for
developing newprocessingmethods for the AMof both discontinuous
and continuous fiber-reinforced thermoset composites (Fig. 1c). The
resulting polymer, polydicyclopentadiene (pDCPD), is a high-
performance crosslinked thermoset with a good combination of
high modulus and strength, thermal stability, impact resistance, frac-
ture toughness, and chemical resistance while having a low density,
cure shrinkage, and moisture absorption43–46. These attributes make
pDCPD an ideal polymer for use in structural applications.

On-demand, in-situ curing and phase transformation of the matrix
resin in high-fidelity AMof FRPCs requires rapid, localized heating of the
deposited material during the printing process. While a variety of
external energy sources can be used to supply the requisite thermal
energy for composite curing, we use photothermal conversion for con-
trolled, energy-efficient heating and curing of the deposited material at
high heating rates. Photothermal conversion has recently been demon-
strated for localized initiation of frontal polymerization using carbon
particles47,48; however, these approaches either exhibited low heating
rates (initiation reaction times >10 s)when ahigh-power (outputpower =
25W), wide-spectrum light source was used or required a complex,
expensive laser system (titanium:sapphire laser), rendering their use in
AMprocesses impractical. Forefficientphotothermal energyconversion,
the good absorption property of carbon fibers49 is exploited here to
convert the energy of an incident monochromic blue laser light (wave-
length = 450nm) to heat within a local zonewithin 100–200ms (Fig. 1d).
The laser diode used in this study is compact, low power (4.5W), and
inexpensive, making it suitable for integration on robotic systems and
continuous, rapid heating of composite materials during printing. The
generated heat then rapidly increases the temperature of the sur-
rounding resin through conduction by leveraging the high thermal
conductivity of carbon fibers. Previous studies on the frontal curing of
the DCPD resin system indicate that it rapidly and fully cures at tem-
peratures ranging from 200 °C to 240 °C50,51. For effective heating of
carbon fiber composite filaments, we aim to increase the temperature of
the composite filament to ~220–240 °C by tuning the laser parameters
(i.e., power density, scan speed) while ensuring that the entire width of
the filament is covered by the laser beam. Printing studies with a resin-
impregnated continuous carbon fiber filament (tow size = 3000) using
the 4.5Wblue laser diode (power density =0.53Wmm-2) reveals that the
maximum scanning speed for achieving the target cure temperature is
~1.5mmin-1 (Fig. 1d, e). The reduction in the peak temperature of the
photothermal profile of the resin-impregnated fibers comparedwith dry
fibers in Fig. 1d is attributed to the increased thermal mass and heat
absorption by the matrix resin. Heating larger diameter carbon fiber
filaments requires increasing the projected diameter of the beam, thus
decreasing the laser power density and necessitating lower scan speeds
to reach the same target temperature. The observed linear relationship
between power density and scan rate for reaching the target cure tem-
perature (Fig. 1e) provides a valuable insight for scaling the appropriate
printing speed for curing composite filaments of various sizes. Thus,
higher heating rates and allowable scanning (printing) speeds can be
expected using a laser source with a higher output power.

The integration of the thermoresponsive DCPD thermoset resin
with the rapid photothermal heating of carbon fibers in the AM pro-
cess enables unprecedented manufacturing of discontinuous and
continuous carbon fiber-reinforced composites and addresses short-
comings of the conventional manufacturing methods and commercial
AM processes.

Additive manufacturing of discontinuous carbon fiber-
reinforced composites
We primarily focus on the AM of discontinuous carbon fiber-
reinforced composites to demonstrate the ability to in-situ cure and
rigidize the matrix polymer resin and assess its cure behavior and

properties under various printing conditions. Unlike continuous
FRPCs, in discontinuous FRPCs fibers do not provide the composite
with continuousmechanical integrity, facilitating the study of polymer
properties and the effect of the resin curebehavior onprint quality and
composite performance. In the AMofdiscontinuous carbon FRPCs, we
useDIWto extrude composite inks through aprinting nozzle, followed
by in-situ curing of the ink via photothermal conversion (Fig. 2a, b).
Printable inkswith a shear-thinning behavior for easyflow through fine
printing nozzles are prepared by staging and partially curing the DCPD
resin to create a viscoelastic gel36,52 and adding 15 vol% ofmilled carbon
fibers (unless otherwise specified) (Fig. 2d). Maintaining the ink tem-
perature at −5 °C during printing minimizes the background poly-
merization of the ink and facilitates access to an extended processing
window with a relatively constant ink viscosity for a reliable, repro-
ducible printing process (Fig. S1). Rapid photothermal heating and
curing of the composite ink via a laser source mounted on a robotic
platform allows for freeform printing of overhanging composite fila-
ments at high printing speeds (up to 1.5mmin-1), while eliminating the
need for support materials commonly used in AM processes (Fig. 2a).
Thermal infrared imaging of the printing process demonstrates the
rapid increase in the temperature of the composite ink at the focused
laser spot (Fig. 2b). Opticalmicrograph in Fig. 2c exhibits the void-free
and highly circular cross-section of a printed composite filament.

We examine the effect of various processing parameters on the
printability of the composite material by printing straight filaments
and measuring the degree-of-cure of the resulting composites using
differential scanning calorimetry (DSC). Filaments printed using noz-
zles with an inner diameter,Di, ranging from0.6mm to 1.6mmexhibit
a similar, high degree of cure (ranging from 96% to 98%), indicating
successful, rapid heating and curing of filaments of various sizes at
high printing speeds (i.e., 1.5mmin-1) (Fig. 2e). Slightly higher degrees
of cure can be achieved by reducing the printing speed while com-
mensurately decreasing the laser power density (Fig. 2f). At lower
printing speeds, the generated heat is transferred more evenly across
the cross-section of the filament, resulting in amore uniformcuring. In
contrast, increasing the print speed to 2mmin-1 and higher results in
insufficient heating and low cure temperatures using this particular
laser source, preventing the rapid cure of the composite material. We
surmise that higher printing speeds can be achieved using laser sour-
ces with a higher output power or a spatially aligned array of multiple
laser sources. Our experimental studies also reveal that the con-
centration of carbon fibers does not significantly affect the photo-
thermal conversion and cure rate of composite inks (Fig. 2g).
Decreasing the carbon fiber content from 15 vol% to 5 vol% has a
minimal impact on the degree of cure in the printed composites,
suggesting that carbon fibers can effectively convert the incident
electromagnetic energy and transfer the generated heat within the
filament at various concentrations. In the absence of carbon fibers, the
neat DCPD ink does not heat in response to the incident laser beam,
leading to unsuccessful printing (Movie S1). The insights gained from
these experimental studies are used to 3D print various composite
structures based on freeform (unsupported) (Fig. 2h, i) or layer-by-
layer (Fig. 2j) printing strategies on a room-temperature glass sub-
strate. These parts are printed using a single continuous print path,
without any interruptions in the printing process. Following the
printing, the composite parts are fully cured and do not need any post-
curing steps (Movie S2). The bracket structure in Fig. 2k illustrates an
example part printed using a combination of the two strategies, where
thefirst layer, consistingof four adjacent paths isfirst printedusing the
freeform printing strategy and then the second layer is printed on top
of the first layer, serving as a support (Movie S3). This structure is
printed in 100 s using only 0.45 kJ of thermal energy, reducing the
curing energy bymore than four orders ofmagnitude compared to the
traditional, oven curing of a similar part made of an epoxy-based
composite (estimated energy consumption of 6912 kJ based on a 6 h

Article https://doi.org/10.1038/s41467-025-59848-2

Nature Communications |         (2025) 16:4691 3

www.nature.com/naturecommunications


cure cycle in a small, laboratory-scale convection oven with an inner
volume of 66 L and energy consumption of 0.32 kW at 150 °C). Fur-
thermore, continuous deposition of the composite ink along 3D
printing paths allows for orienting fibers along the filament length in
3D space (images ①-③ in Fig. 2k), providing out-of-plane fiber orien-
tation and 3D reinforcement in the printed structure. It is worth noting
that in conventional AM methods, fiber orientation is predominantly
restricted to a two-dimensional (2D) configuration, as materials are
typically deposited layer-by-layer, inherently constraining the orien-
tation and reinforcement capabilities of fibers within the printed
layers53,54.

The mechanical performance of the additively manufactured
composites is evaluated by performing flexural tests on beam speci-
mens printed with print paths either parallel or transverse to the
longitudinal axis of the beam. For comparison, three control samples
are also prepared and tested similarly. The control cast sample is
prepared by manually pouring the composite ink in a mold and bulk
curing in an oven. Other control samples are prepared by printing (i.e.,
depositing) the composite ink directly in the mold either in parallel or
transverse directions without in-situ curing, followed by transferring
the mold to the oven for bulk curing. The flexural modulus and
strength of the tested samples are compared in Fig. 3a. The samples
printed parallel to the beam axis, whether cured in-situ or in oven,
exhibit the highest flexural modulus and strength, which is attributed

to the high alignment of carbon fibers along the printing direction and
obtaining the maximum possible reinforcement. In contrast, the
samples prepared by printing transverse to the beam axis exhibit
inferior flexural properties compared to other samples, due to the
orientation of fibers normal to the loading direction and lack of rein-
forcement from fibers along the beam axis. For both the parallel and
transverse samples, the in-situ cured samples have comparableflexural
modulus to control samples prepared by depositing ink into the mold
and bulk curing in an oven; however, in-situ cured samples exhibit
slightly lower flexural strength compared with oven-cured counter-
parts, indicating the effect of the interface formed during the printing
process on the flexural strength of printed composites. The cast
samples exhibit higher flexural strength and modulus than the trans-
verse samples but lower than the parallel samples, due to the random
orientation of discontinuous fibers compared to the aligned fibers in
the in-situ and oven-cured printed samples. Short beam shear (SBS)
tests are performed on samples printed parallel to the beam axis and
cured in-situ or by oven to further evaluate the role of interfaces
formedby curing in-situ. Comparable SBS strengths of 13.57 ± 1.47MPa
and 13.46 ± 0.50MPa are obtained for oven- and in-situ-cured samples,
respectively. However, the failure modes differed between the in-situ
specimens, which failed in shear and/or tension, and the oven-cured
samples, which failed only in tension, rendering the SBS analysis
inconclusive. The absence of shear failure in oven-cured samples

Fig. 2 | Additive manufacturing of discontinuous fiber-reinforced composites.
a, b Digital and infrared thermal images, respectively, from freeform printing of a
composite filament (printing speed = 1.5mmin-1). The linearity of this filament is
estimated by calculating the root mean square deviation, RMSD, from the planned
straight line as 0.028mmover the overhang length. cOptical micrograph from the
cross-section of the filament printed in a. The cross-section exhibits a circularity of
95.7%.d Shear-thinning behavior of the composite ink containing 15 vol% of carbon
fibers. e Degree of cure of filaments printed using various nozzle diameters at a

printing speed of 1.5mmin−1. f Degree of cure of filaments printed at various
printing speeds using a nozzle with an inner diameter, Di, of 1.6mm. g Degree of
cure of filaments printed with inks containing various concentrations of carbon
fiber. Error bars in e-g represent standard deviation from the mean (n = 2).
h–k Examples of composite parts printed using freeform and/or layer-by-layer
printing strategies at a printing speed of 0.5mmin−1 and using a nozzle with an
inner diameter of 1.6mm. Images ①-③ in k show the fiber orientation in three
regions of the printed part. Scale bars represent 200 μm.
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supports the attribution of reduced flexural strength to layer inter-
faces in in-situ-cured samples.Webelieve improvedflexural properties
could be realized for in-situ-printed samples via inkmodification, such
as the addition of antioxidants or by forming interpenetrating polymer
networks32,55–57.

Dynamicmechanical analysis (DMA)measurements performedon
prepared samples show similar viscoelastic behavior between in-situ
and oven-cured samples (Fig. 3b). Samples prepared by depositing
fibers parallel and transverse to the beam axis have the highest and
lowest storage moduli, respectively, following a trend similar to the
flexural testing results. In-situ and oven-cured samples behave simi-
larly with comparable storage moduli, reinforcing the minimal impact
of the curing method on the part modulus. Furthermore, all samples
exhibit a similar glass transition temperature (Tg), ranging from
159.8 °C to 163.3 °C, determined from the peak of tan(δ) curves in DMA
measurements, indicating successful curing and crosslinking of com-
posite specimens using both in-situ and oven-curing approaches.

Additive manufacturing of continuous carbon fiber-reinforced
composites
The ability to immediately in-situ cure the matrix thermoset resin of
composites by photothermal conversion also enables the high-fidelity
AM of continuous FRPCs containing a high concentration of carbon
fiber reinforcement. For the AM of continuous FRPCs, the printing
process is slightly modified to allow for controlled placement of
uncured composite material along a given print path, followed by
immediate photothermal curing and rigidization similar to the AM of
discontinuous FRPCs. A continuous carbon fiber tow is impregnated

with the resin on the printhead of a robotic platform, fed through a
dispensing nozzle, and placed along the print path by adjusting the
angle of the dispensing nozzle and/or using a compaction roller
(Fig. 4a). The laser beam is focused on the fiber tow at a small distance
(~3–5mm) from the edge of the nozzle or roller to immediately cure
the material and maintain the print geometry. Owing to the low, and
relatively stable, viscosity of the resin system at room temperature
(Fig. 4c), a high concentration of continuous fibers can be readily
impregnated with the resin and fed thorough a nozzle with a slightly
larger diameter than that of the impregnated tow. By tailoring the ratio
of the fiber tow diameter to the inner diameter of the dispensing
nozzle, we additively manufacture continuous FRPCs with high
volume-fractions of carbon fibers, ranging from 50 vol% to 70 vol%
(Fig 4b, S2). Additionally, the easy impregnation of fibers with resin
and controlled compaction of the composite material results in com-
posites with little to no void content (0 to 1.5 vol%), which is quite
challenging to achieve using other composite AM methods.

In-situ thermal curing of continuous carbon FRPCs results in fully
cured composites with degrees of cure exceeding 95% (Fig. 4d, e).
Adjusting the laser power density based on the findings presented in
Fig. 1e allows for high-speed printing of fully cured continuous carbon
fiber composites, with speeds of up to 1.5mmin-1 (Fig. 4d). Additionally,
our AM process can efficiently heat and cure composites with varying
filament diameters by printing composite filaments with different tow
sizes while adjusting the printing speed, laser spot size, and power
density (Fig. 4e). Figure4fdepicts ahigh-aspect-ratio (aspect ratio=750)
composite beam printed in midair along a straight path, which can
maintain its straight geometry with minimal deflection under self-
weight, owing to its fully cured matrix and high fiber content.

In marked contrast with conventional AM approaches, our AM
method does not require detailed control over the substrate or sur-
rounding air temperature, facilitating the scalable manufacturing of
composite structures. Multilayer continuous FRPC structures are
easily printed on room-temperature glass substrates by automated
placement and rapid photothermal curing of the impregnated fibers
(Fig. 4g–i; Movie S4). Figure 4i shows an example part printed in a
single step over 8 h. By contrast, manufacturing the same part using
conventional methods would take several days or weeks and involve
multiple processing steps, including fabrication of dissolvable tooling,
manual layup and vacuum bagging of the composite material, curing
the part in an autoclave or oven for several hours, removing the part
from the layup, and dissolving the tooling in either aqueous or non-
aqueous solvents. Therefore, our AM approach simplifies the manu-
facture of custom composite parts by reducing the manufacturing
time, eliminating the need for multiple processing steps and con-
sumables, andminimizing manual intervention, ultimately resulting in
faster production and lower costs. In addition, controlling the place-
ment and compaction of fibers allows for fabricating composites with
minimal inter-tow void formation (Fig. S3). Tensile tests performed on
unidirectional printed and control cast composite samples (fiber
volume fraction, Vf = 51.4% for both samples) reveal similarmechanical
performance, where a modulus of 106.7 ± 9.2 GPa and 110.7 ± 18.9GPa
and strength of 1.48 ± 0.10GPa and 1.66 ± 0.15 GPa are obtained for
printed and cast samples, respectively. Additional characterization
through short beamshear (SBS) testing is required to fully evaluate the
material’s properties; however, further process development is nee-
ded to produce specimens that conform to ASTM standards for shear
failure.

We also demonstrate freeform, out-of-plane AM of continuous
FRPCs while maintaining the minimal void content in composites as
the print path transitions from a solid substrate into air (Fig. 4j). Large-
scale, freeformprinting of composites between various surfaces is also
enabled using a 6-axis robotic arm (Fig. 4k, Movie S5). After printing a
straight path on a glass substrate, the printhead moves off the tool
plate to reach another substrate positioned 50cm horizontally and

Fig. 3 | Characterization of discontinuous carbon FRPC samples. a Flexural
modulus and strength of composite beams prepared by printing and in-situ curing
the ink in parallel or transverse to the longitudinal axis of the beam. Three control
samples are also considered. The cast sample is prepared by manually pouring the
ink in amold, followedbybulk curing in anoven. For the twoother control samples,
the ink is printed in the mold, in parallel or transverse to the beam axis, without in-
situ curing; the mold is then transferred to the oven for bulk curing. All samples
contain 15 vol% of discontinuous carbon fibers. Error bars represent standard
deviation from the mean (n = 3). b Storage modulus and glass transition tempera-
ture, Tg, of printed and cast samples determined by dynamic mechanical analysis
(DMA) measurements. Error bars represent standard deviation from the
mean (n = 3).
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20 cm vertically away from the original substrate (Fig. 4k(i.)). The
printing process continues on the new substrate, following a curvi-
linear path (Fig. 4k(ii.)), and then proceeds to print another straight
line inmidair to reach a third substrate positioned at a similar distance
(Fig. 4k(iii.)). This demonstration illustrates successful printing of
continuous fiber composites along a continuous 1.8-meter path,
including in-plane curvatures and non-planar angles, on various sub-
strates and in midair in 204 s.

In summary, we have developed an additive manufacturing
method for rapid, flexible, and energy-efficient fabrication of fiber-
reinforced thermoset composites by synergistic integration of ther-
moresponsive thermoset resins and remote heating of carbon fibers
enabled by photothermal conversion. We demonstrate freeform and
layer-by-layer additive manufacture of both discontinuous and con-
tinuous fiber-reinforced thermoset composites without controlling the
substrate and surrounding air temperatures, which are necessary in
most AM techniques, while eliminating the need for further post-curing

in an oven. Controlled placement and curing of composite materials
using our AM approach allows for creating composites with up to
70 vol% of fibers andminimal void content (0-1.5 vol%) as well as out-of-
plane 3D orientation of fibers without using any support materials,
which is challenging to achieve using other AM or conventional pro-
cessing techniques. We believe this approach is applicable to a wide
varietyof thermoresponsive resins, reinforcement scales (i.e., nanoscale
reinforcements to continuousfibers), and reinforcementmaterials (e.g.,
aramid, glass, and basalt fibers) by selecting the appropriate electro-
magnetic radiation. As an example, AM of discontinuous aramid fiber
composite is demonstrated in Fig. S4 using the same blue laser diode
andprinting setup. Themanufacturing rates canbe further increasedby
controlling the cure kinetics of thematrix resins as well as the efficiency
and rate of energy conversion. We envision our additivemanufacturing
method will enable rapid and scalable manufacture of composite tool-
ing and complex parts, repair of existing structures, and multimaterial
printing of multiscale composites.

Fig. 4 | Additive manufacturing of continuous fiber-reinforced composites.
a Curing a composite filament in midair upon placement by a roller. b Optical
micrograph from the cross-section of a composite filament containing 70.8 vol% of
carbon fibers placed in midair using the roller (circularity = 84.0%). The scale bar
represents 100μm. c Rheological measurement of the resin at room temperature,
showing minimal change in viscosity within 2 h after the preparation of the resin.
The initial viscosity of resin is 0.5 Pa s.dDegree of cureof composite filaments (tow
size = 3000) printed at various speeds while adjusting the laser power density.
e Degree of cure of composite filaments printed using various tow sizes (printing

speed = 0.5mmin-1). Error bars in d, e represent standard deviation from the mean
(n = 2). f Image of a high-aspect-ratio (aspect ratio = 750) composite filament after
printing, demonstrating its high stiffness andminimal deflection under self-weight.
g–i Example composite parts manufactured using layer-by-layer printing and in-
situ curing strategy. The parts in g, h, and i aremade using 24, 24, and 100 layers of
fiber tows in around 25min, 30min, and 8 h, respectively. j A composite part
manufactured using the freeform printing strategy. The images in ① and ② depict
the void-free cross-sections of the part in two different regions. k Printing a com-
posite filament along a 1.8-m print path on various surfaces and in midair in 204 s.
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Methods
Materials
Dicyclopentadiene (DCPD), 5-ethylidene-2-norborene (ENB), and
second-generation Grubbs catalyst (GC2) were purchased from Sigma
Aldrich. Tributyl phosphite inhibiter (TBP) and phenylcyclohexane
(PCH) were purchased from TCI America. Milled carbon fibers (PX30;
average length = 72μm) were kindly donated by Zoltek Corporation.
Continuous carbon fibers were donated by Hexcel (AS4C fibers; tow
size: 3000, 6000, and 12,000), Toray (T700S fibers; tow size: 12,000),
and Zoltek Corporation (PX35 fibers; tow size: 50,000). All materials
were used as received without further purification.

Photothermal heating measurements
The photothermal response of dry or resin-impregnated carbon fibers
to the blue laser beam (output power = 4.5W; wavelength = 450 nm) is
determined by fixing a carbon fiber tow between two support blocks
10 cm apart and scanning the surface of the fiber tow by the laser
mounted on a tabletop robotic platform (F5200N, Fisnar). The time-
temperature profile of a fixed region of interest on the fiber tow is
measured using an infrared thermal camera (FLIR T540). The power
density of the laser beam on the fiber tow is adjusted by changing the
projected spot size of the beam at the plane of the fiber tow and
calculated by dividing the output power of the laser by the
projected area.

Preparation of the DCPD resin system
The thermoresponsive DCPD resin system is prepared by first mixing
DCPD with 5wt% ENB at 50 °C for 1 h and degassing the solution
overnight to suppress the melting point of DCPD and create a liquid
resin at room temperature. All future references to the DCPD resin
herein will refer to the 95:5 DCPD/ENB solution. For all sample pre-
parations, 7.70mg of GC2 and 2.38 μL of TBP are dissolved in 1mL of
PCH via sonication for 10min, followed by mixing the resulting solu-
tion with 12 g of the DCPD resin.

AM of discontinuous FRPCs
To prepare the inks for DIW of discontinuous FRPCs, the DCPD resin
solution is placed in an incubator oven pre-heated to 30 °C for 1 h to
increase the resin viscosity. Unless otherwise specified, 15 vol% of
milled carbon fibers is added to the staged resin and mixed using a
planetary centrifugal mixer (AR-100, Thinky USA) for 5min. The ink
is again placed in the incubator at 30 °C for an additional 20min to
create a highly viscous ink suitable for DIW. The resulting ink is then
transferred to a 10mL syringe barrel and centrifuged for 5min to
remove any air bubbles. For the study of the effect of carbon fiber
concentration on the degree of cure of printed composites, inks
containing 5 and 10 vol% of milled carbon fibers are also prepared
according to the same procedure. The control neat DCPD ink for
assessing the photothermal response and curing of the ink in the
absence of carbon fibers is prepared similarly without the final
degassing step. Following the preparation of the printable inks, the
syringe barrel containing the ink is placed inside an aluminum syr-
inge holder mounted on the three-axis gantry robot (F5200N, Fis-
nar). The ink temperature is maintained at -5 °C using two
thermoelectric Peltier coolers embedded inside the aluminum syr-
inge holder to prevent the room-temperature crosslinking of the
resin and retain the ink viscosity during the printing process. The
ink is pneumatically dispensed through various nozzles (inner dia-
meter, Di = 0.6–1.6 mm) using a high-precision dispenser (DC100,
Fisnar) under air pressures of 40–250 kPa and in-situ cured using
the blue laser diode. For the AM of objects in Fig. 2h–j, the ink is
extruded on a custom-designed rotating platform spinning at a
constant speed of 6 rpm while moving the nozzle along x and z
directions. The structures in Fig. 2h–k are printed using a printing
speed of 0.5mmin-1.

AM of continuous FRPCs
For the AM of continuous FRPCs, the freshly prepared DCPD resin
without the staging steps (as described in Section 4.3) is used to exploit
the low viscosity of the resin solution for easy impregnation of con-
tinuous fibers during the printing process. Unless otherwise specified,
AS4C fibers from Hexcel are used in the AM of continuous FRPC parts.
Continuous carbonfiber tows (tow size = 3000, 6000, or 12,000) are fed
through a syringe barrel filled with 20mL of the DCPD resin at room
temperature and placed along a desired print path using a dispensing
nozzle and/or compaction roller. As the printhead of the robotic plat-
form moves along the print path, fibers are pulled through the syringe
barrel and impregnated with the resin, and then locally cured via pho-
tothermal conversion after placement. Various nozzle sizes (Di = 0.6-
1.6mm) are used based on the fiber tow size to control the fiber volume
fraction of the printed composites. When printing on solid substrates,
the compaction roller attached to a compression spring is used to apply
10N of force on fibers to properly compact the material and minimize
void formation; however, the use of the roller is not necessary when
printing in midair. The composite parts in Fig. 4f, h, i, k, and Fig. 4g are
printed using ABB IRB 4600 and Kuka KR 6 R900 six-axis robotic arms,
respectively. The parts in Fig. 4h, i are printed on a robotic turntable
working collaboratively with the ABB robotic arm. All other printing
studies are carried out using the same tabletop gantry robot used in the
AM of discontinuous FRPCs. The composite parts in Fig. 4f–h, k are
printed using a tow size of 12,000, a needle (for controlling the fiber
volume fraction)withan innerdiameterof 1.04mm,andaprinting speed
of0.5mmin-1. Forprinting thecurvedbafflepart in Fig. 4i,fiber towswith
a tow size of 50,000, needle diameter of 2.27mm, and printing speed of
0.2mmmin-1 are used. The composite bracket part in Fig. 4j is printed
using three tows of carbon fiber (total tow size = 36,000) fed through a
customnozzlewith an inner dimensions of 5mm× 1mmat a print speed
of 0.3mmin-1. Where necessary, the surface adhesion of the glass sub-
strate is enhanced by applying a thin layer of adhesive from a glue stick.

Rheological measurements
The rheological properties of the liquid resin and composite ink are
determinedusing aDiscoveryHR-2Rheometer (TA Instruments)with a
40mm flat geometry and a gap size of 1000μm. Steady-state flow
experiments are conducted on the composite ink at a reference tem-
perature of −5 °C at controlled shear rates ranging from 0.01 to 100 s−1

tomeasure the rheological response of the ink. Isothermal time-sweep
measurements on the liquid resin and composite ink are performed at
25 °C and −5 °C respectively at a constant strain of 0.1% and fre-
quency of 1 Hz.

Degree of cure measurements
The degree of cure of the composite samples prepared under various
processing conditions are determined by differential scanning calori-
metry (DSC) on a DSC 2500 machine (TA Instrument). Cured compo-
site specimens (5–10mg) are placed in aluminum hermetic pans,
sealed, and heated from 25 to 250 °C at a heating rate of 5 °C min-1 to
measure the residual heat of reaction (Hr). The total heat of reaction of
the resin (HT = 277.43 J/g) is also measured by performing DSC mea-
surements on uncured ink specimens (2–3mg) according to the same
procedure. Representative heat flow curves for uncured resin and
cured composite specimens are shown in Fig. S5. The degree of cure
(α) of printed composites is calculated as,

α = 1� Hr

HT
ð1Þ

Mechanical testing of composites
Three-point flexural tests are conducted on the manufactured dis-
continuous fiber composite beam specimens using an Instron 5966
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Universal Testing System equipped with a 10 kN force capacity
transducer.

The flexural strength andmodulus of printed and control samples
are determined according to the ASTM D790 standard at ambient
temperature, crosshead speed of 1.5mmmin−1, and span length of
52mm. Bar specimens with dimensions of 65mm × 12mm × 3mm are
prepared by printing and in-situ curing the composite ink (15 vol% car-
bon fibers) in parallel or transverse to the longitudinal axis of the beam
using a nozzle with an inner diameter of 1.6mm. Control samples with
the same dimensions are also prepared by either printing (in parallel or
transverse direction) or pouring the composite ink in a silicone mold,
followedby curing in anoven at 170 °C for 1.5 h. Theflexural strain, ε, on
the outer surface of the test specimens at midspan is calculated as,

ε=
6dD

L2
ð2Þ

whereD is the crosshead displacement, d is the thickness of the beam,
and L is the support span length. Flexural stress, σ, is calculated as,

σ =
3PL

2bd2 ð3Þ

where P is the applied load at the center of the beam and b is the width
of the beam. It is assumed that the beam fails at the midspan of the
beam. Flexural modulus and strength are estimated as the slope of the
flexural stress-strain curve and the maximum stress sustained by the
test specimens, respectively, according to the ASTM D790 standard.
For each sample, at least three specimens are tested.

Interlaminar shear strength of discontinuous fiber composites is
determined by short beam shear (SBS) testing following ASTM
D2344 standard. Specimens with dimensions of 17.6mm × 5.9mm ×
2.9mm are prepared by printing and in-situ curing the composite ink
(15 vol% carbon fibers) in parallel direction. Control samples are pre-
pared by printing the ink in parallel direction in a silicone mold fol-
lowed by curing at 170 °C for 1.5 h. Specimens are tested at a rate of
1mmmin-1. At least three specimens are tested for each sample. Short
beam shear strength is calculated as,

F =0:75 ×
P

b ×h
ð4Þ

where P is themaximumobserved load, b is the specimenwidth, and h
is the specimen thickness.

Dynamic mechanical analysis experiments are conducted on
printed and cast discontinuous fiber composite samples using a
Dynamic Mechanical Analyzer (DMA, Q800 TA Instruments) in a dual
cantilever mode. Thermal sweeps are performed from 30 °C to 250 °C
at 3 °Cmin-1 at a constant frequency of 1 Hz and anamplitude of 20μm.
Rectangular bar specimens with dimensions of 60mm × 12.7mm ×
3.2mm are prepared for all samples. Glass transition temperature, Tg,
is determined from the peak of the tan(δ) curve, and storagemodulus,
E’, is recorded at 30 °C. Three specimens are tested for each sample.

Tensile tests on continuous fiber composites are performed on
unidirectional printed and cast samples according to ASTM
D3039 standard with a crosshead speed of 1.85mmmin-1 on a
mechanical load frame (ATS Series 900) equipped with a 45 kN load
cell. Tensile coupons are prepared with an overall length of 250mm
and a tab length of 52mm using T700S carbon fibers (tow size =
12,000). For the preparation of printed samples, four layers, each with
three rows of fiber tows, are printed and cured in-situ at a rate of
0.5mmin-1. While printing the tensile bars, each layer is alternately
shifted along the width by half the width of the tow to minimize void
formation between layers. Control samples are prepared by placing
fiber tows into a silicone mold sandwiched between two glass plates

and cured at 170 °C for 1.5 h to create a 1-mm-thick composite panel.
The panel is then cut into 10-mm wide test coupons. End tabs made
fromG10 FR4 glass fiber/epoxy sheets are adhered to specimens using
a JB Weld adhesive. Five specimens are tested for each sample.

Optical microscopy
Optical microscopy is used to visually assess the quality of dis-
continuous and continuous FRPC parts, determine the orientation of
fibers in discontinuous FRPCs, and measure the volume fraction of
fibers in continuous FRPC parts. Microscopy specimens are cast in a
mounting epoxy resin and polished using a polishermachine. Polished
specimens are then imaged using a digital microscope (VHX-6000,
Keyence). Fiber volume fraction is determined by calculating the total
fiber area to cross-sectional area ratios using the Keyence micro-
scope’s built-in software. The circularity, C, of the cross-section of
printed filaments is determined by calculating the ratio of the area of
the filament cross-section, A, to the area of a circle with the same
perimeter, P, as C = 4πA/P2. The linearity of the discontinuous fiber-
reinforced filament printed in midair in Fig. 2a is quantified by calcu-
lating the root mean square deviation (RMSD) of the printed path
relative to the planned, straight-line path using the ImageJ software as,

RMSD=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN
i= 1ðxi � x̂iÞ2

N

s

ð5Þ

where xi and x̂i respectively represent the actual path and the
ideal line.

Data availability
Source data are providedwith this paper. Any supplementary data that
support the findings of this study are available from the corresponding
author on request. Source data are provided with this paper.
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