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ABSTRACT: Volumetric additive manufacturing (VAM) is an emerging
vat photopolymerization technology that boasts improved fabrication
speeds, material isotropies, and surface finishes. However, as VAM is only
compatible with highly transparent polymer resins, it is extremely
challenging to fabricate composites, since it involves the use of resins
that contain light-scattering fillers. In this work, we circumvent the
transparency criterion by synthesizing the fillers in situ post-fabrication,
thus enabling the fabrication of composites using VAM. To demonstrate
the versatility and utility of our approach, we converted Xolography-
printed hydrogels into magnetic and conductive hydrogel composites with
filler weight fractions of up to 65 wt %. We further show that filler growth
can be spatially controlled, which enables the fabrication of multimaterial structures. This work presents a facile strategy for
the VAM of functional composites and multimaterial structures, which could pave the way toward the fabrication of previously
impossible devices and smart materials.

Over the past decades, vat photopolymerization (VP)
� a family of additive manufacturing (AM)
techniques that utilizes spatial photopolymerization

of a liquid resin in a vat to achieve the fabrication of 3D
structures1 � has emerged as an important technology for the
fabrication of functional materials and devices.2−8 VP
techniques such as stereolithography and digital light
processing printing have gained popularity, as they are
inexpensive, offer high print resolutions9 and print speeds,10

and are compatible with a variety of materials.11−15 However,
as these technologies utilize a layer-by-layer fabrication
approach, they are limited in the range of photoresin viscosities
that they can accommodate,16,17 and the printing speeds,18

surface finishes,19,20 and material isotropies21 that they can
achieve.
Volumetric additive manufacturing (VAM), a recently

developed VP technology, has the potential to address these
limitations.22,23 Unlike layer-by-layer VP processes, VAM
techniques directly polymerize the desired structures within
the volume of the vat, using either a tomographic24−30 or dual-
wavelength approach,31−34 allowing for structures with
smoother surfaces and improved material isotropy. From a
materials standpoint, VAM enables the use of highly viscous
resins17,35−38 and the fabrication of ultrasoft polymers,39−42

which significantly expands the range of achievable polymer
properties.43 However, as VAM requires the precise delivery of
light throughout the entire vat, it is largely only compatible

with highly transparent resins. Consequently, the fabrication of
composites with VAM is challenging, as the inclusion of fillers
within the resin results in significant light scattering, leading to
unsuccessful fabrication.27,44 Fillers that have a low refractive
index mismatch with the resin45 and/or are much smaller than
the wavelength of light46 can reduce the issue of light
scattering during VAM, but they do not fully eliminate the
problem, especially at higher filler loadings. More importantly,
these mitigation strategies severely limit the range of
composite compositions and properties achievable with VAM.
In this study, we report a facile and versatile strategy for the

VAM of hydrogel composites with tunable filler weight
fractions. Inspired by prior research on the synthesis of
biomineralized hydrogels,47,48 we developed a hydrogel
infusion process that enables the in situ synthesis of fillers
within VAM printed hydrogels, effectively transforming them
into composites. Importantly, because these fillers are only
introduced post-fabrication, the challenges associated with
particle-induced light scattering during printing are completely
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circumvented, allowing us to utilize routine VAM processes for
composite fabrication. To demonstrate the versatility of our
approach, we show that hydrogels fabricated using Xolog-
raphy31 can be converted into multifunctional composites.
As shown schematically in Figure 1, 3D “blank” hydrogels

fabricated with Xolography (Figure 1a) are first soaked in a
metal salt solution to infuse them with the desired metal ions.
The metal-ion-infused hydrogels are then immersed in a
solution containing precipitating agents, which induce the in
situ precipitation of metal-containing nanoparticles within the
hydrogel (Figure 1b). By controlling the infusion-precipitation

parameters and the number of infusion-precipitation cycles, the
composition and amount of fillers in the composite can be
precisely tuned, allowing for tailored material properties.
Similar to hydrogel infusion additive manufacturing (HIAM)
technology,49 our composite fabrication process enables a
single resin formulation to be used for the fabrication of a
variety of composites.
To demonstrate the simplicity and utility of our approach,

we first grew magnetic iron oxide nanoparticles (IONPs)
within Xolography-printed poly(ethylene glycol) diacrylate
(PEGDA)-based hydrogels. Iron oxide was chosen as our

Figure 1. a) Operating principle of Xolography: polymerization occurs only at the intersection of the UV-light sheet and the visible light
projection. b) Schematic of the hydrogel-to-composite transformation process. Xolography-fabricated hydrogels are first infused with metal-
ion precursors and subsequently infused with precipitating agents to initiate the in situ precipitation of nanoparticles within the hydrogel.
The infusion-precipitation process can be repeated to tune the volume fraction of the nanoparticles within the composite.

Figure 2. a) Optical images of the “blank” PEGDA-based hydrogel (left: in cuvette and after development), iron-infused hydrogel (middle),
and iron oxide nanoparticle (IONP) hydrogel composite (right). b) Mass increase in the hydrogel as a function of the number of IONP
synthesis cycles. c) EDS line scan of an IONP composite cross section (five cycles, 30 °C). Iron was detected throughout the cross section of
the structure. d) Histogram of IONP sizes measured from SEM images taken from cross sections of an IONP composite (five cycles, 30 °C).
The average particle size was 38 ± 13 nm (N = 554).
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model material since a) IONP synthesis is well established,50

b) magnetic hydrogels can function as remote actuators,51,52

and c) IONP-polymer composite resins are currently
incompatible with VAM due to the significant index of
refraction mismatch between IONP and most polymers. The
IONP were synthesized in situ via the ammonia-induced
coprecipitation of Fe2+ and Fe3+ salts.53 In brief, the as-printed
hydrogels were first immersed in an aqueous solution of FeCl2
and FeCl3, and then in a 30% ammonia solution to transform
them into IONP composites (Figure 2a).
Since the mass of iron salts infused into the hydrogel is

proportionate to the mass of IONP synthesized in situ, we
investigated how the infusion conditions impacted the loading
of metal salts within the hydrogel. As expected, increasing the
concentration of iron salts in the infusion solution led to a
proportionate increase in the mass of iron salts within the
hydrogel (Figure S1a). Based on these results, a solution of 1.5
M FeCl2 and 2.7 M FeCl3 was chosen due to solubility issues
at higher concentrations. Similarly, increasing the infusion
temperature and time increased the loading of iron salts in the
hydrogel (Figure S1b). However, given the acidic nature of
these iron salt solutions, prolonged immersion at high
temperatures resulted in surface pitting and damaged the
hydrogels, making them difficult to handle. As such, we utilized
an infusion temperature and time of 60 °C and 120 min,
respectively. At these infusion conditions, we observed a mass
increase of 70% while still qualitatively maintaining the
integrity of the hydrogel.
We next investigated the relationship between the

coprecipitation conditions and the mass of IONPs grown in
situ (Figure S1c). A mass increase of approximately 25% was
observed across all combinations of the tested coprecipitation
temperatures (30 °C or 60 °C) and times (5, 10, or 15 min),
with no significant differences between them, suggesting that
the coprecipitation of IONP was completed within 5 min.
Unsurprisingly, we noticed an increase in the extent of surface
pitting and the formation of cracks with longer exposure to
ammonia (Figure S2a,b), likely due to the base-catalyzed
hydrolysis of the acrylic esters in the polymer. Since the
coprecipitation temperature would likely affect the crystallinity
and properties of the in situ synthesized IONPs, we conducted
the coprecipitation process at 30 °C or 60 °C for 5 min to
assess its impact (vide inf ra).
Unlike conventional composite resins, where the weight

fraction of the filler is fixed, our in situ synthesis approach
allows us to continuously modify the composite composition
by repeating the infusion-coprecipitation process (Figure 1b).
Using the previously optimized reaction conditions, we
observed an approximately linear increase in composite mass
with the number of infusion-coprecipitation cycles (Figure 2b).
After five growth cycles, composites with 60−65 wt % IONP
(depending on the coprecipitation temperature) were
obtained. This is notable as the VAM of composites with
such high filler fractions of non-index-matched fillers, such as
IONP, is often challenging to achieve; Agrawal et al. showed
that significant print inaccuracies already occurred when resins
with >0.5 wt % of stainless-steel microspheres (1−22 μm)
were used.44 To date, the only way to print with non-index-
matched fillers is to use extremely small nanoparticles. San̈ger
et al. achieved ZrO2 loadings of 70 wt % by using 5 nm
nanoparticles. However, even with such small ZrO2 particles,
the transmittance of their resin at 405 nm was still <60%.46 It is
worth mentioning that even for index-matched fillers, such as

SiO2 (40 nm), only loadings <60 wt % (See SI Discussion 1 for
wt % calculations) have been achieved since light scattering
becomes a challenge above that.45,54,55 The high fill fractions of
non-index-matched fillers in our composites highlight the
utility of our in situ synthesis approach.
However, the in situ growth of fillers in the hydrogel is also

accompanied by an isotropic expansion of the structure. Linear
expansions of 5.3 ± 1.1, 15.5 ± 0.4, and 20.6 ± 1.9% were
observed after 1, 3, and 5 cycles of IONP growth, respectively
(Figure S3). This behavior was expected since the fillers grew
within the free volume of the polymer. As the volume fraction
of fillers increases, the polymer network expands to
accommodate them, leading to a progressively larger increase
in the volume of the structure. This linear expansion has to be
taken into consideration when fabricating composites with
precise dimensions; the VAM-fabricated hydrogel structures
need to have slightly smaller dimensions to compensate for the
expected expansion during the composite conversion process.
Changing the in situ synthesis conditions (vide inf ra) and the
composition of the polymer will impact the degree of
expansion observed, but this is outside the scope of this
study (SI Discussion 2).
We further observed that there was a limit to the number of

infusion-coprecipitation cycles that could be conducted on our
hydrogels; samples subjected to more than five growth cycles
at a coprecipitation temperature of 60 °C exhibited noticeable
cracking and were fragile. This relationship between the
number of growth cycles, reaction temperature, and the extent
of damage was expected given the degradation caused by the
acid-and base-catalyzed hydrolysis of the polymer and the
internal stresses generated during IONP growth. Considering
these results, only composites fabricated using one (30 °C and
60 °C), three (30 °C and 60 °C), or five (30 °C) in situ growth
cycles were investigated further.
To determine the distribution and size of the IONP in the

hydrogel composites, we investigated cross sections of dried
IONP hydrogel composites using scanning electron micros-
copy (SEM) and energy dispersive X-ray spectroscopy (EDS).
EDS line scans indicated that iron was detected homoge-
neously throughout the beams, suggesting that the IONPs
were distributed well in the composite (Figure 2c). We
observed that particle size increased with the number of
coprecipitation cycles and with coprecipitation temperature;
IONP composites made using three cycles of coprecipitation at
30 and 60 °C had average particle sizes of 10 ± 4 and 17 ± 4
nm, respectively (Figure S4). IONP composites made using
five cycles of coprecipitation at 30 °C had average particle sizes
of 38 ± 13 nm (Figure 2d). Due to the insulating nature of the
polymer matrix, the small size of the IONPs, and the
challenges associated with magnetic nanoparticle imaging,56

we were unable to accurately discern the sizes of the IONPs
made with less than three growth cycles.
The magnetic properties of the dried IONP composites were

measured by using a vibrating-sample magnetometer (VSM)
(Figure 3a). As expected, increasing the mass of IONPs in the
composites led to an increase in their magnetic properties.
Composites fabricated at higher temperatures had a marked
increase in their magnetization despite having a similar amount
of IONP in the hydrogel (Figure 2b). For example, three-cycle
composites fabricated at 30 and 60 °C exhibited magnet-
izations of approximately 5 and 15 emu/g, respectively, at 15
kOe. The increase in magnetization was likely due to the
slightly improved crystallinity of the IONPs at higher
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temperatures (Figure S5). We further observed that
coprecipitation temperature, instead of growth rounds, played
a much larger role in the composite magnetic properties; 1-
cycle composites fabricated at 60 °C had similar magnetic
properties as 3-cycle composites fabricated at 30 °C.
Considering that the 1-cycle composites exhibited lower linear

expansions (∼5%) than their 3-cycle counterparts (∼15%)
(Figure S3), these results suggest that optimizing the reaction
conditions to enhance filler properties could be a strategy to
mitigate structural expansion.
Given the increased risk of damage to the hydrogel matrix

with higher coprecipitation temperatures and growth cycles
(Figure S2c-d), we examined the impact of coprecipitation
conditions on the compressive mechanical properties of the
composites (Figure 3b). Compared to the dried “blank”
polymers, all of the dried composites showed a significant
increase in their compressive strength, increasing with the
number of particle growth cycles. However, the strain at the
onset of structural failure increased and then decreased with
the number of growth cycles (Figure S6, Table S1). For
example, the three-cycle and five-cycle composites fabricated at
30 °C had a maximum compressive stress of 2.52 ± 0.13 and
3.87 ± 0.39 MPa and an onset of structural failure strain of
0.24 ± 0.01 and 0.16 ± 0.01, respectively. For comparison, the
“blank” polymer had a maximum compressive stress and onset
of structural failure strain of 0.03 ± 0.01 MPa and 0.17 ± 0.02,
respectively. We postulate that the increase in failure strain
resulted from the softening of the polymer matrix due to the
hydrolysis of cross-links during infusion and coprecipitation,
which outweighed the stiffening effects of the IONPs.
However, as the wt % of IONP increased, the stiffer IONP
played a more dominant role in the composite, leading to a
decrease in the structural failure strain. Nanoindentation of the
dried composites and polymers confirmed that their difference
in mechanical properties arose due to the presence of IONP in
the composites (Figure S7). The mechanical properties of the
IONP composites were observed to be stable over a period of
7 days in water (Figure S8, Table S1, and Supporting
Information Discussion 3). Increasing the coprecipitation
temperature was observed to be detrimental to the mechanical
properties of the composites. Composites fabricated at 60 °C

Figure 3. a) Hysteresis loops (measured by VSM, 300 K) and b)
representative engineering stress−strain curves (measured in
compression) of dried IONP composites fabricated at varying
temperatures and number of infusion-coprecipitation cycles.

Figure 4. a) Optical images of a “blank” hydrogel (left) and a silver hydrogel composite (right). b) Optical image of a dried silver hydrogel
composite (one in situ synthesis cycle) closing a light-emitting diode circuit. c) Mass increase (left y-axis, black) and resistivity (right y-axis,
red) of the dried Ag hydrogel composites as a function of the number of in situ silver synthesis cycles. d) EDS line scan of an Ag composite
cross-section (two cycles). Silver was only detected within 60 μm of the surface.
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exhibited a larger variance in their maximum compressive
strength, likely due to the increase in defect density (Table
S1). Taken together, although higher coprecipitation temper-
atures improve the magnetic properties of the composite, they
appeared to negatively impact its mechanical properties.
Nevertheless, the results from our mechanical and magnetic
measurements indicate that the composite properties can be
precisely tuned with our approach.
Beyond the base-induced coprecipitation of IONP, other

nanoparticle synthesis reactions can be utilized to obtain
different functional composites. To highlight the versatility of
our approach, we fabricated conductive silver hydrogel
composites by infusing the “blank” hydrogels with a silver
nitrate solution and then reducing the silver ions into silver
nanoparticles using sodium borohydride57 (Figure 4a). The
dried Ag composites appeared silver and had a resistivity of
approximately 3 × 10−2 Ωm (Figure 4c), which was sufficiently
low to close an electrical circuit (Figure 4b). X-ray diffraction
(XRD) (Figure S9) confirmed the presence of silver in the
composite, validating the success of the in situ reduction
reaction. The mass of silver in the Ag hydrogel could be
increased by repeating the silver infusion-reduction cycle,
which resulted in a concomitant decrease in its resistivity
(Figure 4c); after two cycles of silver growth, the Ag
composites exhibited a resistivity of approximately 1 × 10−3

Ωm. The resistivities of the two-cycle Ag composites remained
stable even after exposure to water or air for 7 days (Table S2,
Supporting Information Discussion 3). We further observed
that there was a limit to the number of in situ silver synthesis
cycles that could be conducted on the composite structures
with significant cracking occurring beyond two cycles of silver
growth. We postulate that this was due to the internal stresses
generated within the composite from the formation of silver,
H2 gas, and the other byproducts during the sodium
borohydride reduction process. Interestingly, EDS line scans
of dried Ag composite cross sections revealed a core−shell
microstructure, with silver only present within 30 and 60 μm of
the surface for the one-cycle and two-cycle composites,
respectively (Figure S10 and Figure 4d). The size of the silver
nanoparticles in the two-cycle Ag composites, as determined
from the SEM images (Figure S10), was approximately 148 ±
78 nm. A possible explanation for the inhomogeneous growth
of silver is the rapid kinetics of silver nanoparticle formation as
compared to IONP. As sodium borohydride rapidly reduces
metal ions, it is possible that it is unable to diffuse far into the
volume of the structure, as it is rapidly being consumed by the
counter-diffusing silver ions. The mechanism of the Ag shell
formation is currently a subject of a future study. These results

suggest that core−shell composites can be fabricated with our
approach, which is not only impossible with conventional
composite resin approaches but could also potentially allow for
more efficient placement of functional fillers.
Thus far, we have demonstrated only the repeated in situ

synthesis of particles with the same composition. However, by
changing the composition of the metal salts used during the
reinfusion process, composites with multiple fillers can be
fabricated. By combining both the IONP and Ag composite
synthesis protocols, we fabricated IONP-Ag composites by first
conducting three cycles of IONP in situ growth, followed by
one cycle of Ag growth. The IONP-Ag composites appeared
silver but still maintained their magnetic properties, as
observed by our ability to manipulate them using an external
magnet (Figure 5a, Video S1). Consistent with our previous
results, EDS line scans of the dried IONP-Ag composite cross
sections revealed a core−shell microstructure, with iron
distributed homogeneously throughout the beam and silver
only present within 30 μm of the surface (Figure S11). These
results highlight our ability to fabricate multifunctional
composites using our infusion-precipitation approach.
Finally, our in situ synthesis approach also enables the

fabrication of multimaterial structures. Since the fillers are only
grown under specific reaction conditions, their formation can
be spatially controlled by selectively initiating the (co)-
precipitation reactions. To demonstrate this, we printed
springs and pendulums and selectively grew IONP in the
structure to enable remote actuation with an external magnet
(Figure 5b-c; Videos S2 and S3). Spatial growth was achieved
by precisely infusing selected areas of the structure with the
iron-ions before immersing the entire structure into the
ammonia solution (see Methods section in the SI).
In both demonstrations, the ability to spatially control the

IONP distribution enabled precise actuation of the structures.
For example, with the pendulum structure, by growing the
IONP only within the pendulum joint, we were able to use an
external magnet to rotate that joint without lateral translation
of the entire structure (Figure 5b). Similarly, by confining
IONP growth to the top plate of the spring, actuation was
driven exclusively by the movement of the top plate with no
contribution from the rest of the structure (Figure 5c). These
examples illustrate how spatial control of filler growth can
enable multimaterial fabrication and highlight its potential in
enabling previously challenging behaviors. Beyond the IONP-
composites and hydrogel multimaterial structures shown here,
our approach can be extended to fillers of different
compositions and also combined with more precise spatial
growth methods, such as light-induced precipitation,58−60 ion-

Figure 5. a) Magnetically responsive IONP-Ag hydrogel composites. Magnetic actuation of a multimaterial b) pendulum structure and c)
spring fabricated via spatial control of IONP growth.
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transfer printing,61,62 or inkjet printing of the reagents.63,64 We
expect that the development of more precise spatial growth
methods will help to reduce polymer degradation during the
fabrication process. Currently, our multimaterial fabrication
approach exposes the entire structure to ammonia, even in
regions that do not contain metal-ions, which could result in
unwanted polymer degradation. However, given the mild
ammonia reaction conditions (10 min, room temperature,
three cycles), no noticeable degradation was observed in the
metal-ion free regions of the hydrogel.
In summary, we present a facile method for the VAM of

functional hydrogel composites. Unlike current approaches
that focus on maximizing resin transparency in composite
resins, we circumvent the transparency criterion by synthesiz-
ing the functional fillers in situ post-VAM. Our approach
enables the fabrication of composites with tunable filler weight
fractions, reaching up to 65 wt % in our IONP-composites.
Additionally, we demonstrate the versatility of our post-
fabrication in situ synthesis approach; composites with different
fillers can be fabricated by modifying the in situ synthesis
reactions used. Furthermore, by spatially controlling the
infusion-precipitation process, we also demonstrate the
fabrication of multimaterial structures. Importantly, our work
highlights the utility of post-fabrication transformation
approaches, where a single resin composition is used to
fabricate a variety of different materials. In doing so, we
simplify the typically tedious and highly iterative resin design
and formulation process associated with VP. Although this
work only presents structures fabricated with Xolography, the
approach can easily be translated to other VP techniques where
transparency is key, such as in multiphoton lithography. It is
important to note that a limitation of our current approach is
that only a limited number of in situ synthesis cycles can be
conducted on the polymer due to degradation during the
infusion and coprecipitation process. This limits the mass of
functional fillers that can be grown and, by extension, the
properties of the composites. Moving forward, we expect that
the use of polymers that are more resistant to hydrolysis
compared with polyacrylates, such as polyamides, will mitigate
polymer degradation and enable higher filler loadings. In
addition, these polymers could increase the long-term stability
and durability of the composites in acidic and basic
environments, which would expand their application window.
Nevertheless, the demonstrated capability to fabricate
composites with VAM technology is a significant advancement
in the state of the art and could enable the fabrication of
previously inaccessible functional materials and devices. We
anticipate that our findings will have a direct implication in
fields where composite materials are necessary, from
biomedical devices to sensors.
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