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Introduction

Creation of three-dimensional composite
architectures via high-intensity focused ultrasound
inside of foams¥

Chang-Uk Lee,
Andrew J. Boydston

? Jianxun Cui, Hridyesh R. Tewani, Pavana Prabhakar® and
xa.de

Free-form creation of 3-dimensional (3D) structures, such as in additive manufacturing (AM) and 3D print-
ing (3DP), typically requires a direct line-of-sight or physical contact between an energy source and a
build material. By stepping away from this equipment paradigm, we discovered a method to achieve 3D
composites inside of opaque, open-cell foams that enables unprecedented access to bicontinuous, inter-
locked composite structures. We found that high-intensity focused ultrasound (HIFU) provided efficient,
localized heating at a focal point that could be spatially controlled within a foam matrix. Foam specimens
were infused with thermally curable acrylate resin formulations, which enabled free-form creation of 3D
structures as the HIFU focal point was moved throughout the interior of the foam. The 3D structure was
created entirely based upon the toolpath, without any build plate or inherently sequenced layer-by-layer
processes. Since the foam and cured resin were mechanically interlocked in the process, HIFU curing
achieved bicontinuous composites seemingly independent of surface compatibilities between the foam
and resin. Starting with commercially available polyurethane foams, we investigated combinations with
different resin systems to achieve a range of mechanical properties from the final composite structures.
For example, using poly(ethylene glycol) diacrylate (PEGDA) resulted in stiff, hard composite domains
within the foam, whereas resins comprising 2-hydroxyethyl acrylate (HEA) led to soft, elastomeric compo-
site structures. Multimaterial composites were also achieved, simply by displacing uncured resin from the
foam and exchanging it with a different resin formulation. Control over the shape and orientation of
internal structural features within the foam scaffolds also enabled controllable anisotropic mechanical
responses from the composites.

is that the techniques require either direct physical contact or
a clear line-of-sight (optical contact) between the build

Complementary technologies for creating 3D structures, such
as different methods of additive and hybrid manufacturing,
afford vast capabilities for rapid prototyping as well as access
to unique materials combinations and multi-length scale
structural designs. Across most all approaches, a commonality
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material and the energy or deposition source being used to set
the 3D structure.'® We were intrigued by the possibility for
free-from curing of liquid resins into solid objects within an
opaque scaffold, such that resins could be cured inside of a
pre-existing structure. Such a capability could enable non-inva-
sive material synthesis inside of a living body (i.e., non-inva-
sive implants, shunts, braces, and tissue scaffolds), unique
composite structures for prostheses or orthotics, augmented
mechanical properties in modified foams, and enhanced over-
moulding capabilities in parts manufacturing. Unfortunately,
external control over the formation of 3D parts that are
internal to another object is rather limited.

Notably, high-intensity focused ultrasound (HIFU) offers
spatially resolved energy deposition that can be focused
several inches beyond an opaque surface and can achieve
mechanical as well as thermal energy transduction.’** HIFU
techniques use a monolithic spherical or parabolic transducer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to localize high power density at the focal point of the transdu-
cer. In the focal volume or area, liquid media undergo acoustic
cavitation, ultimately leading to intense localized heat (up to
5000 °C), high pressure (up to 500 atmospheres), and rapid
thermal cycling (heating and cooling rates greater than 109 K
s™1)."* HIFU has been used as a trigger in various chemical
reactions and applications. For example, HIFU can achieve
thermolysis of small molecules, which can be extended to
applications in the thermal ablation of tumour tissues.”%***>
The mechanical-to-thermal transduction from HIFU has been
used for heat-induced release of drugs or other cargo from
thermally labile carriers, such as micelles or vesicles.'®>°
HIFU is also used in mechanochemical transduction, in which
prescribed chemical transformations are realized through
induced tensile force within polymer chains. For example, Kim
et al.** reported spatiotemporal control of mechanophore acti-
in naphthopyran-embedded polydimethylsiloxane
(PDMS) and triggering of luminescent dioxetane by HIFU.
Recently, HIFU was used to pattern the thermal curing of
PDMS resins. Specifically, Habibi et al.>* reported AM of a sili-
cone resin (Sylgard 184) in focused hotspots generated by
HIFU. Inspired by the achievements enabled by HIFU, we envi-
sioned a technique that could achieve spatially resolved
thermal curing within porous bodies. In this study, we report
creation of unique 3D composites using two classes of resin,
poly(ethylene glycol) diacrylate (PEGDA) and 2-hydroxyethyl
acrylate (HEA), in commercial polyurethane foams by thermal
curing mediated by HIFU.

vation

Materials and methods

Materials, resin formulations, sample preparation

PEGDA (M, = 700 or 575 Da), HEA (96%), potassium persul-
fate, ammonium persulfate, poly(ethylene glycol)-block-poly
(propylene glycol)-block-poly(ethylene glycol) (PEG-PPG-PEG,
M, = 2900 Da) were each purchased from Aldrich and used as
received. Hydroquinone purchased from Acros.
Commercial food dyes were purchased from Amazon.com and
added to the resin solution. Deionized (DI) water was used as a
coupling fluid in a water bath and was degassed using an
ultrasonic degasser (Branson 2800) for at least 4 hours prior to
use. Polyurethane (PU) foams with open cells were purchased
from Grainger (item #5GCX4). Mylar (PET film, 0.05 mm thick-
ness) was purchased from CS Hyde Company (item #48-
2F-0C).

For a PEGDA resin solution, potassium persulfate (0.7 g,
0.5 wt%, 2.6 mmol) was dissolved in DI water (20 mL), and
then hydroquinone (0.18 g, 0.13 wt%, 1.6 mmol) was added to
the solution. The solution was stirred for 2 minutes, and then
PEGDA 700 (120 g, 6 g mL™", 85 wt%) was added to the
aqueous mixture. Three drops of a dye were then added to the
mixture, and the solution was then stirred for 5 minutes. For a
HEA resin solution, ammonium persulfate (0.75 g, 0.45 wt%,
3.3 mmol) was dissolved DI water (5 mL), and then hydro-
quinone (0.075 g, 0.045 wt%, 0.7 mmol) was added to the solu-

was
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tion. The solution was stirred for 2 minutes, and then
PEG-PPG-PEG (M,, = 2900 Da, 60 g, 36 wt%) was mixed into the
aqueous solution over 2 minutes. Then, HEA (100 mlL,
60.6 wt%) was added to the solution. Three drops of a dye were
then added to the mixture, and the solution was then stirred
for 5 minutes. After preparing the resin solutions, a cube of
PU foam (50 mm x 50 mm x 50 mm) was loaded with resin
solution by submerging the foam in the resin and then succes-
sively manually compressing and releasing the foam. The
loaded foam sample was then placed under vacuum for 15 to
30 minutes at room temperature to degas the specimen.

HIFU system and curing conditions

The HIFU system was purchased from Sonic Concepts (Bothell,
WA, USA). It is composed of a transducer (H-117) and power
supply (TPO-102). There are two modes in the H-117 transdu-
cer: the central frequency of a fundamental mode is 270 kHz.
That of a third harmonic mode is 916 kHz, which was used in
this study. The geometric focus of the H-117 is 63.2 mm and
the focal depth is 51.6 mm measured from the exit plane of
the transducer housing rim to geometric focus. We operated
with the estimate that the focal point is about 5 cm above the
transducer. The focal size is 1.76 mm (focal width) x
12.91 mm (focal length). The transducer was placed in a bath
filled with degassed DI water, which served as a coupling fluid
between the transducer and the vat. The distance between the
transducer and the bottom of the vat ranged from 4 to 5 cm.
The duty cycle of the TPO-102 power supply was 100%, and the
power used in this study ranged from 50 to 250 W. The vat was
a roughly cubic shaped container (66 mm on each side) with
steel plates (plate thickness = 3 mm) as walls. The open
bottom of the vat was sealed by a 0.05 mm thick PET film that
was glued with an epoxy adhesive to the steel walls of the vat.
The top of the vat remained open. For curing experiments, a
PU foam specimen that had been loaded with a resin solution
was placed in the vat, which was anchored to a gantry system
hanging above the transducer (Fig. 1 and video S1}). The
gantry movement was dictated by G-code and had a travel
speed of 500 or 550 mm min~" for PEGDA resins and 700 mm
min~" for HEA resins. The gantry achieved movement of the
vat (and therefore also of the foam specimen inside) while the
HIFU transducer remained in a fixed position facing up
toward the bottom of the steel vat. For curing of specific
shapes, the pattern of lines, rings, or other shapes were typi-
cally retraced 5 to 7 times at the high travel speeds. After
curing an object, the foam composite with resin was taken out
of the vat, and any remaining resin in the foam was removed
by manually squeezing it. Then, the foam composite was
soaked in water, agitated by hand while submerged in water,
and then air dried.

For multi-layers of PEGDA or multi-materials of PEGDA and
HEA, a first structure was cured by using a resin solution with
a dye. After curing a first structure from PEGDA or HEA, the
resin and foam were taken out of the vat. The unreacted resin
was removed, and the foam was washed with water. After
drying, the foam with the first structure enclosed was loaded
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Fig. 1 Picture of the HIFU curing setup and an idealized schematic for curing a feature inside of a foam structure.

with another PEGDA or HEA solution (also treated with a
different colour of dye from the first object) and then placed in
the vat. A second structure was then cured below or next to the
first one. Cylinders of PEGDA, HEA or mixtures of PEGDA and
HEA were prepared by applying HIFU at one position to the
foam soaked in a resin for 10 to 15 seconds without moving
the gantry. To cure mixtures of PEGDA and HEA, the PEGDA
resin solution was mixed with the HEA resin solution. For
example, to prepare resin of PEGDA and HEA of 3:1 by
weight, 66 g of the PEGDA solution above (85 wt% of PEGDA,
ca. 56 g of PEGDA) was mixed with 30.5 g of the HEA solution
(60.6 wt% of HEA, ca. 18.5 g of HEA).

Instruments

Resin analysis. Differential scanning calorimetry (DSC) of
PEGDA and HEA resin was conducted on a TA DSC Q200
calorimeter under nitrogen using DI water or PEG-PPG-PEG
(M,, = 2.9 kDa) as reference, respectively. Samples were sealed
in an aluminium hermetic pan and the heating rate was set at
10 °C min™". Viscosities (v) of resin formulations with PEGDA
700 or HEA were measured by a capillary viscometer (Ila) at
25 °C with SCHOTT viscosity measuring units, AVS 360. The
temperature was controlled by a water bath (SCHOTT CT 1450).
Viscosity was calculated as v = Kt where K is the equipment
calibration constant, 0.5254 mm?® s™2, and ¢ is the measured
flow time in seconds. The flow time was measured three times,
and average viscosity was reported with one standard
deviation.

Analysis of curing. Thermal images and videos were taken
using a FLIR thermal imaging camera (E40). The camera was
set up above the vat at a distance of 24 cm between the camera
and the bottom of the vat. A rectangular block of foam (5 mm
x 5 mm x 2 mm) was soaked in PEGDA 575 solution and then
placed in a vat. Thermal videos were taken while HIFU was
applied to the resin without moving the gantry.

Analysis of composites. The micro-CT imaging of the
PEGDA-foam composite was performed by Zeiss Metrotom
800. This scanner comprises an X-ray tube with maximum
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voltage and current values of 130 kV and 300 pA, respectively,
with a focal spot size of 5 pm. Source voltage and current
values were chosen as 70 kv with 100 pA, respectively, to opti-
mize the contrast and the power supplied. The imaging
process involved acquiring 1200 images of each sample from
various angles equally spaced from 0° to 360°. To perform ana-
lysis, the obtained scans were loaded in Image], an image ana-
lysis software,*® and converted to NRRD format. Slicer 5.2.2>*
was then used to load the NRRD file to obtain the 3D recon-
structions of the micro-CT scans for further analyses.

Scanning electron microscopy (SEM) was conducted using a
Zeiss Gemini SEM 450 at an accelerating voltage of 2 to 7 kV.
Samples for SEM were cut using a razor blade and then
sputter-coated with 10 nm thick platinum. For the resin-foam
composite samples under tension, the foam was torn from the
composite, stretched, and then fixed on a plastic plate using
an epoxy glue.

Compressive tests were done using an MTS Criterion Model
43 load frame with a 50 kN load cell at 100 mm min~" of cross-
head velocity. Compressive modulus was calculated by the
slope of the stress-strain plot from strain = 0 to 0.06 mm
mm™ ", Average values of three experiments are reported with
one standard deviation. Attenuated total reflectance infrared
spectroscopy (ATR-FTIR) measurement was conducted with the
Bruker Tensor 27 spectrometer. Thermogravimetric analysis
(TGA) was conducted on a TA TGA Q50 under nitrogen from

room temperature to 600 °C at a rate of 10 °C min™".

Results and discussion
HIFU curing setup and thermal IR imaging

We selected acrylates as a resin class due to the broad chemi-
cal space of acrylate monomers, wide ranging materials pro-
perties of polyacrylates, and high rates of curing that can be
initiated from a variety of thermal initiators (Fig. S11). The
selection of the foam for this study was largely arbitrary,
although we were deliberate in choosing an open-cell foam

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that could be reversibly deformed by hand (a nominally soft
foam). We constructed a straightforward equipment design
and workflow (Fig. 1) using a modified gantry system from an
extrusion 3D printer to control the movement of a steel resin
vat. Efficient transduction of HIFU acoustic waves requires a
coupling fluid between the HIFU transducer and the resin vat.
Therefore, the vat was kept partially submerged in deionized
water as a coupling fluid above the HIFU transducer. In this
way, the focal point of the HIFU transducer could be moved
3-dimensionally throughout the vat. Foam specimens, which
were preloaded with resin formulations, were submerged in
additional resin inside the vat throughout the fabrication
process.

The benefits of the foam scaffolding were immediately
observable when comparing the thermal profile of the HIFU
irradiation into bulk resin versus a resin-loaded foam speci-
men (Fig. 2). Curing resin with a low viscosity (e.g., ca. 15 cP)
by HIFU is challenging due to acoustic streaming and flow of
the resin, causing dissipation of the heat as well as uncon-
trolled movement of the cured object. The long-range flow of
the resin can be suppressed when the resin is soaked in an
open-cell foam. The thermal images obtained during HIFU
exposure in bulk resin (Fig. 2A) showed clear signs of acoustic
streaming as well as heat dissipation (maximum temperature
recorded = 32 °C), which precluded accurate free-form creation
of solid and immobile 3D objects (video S2.17). In contrast,
the long-range flow of the resin can be suppressed when the
resin is contained within an open-cell foam. Thermal imaging
when HIFU was applied to resin within a foam structure
(Fig. 2B) revealed more uniformly localized heating that
achieved sufficient temperatures to initiate curing (>80 °C)
within 5 seconds (video S2.2f). The onset temperature for
curing is consistent with the temperature for the exothermic
transition observed by DSC (Fig. S2 and Table S17).

Presumably, curing kinetics and thermal transport each
directly influence the smallest cured feature size achievable
with this method. We approached this empirically by deter-
mining the diameter of cured cylinders of PEGDA-foam combi-
nations at different exposure times of HIFU at a fixed focal
volume using two variants of an open-cell foam that differed
slightly in density and average pore size (Table S2 and
Fig. S3t). The shortest diameter of a cured cylinder reached
6 mm at a 2-second exposure time, and the diameter increased
to 19 mm at 10-second exposure. Curing resin along the

Fig. 2 Thermal IR image of PEGDA resin solution (A) without foam and
(B) soaked into foam upon HIFU exposure after 5 seconds.
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surface of the denser foam that had a smaller average pore size
was successful, but we found it difficult to fully saturate the
foam with resin for constructing internal features. Therefore,
we proceeded with the foam having larger pore size and lower
density.

HIFU curing of different resin combinations in polyurethane
foam

Modifications to the curing parameters based upon empirical
observations enabled successful formation of 3D structures
within the foam scaffolds (PEGDA in Fig. 3). The travel speed
of the gantry was found to influence the resolution of the
cured structures, consistent with the thermally initiated and
exothermic polymerization as shown in DSC studies on PEGDA
and HEA resins (Fig. S21). At low travel speeds of 100-200 mm
min~", there was sufficient local heating and self-propagated
polymerization to cure the entire volume of resin. Switching to
a higher travel speed of 500-700 mm min~' combined with
multiple passes over the same path achieved controlled itera-
tive curing with each pass. In this way, the effective duty cycle
for exposure and local heating could be controlled to avoid
self-propagated polymerization. Pulsed HIFU might achieve
similar outcomes but was not explored in our study.
Additionally, inclusion of radical inhibitors (0.1 to 0.3 wt% for
PEGDA, 0.05 wt% for HEA) further improved the resolution.

Next, we demonstrated a suite of geometric structures to
explore the potential of HIFU curing within porous foams
(Fig. 3). First, using PEGDA-based resin with a viscosity of 59.7
+ 0.2 cP, we were able to create embedded pillars (Fig. 3A and
B) that indicate how isolated posts can be formed at controlled
locations within the foam scaffold. Additionally, continuous
pathways of cured PEGDA are demonstrated in Fig. 3C-G,
which include simple geometric shapes as well as common
patterns for auxetic designs (Fig. 3E and F).

—-

Fig. 3 Demonstration of cured objects of PEGDA in foams by HIFU
curing: (A) three disconnected posts, (B) five diagonal posts, (C) a
square, (D) a ring as cured and after extraction from the foam, (E) an
auxetic pattern with sharp corners as cured and after extraction from
the foam, (F) an auxetic pattern with rounded turns as cured and after
extraction from the foam, (G) a continuous spiral as cured and after
extraction from the foam, and (H) two layers of sequentially cured rings
of PEGDA (differentiated by colour) after extraction from the foam. Scale
bars =1 cm.

RSC Appl. Polym., 2024, 2, 692-700 | 695


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lp00002a

Open Access Article. Published on 15 April 2024. Downloaded on 31/10/2025 12:11:20 PTG.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

We also found it to be straightforward to complete one
curing session, exchange the liquid resin, and then continue
fabrication of a multicomponent specimen. For example,
Fig. 3H shows the results of sequential curing sessions with
dyed PEGDA resins. These material combinations were
achieved simply by curing first with one colour of PEGDA
resin, and then exchanging the uncured resin for one of a
different colour before returning to the HIFU setup.

In contrast to the stiff and brittle nature of cured PEGDA,
HEA-based resins give rise to soft elastomeric materials upon
curing. Therefore, we explored HEA as a resin material to
survey complementary mechanical properties in the final com-
posites. Due to the viscosity of HEA being reletively low (6 cP),
acoustic streaming of HEA within the foam prevented
sufficient localized heating and it was difficult to achieve an
onset of curing in our initial attempts. Additionally, whenever
HEA polymerization was initiated, the exothermic polymeriz-
ation occurred at a high enough rate to cause bulk thermal
curing throughout the entire vat. As shown in Fig. S2 and
Table S1,f enthalpy of fusion of HEA during the exothermic
transition was ca. 2.5-fold greater than that of PEGDA 700.
Attemptes to control the curing volume through HIFU
exposure time was met with limited success and gave only
inconsistent results. Therefore, we increased the viscosity of
the formulation to 45.7 + 0.02 cP by adding 60 wt% of
PEG-PPG-PEG (M,, = 2.9 kDa, viscosity = 850 cP) to the HEA,
which also increased the amount of time required to visually
observe a solid, cured feature. We were then able to create
lines, rings, and auxetic structures from the modified HEA
resin inside the foam scaffolds (Fig. 4). Cured HEA-based com-
posites were soft and flexible, as shown in the Fig. 4C
sequence. Notably, HEA-based composites were readily
deformable in contrast to PEGDA-based auxetic structures,
which were too brittle to undergo reversible mechanical
deformation.

The ability to exchange the resin and continue HIFU curing
enabled creation of three-component multimaterials compris-
ing the foam, stiff PEGDA-based domains, and soft HEA-based
domains (Fig. 5). Fig. 5A shows the extracted composite that

Fig. 4 Demonstration of cured composites of HEA in foam by HIFU
curing: (A) a single post as cured and after extraction from the foam, (B)
a ring as cured and after extraction from the foam, and (C) an auxetic
design after extraction from the foam and under tension. Scale bars =
lcm.
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Fig. 5 Three-component composites by HIFU curing: (A) a ring of
PEGDA (red, top) followed by a ring of modified HEA resin (green,
bottom) after extraction from the foam and under compression, (B) con-
nected partial rings of PEGDA (red) and modified HEA resin (natural
colour tone) as cured and after extraction, (C) connected posts of
PEGDA (red) and modified HEA resin (green) as cured, after extraction,
and under compression, (D) examples of PEGDA (red) and modified HEA
resin (green) segments of crossed bars as well as bars and beads. Scale
bars =1cm.

resulted from sequentially curing rings of PEGDA (red) and
then modified HEA resin (green). Fig. 5B-D depict additional
examples of three-component composites created by sequen-
tial HIFU curing. The differences in mechanical properties of
the different domains were easily discernible by qualitative
manual deformation (see also video S37).

Although the images in Fig. 3-5 are from foam specimens
that had been cut to reveal the cured geometries, this is not
always necessary for evaluation of the cured part. For example,
the free-form creation of 3D structures inside of the foam was
verified by micro-CT images, which did not require us to exca-
vate the cured components or otherwise destroy the composite
sample. Fig. 6 shows 3D reconstructions of the micro-CT scans
of a stack of two PEGDA-foam composites where a post or ring
of PEGDA was cured inside the foam.

Interpenetrating and interlocking networks between PEGDA or
HEA with polyurethane foam

We used SEM to visualize the meso- and microscale architec-
ture of the composites produced by HIFU curing. Fig. 7 shows
SEM images of cross-sectional areas of foam (Fig. 7A), cured
PEGDA in foam (Fig. 7B and C), cured HEA in foam (Fig. 7D
and E), and a two-layered composite of cured PEGDA and HEA
in foam (Fig. 7F). Average pore sizes of the foam (Fig. 7A) were
found to be 177 + 44 um by analysing 30 individual pores of
the SEM images using Image]J software. Fig. 7B & Cand D & E

(© i ‘:m —
; O iG]

(A—C) 3D reconstructions of the micro-CT scans of a stack of

Fig. 6
two PEGDA-foam composites (bottom: ring, top: post) (lines show a
perimeter of each foam); (E and F) cross-sectional images of the ring
and post. Scale bar =1 cm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM cross-sectional images of (A) foam without resin, (B and C)
cured PEGDA in foam and zoomed-in images of the selected area, (E
and D) cured HEA in foam and zoom-in images of the selected area, and
(F) layers of cured PEGDA and HEA in foam. Scale bars = 300 pm.

each show bicontinuous or interpenetrating networks of cured
PEGDA or HEA, respectively, throughout the foam. When
Fig. 7B and C are compared with Fig. 7D and E, we can see the
effects of different resin compositions on the interfaces
between the cured resin and the foam, which may arise from
differing surface interactions or volumetric shrinkage of the
cured resin. In Fig. 7B and C, there appears to be spaces or
gaps between the cured PEGDA and the surface of the foam
scaffold, indicating that the fidelity of the composite structure
is preserved by the physical interlocking of the two materials.
In contrast, cured HEA appears to more completely fill the
void spaces with the foam (Fig. 7D and E) as assessed by the
lack of gaps between the foam and cured HEA domains.
Fig. 7E shows the interface between the cured PEGDA and
HEA layers in the three-component composite. During curing,
the HEA layer was created through stepwise HIFU curing, and
the SEM analysis confirms that the process did not result in
any separation between two resin layers. From the observation
that each resin produced bicontinuous composites even
though the PEDGA-based resins resulted in gaps between the
cured resin and the foam, we infer that surface bonding or
adhesion are not strictly required for creation of composites
with this HIFU curing method.

The mechanically interlocked nature of the bicontinuous
composites is further demonstrated in manual tear-out experi-
ments as depicted in Fig. 8A and video S4.f It was visually

Fig. 8 (A) Pictures of a cylinder of cured PEGDA in foam while tearing
the cured domain from the foam, and (B) SEM image showing intersec-
tions between empty foam domains and cured PEGDA-foam composite
while under static tension (encircled regions highlight strained foam
components). Scale bar = 300 pm.
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obvious that the strength of the composite was not dominated
by interfacial interactions between cured resin and foam, but
instead was governed by the physical architecture of the com-
posite. We also obtained SEM images of a cured PEGDA-foam
composite (Fig. 8B) that was placed under static tension
during SEM. Here, there are regions of strained foam at the
intersection of the cured PEGDA which simply cannot be sep-
arated until the foam reaches a breaking strain.

ATR-IR and TGA of PEGDA-PU

We conducted spectroscopic and thermogravimetric analyses
on the PEGDA-foam composites prepared by HIFU. Fig. S4f
shows ATR-IR spectra of the foam, PEGDA-foam composites
prepared by HIFU, and thermally cured PEGDA without foam.
The amide II band associated with N-H bond bending and C-
N bond stretching in the urethane bond was observed from
the composite at 1533 cm™, as also observed in the PU foam
at 1535 cm™". The same signals were not found for thermally
cured PEGDA without the foam. The ATR-IR spectra shows the
presence of the foam in the composite. Fig. S5 shows a TGA
thermogram of PEGDA-foam composite with a decomposition
temperature at 5 wt% loss at 351 °C.

Mechanically anisotropic properties of PEGDA-PU, and tuning
modulus of the composites

The ability to control the 3D curing of resin components
inside of the foam scaffolds offered a method for creating an-
isotropic and generally tailorable mechanical properties in the
composite specimens in which the orientations of internal
posts were systematically varied (Fig. 9). Specifically, we
created a series of composite cube specimens (height =
50 mm) that each contained three cylindrical posts (length =
30 mm each) formed just below the surface of each of four
walls of the cube (12 posts total per cube). The cubes were sub-
jected to uniaxial compression testing, which revealed the an-
isotropic mechanical behaviour of the composites. Specimen
A, which had each of the 12 posts aligned with the axis of com-
pression, showed the most significant differences in compari-
son with the pristine foam (Specimen D), as expected (Fig. 9
top). Specimen A displayed a comparatively high compressive
modulus until ca. 20% strain, at which point the cured PEGDA
posts fractured. Similar mechanical behaviour was observed
from Specimen B, which had half of the posts aligned with the
axis of compression and half oriented orthogonally. In com-
parison with Specimen A, Specimen B underwent fracture of
the vertical posts at lower stress and greater strain (ca. 30%).
Specimen C, which had each post oriented orthogonally to the
axis of compression, showed stress-strain behaviour similar to
that of the pristine foam, although the onset of compaction
occurred at a lower strain for the former, as would be expected
from the inclusion of the strain-limited posts inside the foam.
The behaviour of Specimen C is consistent with the horizontal
posts avoiding buckling and fracture, and instead simply con-
tributing incompressible volumes within the composite. The
differences in the mechanical behaviour of the composite
specimens are also easily visualized in Fig. 9 bottom, in which
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Fig. 9 (Top) Uniaxial compression test results and (bottom) anisotropic
mechanical properties of PEGDA-foam composites prepared by HIFU.
Axis of compression is as indicated by the arrows in the bottom diagram.
(A) All cylinders are perpendicular to the top and bottom faces, aligned
with the axis of compression; (B) cylinders on two opposing faces are
aligned with the axis of compression, the other cylinders are orthogonal
to the axis of compression; and (C) all cylinders are orthogonal to the
axis of compression.

the same compressive load was applied (ca. 31-32 N) and the
compressive strain was found to be notably different across the
series of cubes.

Finally, we investigated the ability to tune the mechanical
properties of the cured resin by systematically adjusting the
feed ratios of PEGDA and HEA in the formulation. Fig. 10
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shows the results of compressive tests on cylindrical compo-
sites produced with PEGDA, HEA, and PEGDA/HEA mixtures,
as well as the pristine foam for comparison. The stress-strain
behaviour was found to be significantly different across the
series, showing characteristics that were expected based upon
the dominant resin component. The modulus of the PEGDA-
based composite was almost 100 times greater than that of the
HEA-based system. Moving from a weight ratio for PEGDA to
HEA of 100:0 to 75:25 reduced the modulus by 72% and
largely flattened the low strain region of the stress-strain curve
(i.e., the fracture point was less apparent for the latter compo-
site). Shifting the ratio further in favour of HEA had progress-
ively smaller effects on the stress-strain behaviour and
modulus of each composite, indicating a handle for fine-
tuning of the mechanical properties or even creating custom
gradients of stiffness by repeated curing sessions with
different resin formulations. Importantly, shape recovery was
found to be highly dependent on the resin component of the
composite. Specifically, HEA-based composites gave full shape
recover even after five compressions, whereas PEGDA-based
composites showed irreversible deformation after a single
compression even though there were no visible signs of struc-
tural damage to the foam network (video S57).

Conclusions

This work demonstrates a unique method for producing 3D
free-form composite structures within optically opaque porous
scaffolds. The method enables thermally curable resins to be
used in combination with open-cell foams to create bicontinu-
ous, mechanically interlocked composites with different
classes of materials and without any direct physical or optical
contact between the energy deposition source and the cured
structure. Notably, since the foam scaffold holds the entire
resin, there are no build plates or inherent layers within the
composite. Curing can be achieved anywhere inside of the
foam and can be stopped and restarted after switching resin

(€

PEGDA-PU HEA-PU

1 E
lcompressionl
P |
ik

]

m (PEGDA-HEA)-PU composites prepared by HIFU

75:25 25:75 0:100

50:50
PEGDA:HEA by weightin PU foam

(A) Uniaxial compression tests on composites made from foams with PEGDA, HEA, and mixtures of PEGDA and HEA, (B) compressive

modulus data of the composites at different weight fractions of PEGDA and HEA (see Table S37), (C) pictures showing PEGDA-foam and HEA-foam

composites before and after compression.
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systems if desired, which were used to achieve mechanical het-
erogeneity as well as anisotropy.
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