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Abstract. Access to multimaterial polymers with spatially localized properties and robust interfaces is
anticj enable new capabilities in soft robotics, such as smooth actuation for advanced medical

and manufacturing technologies. Here, orthogonal initiation is used to create interpenetrating polymer
netfyorks (IPNs) with spatial control over morphology and mechanical properties. Base catalyzes the
formati a stiff and strong polyurethane, while blue LEDs initiate the formation of a soft and elastic
polyacrylate. IPN morphology is controlled by when the LED is turned ‘on’, with large phase
se ccurring for short time delays (~1-2 minutes) and a mixed morphology for longer time
del@ys inutes), which was supported by dynamic mechanical analysis, small angle X-ray
scattering, and atomic force microscopy. Through tailoring morphology, tensile moduli and fracture
n be tuned across ~1-2 orders of magnitude. Moreover, a simple spring model is used to
explai bserved mechanical behavior. Photopatterning produces “multimorphic” materials, where
y is spatially localized with fine precision (<100 pm), while maintaining a uniform chemical
throughout to mitigate interfacial failure. The fabrication of hinges represents a possible

use-case for multimorphic materials in soft robotics.

L

1. Introducti

Natura als employ hierarchical structures with ‘hard’ and ‘soft’ materials that interact
synergistic s molecular to microscopic length-scales to enhance bulk mechanical properties
and tail lity necessary for survival."? However, mimicking this hierarchy in synthetic soft

materiammers) is an ongoing challenge, and one that promises to facilitate improvements

in mechan bility, such as tensile strength, toughness, and/or elasticity. To achieve this
objective, istries and methods to create such multi-material structures are required.

Syn ulti-material all-polymeric structures have been previously prepared by spatially
tailoring comp n, particularly crosslink density.®>® For example, Suo and coworkers produced

hydrogels comprising a macroscale, densely crosslinked rigid skeleton network (~3 mm minimum
dimension) of high modulus in a soft, lightly crosslinked acrylamide matrix, ultimately enhancing
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toughness and fatigue resistance (Figure 1Ai).”) Work by Bowman and coworkers demonstrated
synergistic effects in microscale patterned thiol-acrylate materials (~5-100 um minimum dimension),
whereinmnsity was altered spatially using a photochemical approach.® In both systems, a
two-stage f ion strategy was required to introduce the second “material”, and the length scale
of patterni&xd to be a key metric to improve mechanical properties.®"® These materials
are reminiseemtmefedouble network hydrogels and elastomers, wherein a rigid sacrificial network is
embeddedm matrix to enhance toughness.’**?

This cafcept gf combining two dissimilar polymers to generate a hybrid material with unique
and/or improved properties is exemplified by interpenetrating polymer networks (IPNs), in which
two netwwterlaced, yet not covalently bound to each other."® Mechanical properties in
IPNs can bﬁ by controlling the morphology, or more specifically, the degree of mixing.>

Early work by Wi@maier and coworkers demonstrated that the degree of mixing between two

polymer ne ould be manipulated kinetically during formation of the two networks. *¢+122-23

Recently t se of orthogonal chemistry in forming IPNs has gone a step further to investigate how

differences damiifintion and propagation can control morphology, and as a result, mechanical
properties ko ple, Guymon and coworkers recently showed that light intensity used to induce

polymegizaki d be leveraged as a handle to control the degree of mixing in an acrylate-oxetane
monomer sy igure 1Aii).”" In this example, increasing intensity of UV irradiation (10 to 1500
mW/c

igher degrees of mixing (i.e., smaller domains) and increased strength (2 to 16

MPa) and elongation at break (2 to 8%), corresponding to a 40x increase in strain energy density."?”

In anotherScent example, Beebe and coworkers demonstrated that semi-IPNs (e.g., one crosslinked

and one uncrgsslinked network) prepared from sequential polymerization of poly(siloxanes) and
poly(meth @ rylate) were better mixed than the chemically identical IPNs prepared using

simultaneous_polymerizations, which enabled moduli tunability of 2.5x (i.e., 20 to 50 MPa).?>?® |n

these exa

precluded Fe abil"y to spatially control morphology.

<

les, the reliance on a single stimulus for initiation (e.g., light or heat, respectively)

This article is protected by copyright. All rights reserved.

3

85U0| 7 SUOWIIOD BAITeR1D 3|qedt|dde 8y Aq peusenob afe seoiiie YO ‘8sn JO S3|nJ Joy Areiq18ulluQ 8|1 UO (SUONIPUOD-pUR-SWUBI W0 A3 1M Ae1q 1 U UO//:SdNY) SUONIPUOD pue SWia | 841 89S *[7202/20/2T] Uo Ariqiqauliuo A|Im ‘uisny e sexa] JO Aiseniun Aq 80Z0TZ20z ewpe/z00T 0T/I0p/wod* A3 |m: Ariqipul|uo//sdny woly pepeojumod ‘6 ‘€202 ‘S60vTZST



WILEY-VCH

A Previous Work
(i} Multicomponent [mulli-slep). Suvo el &l

(i) Multimorphic (single stimules), Guymen el &,

F=
I Lew intensty High intensily
LV light UV Bight
—_—
L (10 miieny) {1500 mWiem?)

Soft & Britle ResinAs8 St & Strong
B This Work
Muttimorphic Patterning (dusl stimufi)

base LED o’ =i
Stif & Strong ; bive LED

addifion (L) §
& 1R
. =
ResinA+8 o -

Figure 1. PGpresent work on multimaterial structures. (A) Previous work to improve mechanical
1.7

performance by (i) Suo et. al.”"" using chemically distinct resins in a two stage process to create mutlimaterial
objects and@ymon et. al.? using light to simultaneously initiate polymerizations for IPN formation
i
|

and light in une morphology. (B) This work, where a dual catalyst system is used to tune morphology

and mechanical properties spatially, generating multimorphic materials.

gonal polymerization mechanisms are leveraged to control IPN morphology with
solution from a single resin, thus generating “multimorphic” materials. The resultant
hierarchical structure was systematically characterized to identify morphology-mechanical property

reIationshis that will inform future designs. Furthermore, bulk mechanical anisotropy was
te

demonstra f abricating compositionally uniform all polymeric “hinges".
2. Results Sd Discussion

The Erlsent I'\l system comprising polyurethane and polyacrylate networks was prepared in

one stage corresponding monomeric precursors (Figure 2A). A rigid, highly crosslinked

polyurethane netWwork was designed using 4,4'-methylenebis(phenyl isocyanate) (MBPI),

tetraethylene glygdl (TEG), and trimethylolpropane (TMOP), to produce a high glass transition
temper ~-IQ ), rigid plastic. In contrast, 2-(2-ethoxyethoxy)ethyl acrylate, or carbitol acrylate (CA),
with 0.3 mol% bethylene glycol diacrylate (TEGDA) as a crosslinker was used to form a soft, low
T, acrylate network. Furthermore, the similar functionality (and polarity) between the TEG and CA
facilitated mixing of the two monomeric precursors, along with swellability of the fully formed
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polyurethane network by the acrylate solution (Figure S1). A mass ratio of 61:39 acrylate to
combined urethane monomers was used for all materials in this work (Table S1). Other monomers
attempW aliphatic isocyanates that had lower reactivity compared to corresponding
aromatic is es, phenols that inhibited radical formation, and various acrylates that resulted in
a smaller d&mechanical properties relative to CA (Figure S2-S4 and Table S2-S3).

Orth-o mtrol over each polymerization was achieved using a dual initiation strategy. The
polyuretha ork was initiated through the physical introduction of base, 1,4-

diazabicycl‘iz.z.zi’ctane (DABCO), which catalyzed reaction between isocyanate- and alcohol-

containing mopomers/crosslinkers. The acrylate polymerization was initiated indirectly via

irradiation{r lue LED panel (460 nm center wavelength, ~5 mW/cm? intensity, Figure S5),
which acti wo-component photoredox system, namely camphorquinone (CQ) and ethyl-4-
dimethylamino zoate (EDMAB). In this manner, a resin containing monomers and the

photosyste be initiated by either or both mechanisms (base or light) to produce a single
network orixed IPN.

To ass¢ss erization orthogonality, real time attenuated total reflectance Fourier Transform
infrared (ATR-

cm™)7 ene (900 cm ™)™ signals as a function of time (Figure 2B). Upon addition of DABCO,
in the abse , isocyanate functionality was fully consumed in ~14 minutes, while little-to-no

was observed (Figure 2B, left). In contrast, turning the light ‘on’ ~60 seconds

spectroscopy was employed, monitoring the disappearance of isocyanate (2200

acrylat

after adding DABCO resulted in simultaneous monomer (isocyanate and alkene) consumption that

completed im14 minutes (Figure 2B, middle). In the absence of DABCO, irradiation resulted in
acrylate ¢ at a comparable rate to when the base was incorporated (Figure 2B, right).
Although, te conversion occured in the absence of DABCO, it arose from uncatalyzed
urethane f as opposed to cross-reactivity with the acrylate, which was supported by a
controlE where neither base addition nor light irradiation was done, showing a

compar“background isocyanate conversion (Figure S6).

Important to Se reaction dynamics are the distinct mechanisms by which each polymerization

proceeds. Polyuresnane formation occurs via step-growth and polyacrylate by chain-growth. As such,

in the f base, ~40% isocyanate conversion occurs at the time of full acrylate conversion,

which corresp to predominantly dimer formation (Figure 2B, dashed line at 50% conversion).
Moreover, gelation was estimated to occur at 93% conversion for the urethane, based on Carothers
equation[ZS] for step-growth polymerizations—significantly higher than that of the chain-growth
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acrylate. This was further supported by (photo)rheology, which provided times to gelation of 5.7

0.7 minutes and 2.3 + 0.3 minutes for the urethane and acrylate systems, respectively (Figures S10).

In comWith real time ATR-FTIR spectroscopy, these gel points determined via

(photo)rhe rresponded to conversions of 91 and 11% for urethane and acrylate, respectively
(Figure 2B lines, respectively).
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Figure 2. OWf materials, conditions, and polymerization kinetics for polyurethane and polyacrylate

formation. (A) Chemical composition and corresponding symbols representing urethane (left) and acrylate
(right) resi @

irradiation. ogyanate and acrylate conversion as a function of time under three different conditions,

TR-FTIR spectroscopy. The three conditions were base addition in the absence of light

dition with light ‘on’ (middle), and light ‘on’ without base. Time = 0 corresponds with DABCO

ents, along with schematics of networks formed under base addition and/or light

characterize
(left), base
addition
CA, carhi ; TEGDA, tetraethylene glycol diacrylate; CQ, camphorquinone; EDMAB, ethyl-4-

ethylenebis(phenyl isocyanate); TEG, tetraethylene glycol; TMOP, trimethylolpropane;

dimethylamino benzoate.

The effect of light ‘on’ time (t,,) for IPN formation was characterized to identify the scope and

o

morphological tunability of the present system. Thin film samples (~*250 um) were prepared by

casting ure between glass plates and varying t,, between 1 and 30 minutes, where addition

of DABCO cor ds to t, (Figure 3A). Post-irradiation, all films were soaked in a 1:1 isopropanol-
water mixture to remove catalyst, solvent, and terminate any unreacted isocyanate, followed by

drying under vacuum at 80 °C for ~15 hours. It was immediately evident that t,, influenced
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morphology by the difference in visible transparency, with short t,, values providing fully opaque
films and long t,, values resulting in transparent ones (Figure S11). Samples were then punched from
the thinMubjected to dynamic mechanical analysis (DMA). At short t,, (~1-2 min., opaque
samples), di tan & transitions, representative of glass transition temperatures (7,), were
present at&O °C (Figure 3B). These values correlate with those observed for the pure
polyacryictemamempolyurethane networks, respectively (Figures $12-S13). Thus at short t,, pure
regions of wmymers exist (i.e., phase separation occurs during IPN formation). However, at

longer t,,, m peaks begin to merge, creating a broader transition indicative of a more mixed

morpholog =l ardless of t,, key FTIR peaks of the pure networks were detected in equal

proportioanal IPN films (Figure S14-515).

To expjlai ispobservation, we proposed that polyacrylate formation induces phase separation
urs pri

when it occ to polyurethane gelation, as shown schematically in Figure 3C for short and long
ton- This hy ieal phase-separated morphology for short t,, is supported by the distinct step- and

chain-gro mechanisms, where small molecule urethanes (e.g., dimers and oligomers) would be

present amcyanate conversion and able to diffuse away from the high molecular weight
C

polyacryla formed at low acrylate conversion. In contrast, for long t,, formation of
continu thane domains prior to polyacrylate formation would mitigate phase separation,
and result | ller, more mixed domains. Atomic force microscopy coupled with infrared
spectro -IR) was used to confirm the proposed morphologies for short (t,, = 1 min.) and

intermediate (t,, = 6 min.) time delays, while longer time-delays proved too difficult to analyze due

to an inst!ment resolution limit of ~10 nm (Figure 3D). Monitoring the AFM-IR response upon

excitation at.1603 cm™ and 1731 cm™ that were specific to urethane and acrylate (ester)

matrix of urethane for t,, = 1 min., while t,, = 6 min. resulted in smaller and less defined domains,

ectively, revealed large, well defined globules of acrylate (~180 + 40 nm) in a

indicative @f mixing. This was further supported by small angle X-ray scattering (SAXS) that showed a
similar decgease ingphase separation between the two domains as t,, was increased, evidenced by a
shift in the_scattering peaks to higher scattering vector values (Figure S16). Notably, the scattering
peaks are diffuse flie., broad), suggesting a broad distribution of domain sizes commonly observed

for binary phase-separated systems. Despite the dramatic differences in morphology, the resultant

ally identical, as evidenced by gravimetric analysis showing consistent mass loss for

processed sam Figure S18), along with ATR-FTIR of the processed films (Figure 3E, Figure S15).
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Figure 3. Pr&aH and morphological characterization of polyurethane/polyacrylate IPNs. (A) Schematic

illustrati m casting process, where t, represents DABCO addition and t,, the time at which
irradiation be Digital images of samples prepared with t,, of 1, 2, 6, and 16-min., showing disparate
opacity. (C ¢ mechanical analysis (DMA) of films pictured in A, cast with a DABCO concentration of 100
mM. (D echanism for morphologies formed with short (top) and long (bottom) t,,. (E) AFM-IR

overlays of urethane and acrylate (ester) absorption signals for films prepared with t,, = 1 min. (top) and t,, =6
min. (botto

To ide’h effect of morphology on mechanical properties, IPNs, pure polyurethane and

polyacrylat @ es were subjected to uniaxial tension, monitoring the stress-strain response

(Figure 4A). pure polyurethane was a stiff, strong, and brittle plastic, while the pure polyacrylate
was soft diid elastic (Table S11). The IPNs on the other hand had hybrid properties that were
strongl on t,,. Short t,, (~1 min.) values resulted in stiff and strong plastics that yield and
neck, WMS moduli (E) of 400 + 30 MPa and yield stress (o,) of 12 + 0.4 MPa. In contrast,

long t,, (30 minYyresulted in a soft and elastic material, with £ =5 + 2 MPa and little hysteresis

upon cycli % strain (Figure S20 and Movie S1-S2). IPNs prepared with intermediate t,,
consiste vided materials with intermediate properties between short and long t,,. Thus, the
present sy ables mechanical properties to be precisely tuned by simple toggling of a light

switch (i.e., turning ‘on’ an LED) at different times post-base (DABCO) addition.
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The concentration of base (DABCO) in the mixture was a subsequent handle that was assessed
to determine its effect on morphology and mechanical properties (Figure 4B). Decreasing the DABCO
concentw 100 to 75 and 50 mM resulted in slower polyurethane network formation, as
indicated FTIR and (photo)rheology results (Figure S7 and Figure S10). However, the
mechanicamof the resulting IPNs showed the same transition from a stiff/strong plastic to
a soft/clestiesm@tenial as t., increased, albeit with different kinetics, along with having similar upper
and lower MOunds that were different by ~2 orders of magnitude (~400 to 5 MPa). Notably,
the transitigh a from a stiff plastic (i.e., a drop in modulus) occurred when t,, was past the
polyuretha oints, which were 2.9 £ 0.2, 4.1 £ 0.3, and 5.5 + 0.6 for 100, 75, and 50 mM,
respectivelmermore, plotting isocyanate conversation at t,, vs E collapses all DABCO
concentrati o®to a single line (Figure S24), indicating that the extent of network formation at t,,
is a key pamthat governs final IPN mechanical properties. Therefore, DABCO concentration
provides a handle to predictably tailor polymerization/phase-separation kinetics, and in-turn

facilitate dgerent processing windows to access IPNs with disparate mechanical properties.
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Figure nical characterization of IPNs under uniaxial tension relative to pure polyurethane and
polyacrylat jals. (A) Representative stress-strain data for IPNs prepared using variable t,,. (B) Average

tensile modulus as a“function of t,, with variable base (DABCO) concentration for IPN preparation. Each data
point represents the average of at least 3 samples with error bars being +1 standard deviation from the mean.
(C) Representative notch test for IPN prepared with a t,, = 12 min., which was used to calculate critical energy
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release rate (G, an estimate of fracture toughness. Inset — images of sample during a notch test with
corresponding positions on graph represented as (i), (ii), and (iii). (D) G, relative to tensile modulus, showing
that IPNs follow the “rule of mixtures”, as represented by the dashed line. Equation for G, calculation provided
as an in point represents the average of 3 samples with error bars being +1 standard deviation
from the mea

To esti @ ture toughness, critical energy release rate (G.) was measured (Figure 4C), which
isa matﬁrimty that dictates when defects will begin to propagate as cracks, leading to failure
in material§fobjects. Analogous to E, G. increased with decreasing t,,, having a maximum value of 11
+1 kJ/m? (teg = Imgnin.) and a minimum of 1.5 + 0.1 kJ/m?(t,, = 30 min.). For context, natural rubber
had a G, e ~10 kJ/m? (Figure S$28), indicating that the present IPNs are relatively tough
materials. mlues for IPNs prepared with intermediate t,, values fell between these two, and

additionall d the “rule of mixtures”™® when comparing to G. values of pure polyurethane
(0.05 £ 0. ) and pure polyacrylate (20 + 2 kJ/m?) (Figure 4C). This trend indicates that
morpholo ably governs fracture energy, which enables fine tuning of mechanical properties

without necchange material composition.

To better understand how the observed change in morphology affected modulus, AFM
measurem@e performed on the surface of cross-sectioned films both in fast force mapping
(FFM) mode fit to a Hertzian contact model (Figure 5A) and amplitude-modulation/frequency
modulatio -FM) mode (Figure S31), providing similar results. For short t,, values, a continuous
rigid po ne matrix with a maximum contact modulus on the order of ~1 GPa was observed
around soft polyacrylate globules with a minimum contact modulus of ~1 MPa, along with an

intermixetjaegion of functionally graded modulus between the domains (Figure 5A). The average

modulus globules was measured to be ~25 MPa, which is higher than that of pure

polyacrylat m 5 hypothesized to arise from the need to apply a force of 20 nN for accurate

measurements,“Which corresponds with an indentation depth of 82 + 6 nm. Given an indentation
depth on tlfe same order of magnitude as the globule domain sizes, the AFM probe is expected to
partiall e stiffer surrounding matrix. For long t,, values, no continuous matrix was
observe#er,co-continuity between intermixed and soft regions, consistent with AFM-IR results
(Figure 3D). The uction in domain size with longer t,, was consistent with SAXS measurements

and correl ell with the reduction in bulk modulus (Figure 5B).

To relationship between morphology and modulus, a three component Takayanagi

model®

yed wherein the material was treated as intermixed-encased acrylate globules
embedded in a rigid polyurethane matrix (Figure 5C, Equation S4). Discussion on selection of this
model can be found in the supporting information (note that apparent modulus is used in place of
This article is protected by copyright. All rights reserved.
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complex modulus to describe the present quasi-static measurements). The combined AFM and SAXS
results imply smaller domain spacings lead to a decrease in the volume fraction of pure urethane
and an Wolume fraction of intermixed regions, thereby reducing modulus. By assuming a
constant c composition for the bulk film and individual domains, a theoretical relationship
between tmraction of matrix and E,, was generated (Figure 5D). Volume fractions of
intermixe dmegiemmestimated from AFM data (Table S17), agreed well with those predicted from the
TakayanagMo produce the bulk moduli observed in mechanical testing (Figure 5D). When the
estimated mractions were applied to the model, predicted E, x values of 540 and 2 MPa, for a

ton values 30 minutes, respectively. This result is in good agreement with the E values of

~400 MPa ma from tensile testing (Figure 4B).

c Liredhana Acrylale
Mairix (L1} Flobiues (A, mix)

A

rraad [P

A

8 3 L= 1 min, [AFM)

- - - E =1 fridfi,

a o2yt & e I ———

- L S = = =40 MPa

W w 7 {ohsaned cppar bowed)

o 1004 « 1009

=2 1 =2 E

3 4 3 E

E ] // L E E

E 104 ,ef""" é 104

¢ ] A oA T :

E] ] = R E] o (otisarend ke bownd) ., = 30 min. {AFM)

@ 30 miin. ! frovm Xoray scaffaring o
1 T T T T————T ’Trll|ll1'|'Tr'|'ll|lllTT'|'rrl
10 100 o oz 0.4 08 o8 1

d-spacing (nm) Fraction of Inftermixed, <.,

Figure 5. Pqu tensile modulus (Epyy) of IPNs by correlating morphology from AFM nanomechanical
O

mapping to perienced during uniaxial strain. (A) AFM mechanical mapping for t,, = 1 min. (left) and t,,
= 30 min. (g h the latter being plotted on the same modulus scale (i) as the former and separate,
narrower éulus scale (ii) for clarity. (B) Domain spacing, estimated as 2n/q* obtained from SAXS plotted
against bulk tensile modulus. (C) Three-component Takayanagi model for fully phase-separated
(left) andH) IPNs as the fraction of urethane matrix approaches zero. ®mix was measured from the
images, as i in the Sl. (D) Plot of bulk tensile modulus versus fraction of intermixed phase. The black
line represents the Predicted trend using a mass balance combined with the Takayanagi model shown in C.
Triangles re he observed tensile modulus and estimated volume fraction of the intermixed region

from AFM. Dot s are the observed bulk moduli for the hardest and softest IPNs observed.

ic hierarchical materials were targeted by leveraging the effect of t,, on morphology
and mechanical préperties with that of the spatial control offered by light-induced polymerizations
(Figure 6). Using a photomask, two t,,’s could be accessed locally by first irradiating regions shortly
after mixing (t,, = 1.5 min.) followed by removal of the photomask and subsequent irradiation (t,, =

This article is protected by copyright. All rights reserved.
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16 min.) of the entire film (Figure 6A, Figure S32). In-turn, a single resin was used to prepare
patterned films with well-defined stiff/strong and soft/elastic regions. The distinct transmittance of
the twoWaque = stiff and transparent = soft) enabled visual characterization of resolution.
As such, fi pared with a USAF 1951 photomask having a thicknesses of ~250 um were
characteriz&cklit digital microscopy, which revealed a resolution of ~128 Ip/mm (i.e., ~4
pum featmresiuffigume 6B, Movies S3-54).

Mechahracterization of films with lines of varying widths (5 mm to 50 um) was employed

“«

to examin@l “mecHhanical resolution”. This was motivated by prior observation of that transparent

o

films that were \isually indistinguishable, yet mechanically disparate (E from ~150-5 MPa). Uniaxial

tension of legiwith patterned lines perpendicular and parallel to the direction of strain provided

S

moduli tha good agreement with the models for large, 5 mm features; 123 + 16 MPa and 22

+ 10 MPa, for llel and series, respectively (Figure 6C). However, experiment deviated from

U

theory for s ines, with no significant difference in moduli for lines <250 um.

I

Nanoi n across interfaces of the line-patterned samples was used to further

characteri nical resolution. Indentations were performed every 50 um, providing a clear

a

difference if¥c ct moduli for the 5 mm features in going from long to short t,,, namely 25 +Y
MPa to a, respectively (Figure 6D). Moreover, the difference in contact moduli had a

gradient tr region of ~250 um, which is in good agreement with the mechanical resolution

W

observ nsion experiments. For line spacings <250 um, little difference in contact moduli
was observed. The loss in mechanical resolution for photopatterned samples was hypothesized to

arise from

[

that could be exacerbated by the use of an inexpensive non-collimated LED

panel, inte ering upon phase-separation, internal reflection, and/or monomer gradients that

0

arise durin rization to drive diffusion across interfaces. The latter hypothesis was supported

by experi h varying DABCO concentrations, showing improved pattern resolution when

N

using hi trations, where diffusion would be limited by faster polymerizations (Figure S35).

Itis thu that higher pattern fidelity could be achieved by increasing polymerization rates

L

and impr optical setup (e.g., collimated light source and refractive index matched

U

interfaces)

A

This article is protected by copyright. All rights reserved.
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Figure 6. racterizing optical and mechanical resolution of photopatterned multimorphic samples. (A)

n

Schematj tion of the photopatterning process. (B) Digital (microscopy) images of a USAF 1951

resolution pattern, showing an optical resolution of ~4 um. (C) Average tensile moduli of line-patterned films

{

tested wi - regions in parallel (black circles) and series (grey squares). Each data point represents the
average of with error bars being +1 standard deviation from the mean. (D) Contact moduli from

nanoindentation acg@ss a soft-to-hard interface on a 5 mm line-pattern sample, where each point represents

1

the average of b Indentations performed at the same longitudes across a single sample. Data overlayed on the
correspondi image. Error bars represent +1 standard deviation from the mean.

As entative application of multimorphic materials, soft hinges were fabricated and

characterized with bending tests. Films with alternating hard-soft-hard lines were prepared and

subjected to a full 180° bend by hand, both perpendicular and parallel relative to the soft (long t,.)

This article is protected by copyright. All rights reserved.
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line. The hinge bent perpendicular to the soft hinge resulted in creasing, a permanent deformation
(Figure 7Aii and Movie S5), matching the behavior observed for the pure hard control sample (Figure
7Ai). In Me sample was able to rebound after bending parallel to the soft line, returning to
the origina without an observable crease (Figure 7Aiii), matching the behavior of the pure
soft contr&ﬁgure 7Aiv). This qualitative bending experiment was performed in an
analogaus fashiemmusing a three-point bending test on DMA to quantify the associated stress; (i.e.,

ease of bendi ng the different hinge axes). Bending perpendicular to the soft line showed a

[

similarly higl® beM@ing stress relative to the stiff, short t,, control material, while bending parallel to

G

the soft lin similarly low stress relative to the soft, long t,, control material. Overall, a 20x

difference g stress was measured for the hinge when deforming perpendicular vs. parallel

S

to the soft . refore, multimorphic materials hold promise for utility in applications that would

benefit from anisOtropic bending stress, such as joints in soft robotics.

Ul

A manual 180° bending sy
 E—— Gﬂﬁmw pr—m— T i
: (i i 1 i H
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Figure 7. An ic bending with a multimorphic hinge. (A) Backlit images of pure hard (top row), patterned

A

hard-soft-hard (hinge, middle row), and pure soft (bottom row) square samples before (left column) and after
perpendicular (middle column) and parallel (right column) 180° bending by hand. (B) Bending stress-strain plot
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acquired from a three-point-bend test using DMA. Pure hard and soft samples showed no directional
difference.

3. Conclusi!n
In summarQatternable polyurethane-polyacrylate IPN platform with tunable morphology

and mdehIMeamBroperties was developed by leveraging orthogonal initiation and polymerization
mechanis changes to relative initiation time from a single resin was used to vary IPN

morpholo@turn mechanical properties, with stiffness being tunable by over two orders of

magnitude. nitiation time delay (t,,<5 minutes) resulted in large phase separation (up to ~250

nm domai paque bulk materials that behaved as stiff plastics. In contrast, long initiation

3

time delay (f,,>5 minutes) resulted in small phase separation (down to <10 nm domains) and

transparent bulk Wpaterials that behaved as soft elastomers. Photopatterning was employed to

ul

produce multimorphic materials, with distinct stiff and soft regions in a single film. This enabled the

preparatiofl of materials with uniform composition, yet mechanical anisotropy, as demonstrated by

)

the fabrication and characterization of a hinge. This work is anticipated to inform advanced

manufactufin egies towards multimaterial objects with a diverse array of applications, such as

d

in the area of soft robotics.

\
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