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Abstract
Hexagonal (i.e. honeycomb) patterning has been previously shown to increase overall 

material toughness as a function of geometry when the base lattice material is brittle in 
nature. However, similar design parameters have yet to be identified for soft materials such 
as polymer networks that are viscoelastic in nature. Here, systematic stress-strain 
experiments of honeycomb-patterned lattice sheets based in poly(ethylene glycol) explore 
the failure behavior as a function of honeycomb geometry as well as base material rigidity. 
Experimental results demonstrate that geometry impacts Young’s modulus and alters failure 
mode and toughness di!erently than previously observed in other material classes. 
Specifically, honeycomb structures of smaller dimensions enhance tortuosity during crack 
propagation while also allowing for rotations and deformations that dissipate stress, 
enabling simultaneous enhancement of toughness and strength.

1 Introduction

Soft materials have distinct behaviors compared to traditional elastic solids [1], mainly 

they can withstand larger deformations than brittle glasses and plastics. Polymer networks, 

comprised of polymer chains connected by cross-linking junctions, thus forming a 

threedimensional structure [2] represent a subset of soft materials that are particularly 

attractive for emerging applications in biomedicine (i.e., tissue engineering, medical devices) 

[3], agriculture [4], and soft robotics [5]. This is largely due to the large number of functional 

units available to build polymer networks, and thus the ease at which critical properties such 

as interactions with the surrounding environment can be tailored. However, a major and 
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persistent challenge with soft polymer networks is a lack of toughness [2,6]. These networks 

can su!er from catastrophic and severe failure, including self-rupture during swelling [7–9] 

as well as transient instabilities such as creasing, buckling and wrinkling [10,11]. Given the 

diverse applications for soft materials and polymer networks, understanding how to 

manipulate and

tailor failure modes and instabilities is critical for advanced engineering applications.

Patterning is one strategy to manipulate material failure and response [12–14]. This is 

particularly attractive for soft materials as photo-lithography and additive manufacturing 

are becoming increasingly accessible tools for tailoring patterning and even creating unique 

structures including composite and meta-materials [15–17]. Lattice structures, such as 

honeycomb motifs, have been of particular interest when patterning soft materials, as this 

type of perforated structure has the added benefit of enhanced strength-to-weight 

performance [13,14,18,19]. This type of design, which consists of packed hexagonal porous 

domains, is seen in a number of natural systems [20], most famously in natural honeycomb 

found in bees nests [21]. Recent investigations highlight how honeycomb lattices enhance 

stability of structural materials [22,23] as well as failure of acrylic polymer composites. 

Specifically, honeycomb pattering enhances crack tortuosity during tensile deformation; this 

is significant when compared to samples comprised of square-shaped pores [24]. This 

enhancement is attributed to stress distribution around the porous features, and more 

specifically that crack propagation in honeycomb lattices encounter a ‘fork’, where adjacent 

struts oriented 60o from the crack site can serve as a propagation site. Thus, more stochastic 

propagation of a crack arises. However, the precise role of hexagonal geometry (pore size, 

strut dimensions, etc.) on the extent of tortuosity and mitigation of rapid failure events have 

yet to be determined. Thus, it remains unclear if further enhancements to deformation can 

be engineered via straight-forward manipulations to pattern dimensions including pore 

density, strut (i.e. ligament) size, etc (see, Fig. 1).
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The systematic investigation into pattern geometry and the associated impact on failure 

here is motivated by prior works investigating brittle solids which identify direct links 

between failure mode and lattice geometric factors such as strut thickness and underlying 

rigidity of the base material [13,25,26]. Using these handles, failure mechanisms can be 

tailored from brittle cracking (i.e., a quickly growing crack that travels perpendicularly 

across a lattice structure) to more diffuse, system-spanning breaking that exhibits tortuosity. 

These investigations into honeycomb pattern specific relationships, however, focused on 

systems

where the base material is plastic or elastic in nature.

Similar design principles that enable manipulation of fracture behavior based on material 

patterning and geometry have yet to be identified for soft, viscoelastic materials. Compared 

to plastics and brittle solids, soft materials pose advantages as they can provide low energetic 

cost mods of deformation, such as rotation and distortion. This is particularly relevant, as 

distortions and rotations are observed as a means to mitigate stress in perforated, lattice 

systems [25]. Furthermore, prior investigations into lattice-patterned soft polymer 

networks, including hydrogels, demonstrate performance enhancements [27–30]. As one 

example, variations in vintile-lattice geometry resulted in enhancements of both Young’s and 

shear moduli of a poly(ethylene glycol) hydrogel; decreasing unit cell size corresponded to 

increased modulus. [27] Similarly, investigations on photopolymer lattices fabricated via 3-

D printing highlight how compressive strength, i.e. energy absorption capacity, varies based 

on a uniform or graded lattice geometry [30]. This body of work is motivated by emerging 

application fields for soft meta-materials, including wearable sensors and soft robotics [29]. 

As outlined above, previous investigations highlight enhancements in material properties; 

pattern-performance relationships are still needed for soft materials in tension so crack 

propagation and failure may be predicted a priori. Furthermore, current lattice-patterning 

strategies for soft materials focus on singularly enhancing either strength or toughness [29]. 

By investigating tensile deformation and failure in a soft material platform, new rules for 
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failure mitigation and synergistic performance enhancement, i.e. addressing strength vs. 

toughness trade-o!s, may arise. We hypothesize that more significant architectural 

enhancements to failure mode and toughness are accessible in soft materials as a function of 

lattice geometry, particularly when compared to examples in brittle solids and plastics, as 

they can exhibit more significant nonlinear deformations prior to failure.

Here we investigate the failure behavior of two-dimensional, honeycomb-patterned poly 

(ethylene glycol) polymer networks. The rigidity of the underlying material was varied via 

cross-link density of the formed polymer network (i.e. ratio of poly(ethylene glycol) 

diacrylate - PEGDA to poly(ethylene glycol) monoether acrylate - PEGMEA - Fig. S1). 

Furthermore, the hexagonal patterning was varied. Three distinct pore sizes (i.e., length 

across the pore) and strut widths were explored (Fig. 1), resulting in 9 patterns employed 

(Table 1). The stress-strain behavior as a function of base material rigidity and patterning 

was evaluated via tensile testing. With honeycomb patterning, a transition from brittle to 

diffuse failure was observed, as expected and seen in prior reports. More interestingly, a 

trend emerged at low pore size where increases in strain at break and yield stress were 

observed with imposed patterning. In the most extreme scenarios, patterning could result in 

a simultaneous 10-fold increase in toughness along with a 50% increase in strength. These 

enhancements compared to the bulk, non-patterned control represent a strategy to improve 

toughness and mechanical integrity of viscoelastic materials.

2 Experimental

2.1 Materials

To develop polymer samples, the following chemicals were employed (Fig. S1): 

poly(ethylene glycol) methyl ether acrylate (PEGMEA) with a molecular weight of 400 g mol→1 

was utilized as the base monomer, poly(ethylene glycol) diacrylate (PEGDA) with a molecular 

weight of 700 g mol→1 was used as the network cross-linker, and 2,2-dimethoxy-2-

phenylacetophenone (DMPA) was used as the photoinitiator in all formulations at a loading level 
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of 0.5 wt% relative to the comonomers. These materials were all obtained from Sigma-Aldrich 

and used

as received and without further purification.

Photomasks were purchased from Alpha Chemistry using designs compiled in CAD. Hole 

and strut sizes were varied between mask types according to Table 1 where R is the diameter 

of the hexagonal hole and d is the width of the strut between adjacent holes (see, Fig. 1). As 

expected of a honeycomb (i.e., hexagonal) lattice structure, the ratio of the hole size (R) to 

hole side (l) was maintained at a value of 2 across all samples. We choose to systematically 

vary hole size (R), as prior investigations into hydrogel systems [27] highlight a clear 

relationship between compressive modulus and this parameter. Furthermore, since we 

hypothesize that strut deformations will play a significant role in geometry based 

enhancements, the strut width (d) was systematically varied. Each mask was designed to 

include tabs at either end of the sample to enable mechanical testing (i.e., su”cient contact 

with specimen when loading into a tensile testing configuration). Nine masks were designed 

to test each hole and strut size (R and d) combination. The naming scheme for patterns based 

on hole (i.e., H) and strut (i.e., S) sizes is H(x)-S(y)where x and y have values of 1, 2, or 3 which 

correspond to the small, medium, and large measurements respectively as highlighted in 

Table 1. Generally, the patterned area for each specimen was roughly 250 mm2. Thus, 

depending on the specific patterning imposed (see Table 1), the number of honeycomb cells 

(i.e. hexagons) in a tested sample varied.

l

R

d
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Figure 1: Honeycomb dimensions used to di!erentiate patterning. Hole size (R) and strut width (d) were 
varied with small, medium, and large values as indicated in Table 1. All samples were prepared with the same 
overall dimensions: 25 x 10 x 0.5 mm (length x width x thickness).

Table 1: Photomask pattern dimensions. All samples were prepared with the same overall dimensions of 25 x 
10 x 0.5 mm (length x width x thickness)

.
Mask Name Hole Size (R) (mm) Hole Side (l) (mm) Strut Width (d) (mm)

H1S1 1.3 0.7 0.3
H1S2 1.3 0.7 0.8
H1S3 1.3 0.7 1.5
H2S1 3.0 1.5 0.3
H2S2 3.0 1.5 0.8
H2S3 3.0 1.5 1.5
H3S1 5.0 2.5 0.3
H3S2 5.0 2.5 0.8
H3S3 5.0 2.5 1.5

Figure 2: Curing protocol to develop lattice specimens. Liquid comonomer formulations (1) were injected 
into a glass mold and the appropriate photomask placed on top (2). Samples were cured for two distinct periods 
(3). First, a low intensity short cure period ( , 10-15 s) was used to form the lattice structure, after 
which excess resin was removed from the mold by washing with solvent. The samples were then exposed to a 
higher intensity curing protocol to complete network polymerization (( , 660 s), after which the 
final cured specimen was obtained (4).
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2.2 Experimental Methods

Formulation preparation and UV curing.

To vary the intrinsic stiffness of the PEG-based networks, di!ering ratios of 

PEGMEA:PEGDA were used to vary the cross-link density of the formed network. Specifically, 

three mass ratios were investigated here: 10:90, 20:80 and 40:60 (PEGMEA:PEGDA). To 

prepare resin formulations, the appropriate mass of PEGMEA and PEGDA were placed in a 

vial and allowed to mix via magnetic agitation at ambient conditions (→ 5 min). Then, the 

appropriate mass of the photoinitator (DMPA) was added at a 0.5 wt% relative to the total 

monomer mass (combined PEGMEA and PEGDA), and gently mixed until complete

dissolution of DMPA was observed (→ 10 min).

Curing molds for photopolymerization were made by sandwiching 0.5 mm thick rubber 

gaskets between glass slides. Resin formulations as described above were injected into the 

molds via syringe and a photomask was placed on top of the glass slide. Samples were

first exposed to a UV light source (ThorLabs Solis 365C, ) for 10-

15 seconds. After this initial cure, the photomask was removed and the mold was opened by 

releasing the top glass slide and any uncured resin was removed with a kimwipe. The 

remaining sample was then exposed to second curing period ( ) for an additional 

7 minutes to ensure complete and maximum conversion of the acrylate functionalities and 

formation of the lattice structure (Fig. 2). After curing, samples were stored in a dark drawer 

until further testing and analysis.

Dynamic mechanical analysis

A Dynamic Mechanical Analyzer (TA Discovery DMA 850) was used to characterize the 

mechanical properties of the prepared patterned samples. Strain ramp tests were used to 

characterize the stress-strain behavior of samples as a function of patterning and intrinsic 

stiffness. Samples were stretched (0.2 ) until complete failure or reaching the maximum 
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stretch limit of the instrument (10 mm). Prior to loading of a specimen, the overall sample 

thickness and width (i.e., without accounting for void spaces due to hexagonal patterning) 

were measured and inputted into the TRIOS analysis software. The majority of specimens 

had approximate dimensions of 20 x 10 x 0.5 mm (length x width x thickness). The torque 

applied to each sample formulation during loading was varied to ensure proper attachment 

during analysis (i.e. avoiding slipping or rupture at the clamps during analysis). Key 

observations were extracted from the stress-strain analysis, including the location of the first 

fracture, the nature of crack propagation (catastrophic vs. dispersed), strain at failure, and 

the yield stress (i.e., maximum stress experienced by the sample). The Young’s modulus 

(MPa) was estimated using the slope of the stress-strain data at low strains (0-5% strain, 

unless otherwise noted). Toughness was calculated by integrating the area under the stress-

strain curves. Failure mode was assessed via visual inspection. Catastrophic crack 

propagation was defined as observed rupture of neighboring lattice struts, typically resulting 

in a break running parallel to the tension clamp. Dispersed crack propagation was defined as 

observed rupture of non-neighboring lattice struts, i.e. struts that were dispersed throughout 

the sample specimen.

Table 2: Material properties via stress-strain analysis for bulk specimens (mean values reported, n=5). 
Toughness was estimated by calculating the area under the nominal stress-strain curve

Formulation Young’s Modulus (MPa) Strain at Break (%) Toughness (MPa)
40:60 7.09 x 10-2 12.3 1.52 x 105

20:80 3.56 x 10-2 17.7 1.65 x 105

10:90 1.76 x 10-2 17.1 4.50 x 104

3 Results and Discussion

Overview of pattern-dependent mechanical response

Two handles were explored to investigate failure response in these soft materials: (1) 

patterning scale of a honeycomb lattice and (2) intrinsic material stiffness. To address 

Page 8 of 21RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/3
0/

20
26

 1
2:

23
:2

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6LP00046K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lp00046k


9

material stiffness, three different mass ratios of the PEGMEA comonomer to PEGDA cross-

linker (Fig. S1) were explored: 10:90, 20:80, and 40:60. In this naming convention, the first 

number refers to the mass fraction of cross-linker included in the comonomer formulation. 

In a bulk, non-patterned specimen these variations in stiffness have an expected impact on 

mechanical properties, which is characterized via stress-strain analysis (Table 2 and Fig. 3). 

Specifically, increasing the fraction of cross-linking monomers in the resin formulation 

corresponds to an increase in Young’s Modulus and yield stress. Notably, all base 

formulations display brittle behavior with sudden and catastrophic failure. Specifically, there 

is a linear regime at low strains followed by a sudden event that results in a complete break 

of the sample. Qualitatively, this catastrophic failure is visually marked by a straight break

across the specimen that runs roughly parallel to the tension clamp.

Photo-lithography was used to impose patterning onto these network formulations. As 

highlighted in Fig. 4 for HxS1 formulations, pattern transfer was crisp with no significant 

variation in pattern dimensions. Photographs of pattern transfer for HxS2 and HxS3 samples 

are shown in Fig. S2. Stress-strain behavior of patterned specimens was evaluated during 

tensile deformation, and the behavior for networks based in the 10:90 formulation is 

highlighted in Fig. 5. Two lattice pattern dimensions were systematically varied: pore size

40:60
20:80
10:90

Non-patterned, 
bulk specimens
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Figure 3: Stress-strain analysis of bulk specimens without lattice patterning. Bulk specimens have stress-
strain behavior related to the cross-link density of the base polymer network (quantitative data presented in 
Table 2). As expected, increases in cross-link density correlate with a higher Young’s Modulus (slope) and 
lower strain at break.

Figure 4: Optical microscopy highlights di!erences in lattice dimensions as a function of photomask patterning. 
Additionally, dimensions are consistent from pattern to formed materials. In all images, the scale bar 
corresponds to 1mm.

and strut width. Each inset (Fig. 5a, b, and c) correspond to a di!erent pore size; strut 

thickness is indicated by color of the data sets (see legend). In Figs. 5a-c, the bulk (i.e. non-

patterned data from Fig. 3) is included as a reference.

Specific trends related to failure mode as a function of patterning arise when evaluating 

Fig. 5. Firstly, staged failure is observed in all samples, indicating individual failure of struts 

within the lattice structure is observed prior to complete failure (i.e. sudden reduction in 

stress to a 0 value). It is noted that the number of ‘stages’ of failure experienced by a 

patterned sample (i.e. measured drops in stress prior to complete failure) is dependent on 

the hole size (R). Given that all samples had similar overall dimensions, the lattices patterned 
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with large hole sizes had a lower absolute number of hexagonal cells in the tested specimen. 

Thus, the number of individual strut breaks visualized in the stress-strain curve is reduced 

accordingly going from Figure 5a-c. There is also a reduction in yield stress across all 

samples, and this reduction becomes more severe as the porosity (i.e. hole size) increases. 

Furthermore, as pore size increases the patterned network behaves less like a brittle solid 

(which is the case for the non-patterned control) and transitions to a more ductile material. 

Specifically in comparing Fig.5a to Fig. 5c, one can observe how a patterned network

achieves a higher strain at break prior to failure. Lastly, a consistent trend regarding strut 

thickness is observed across all samples: decreasing strut thickness results in a reduced 

slope of the stress strain curve. Similar trends are observed in the stress-strain behavior of

patterned 20:80 networks, which is provided in the Supporting Information.

In the sti!est network material explored, i.e. 40:60 formulations (Fig. 6), many of the 

above noted trends are consistent. Particularly, the transition to more ductile behavior with 

increasing pore size and decreasing strut width. However, a distinct advantage with 

patterning in this more sti! and rigid formulation is that in some cases patterning leads to 

enhanced yield stress compared to the non-patterned (i.e. bulk) control. Notably, for pattern 

H1S2 (pink series, Fig. 6a) yield stress increases by a factor of 1.5 with the imposed pattern, 

and the strain at break is also increased significantly to roughly 35% (compared to 12% for

Small Hole Large Hole(A) Medium Hole(B)

Bulk 
Specimen

H1Sy
R ~ 1.3 mm 

R ~ 3.0 mm 

H2Sy

HxS3

C)(

R ~ 5.0 mm 

H3Sy

HxS2HxS1Legend:
d ~ 0.3 mm d ~ 0.8 mm d ~ 1.5 mm d ~ strut width
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Figure 5: Stress-strain analysis of patterned specimens based in the 10:90 resin formulation. As the 
general dimension of the pores increases (i.e. hole size), the stress-strain behavior evolves from classic brittle 
behavior to more diffuse types of failure.

Figure 6: Stress-strain analysis of patterned specimens based in the 40:60 resin formulation. As the 
general dimension of the pores increases (i.e. hole size), the stress-strain behavior evolves from classic brittle 
behavior to more diffuse types of failure.

the non-patterned control).

These impacts of geometry are further supported by visual observation of failure during 

tensile deformation. Figure 7 a demonstrates how increasing strut width results in more 

brittle, catastrophic failure (for a 10:90 sample with H1S3 geometry). When the strut width 

gets significantly large, samples behave more like a solid specimen, and a running crack is 

observed across the specimen parallel to the tension clamp; we define this as catastrophic 

failure. This is contrasted to Fig. 7 b , where strut width is decreased (while maintaining a 

uniform pore size). Here, random failure of non-neighboring, individual struts is observed, 

which we define as diffuse failure. This corresponds to the observed ‘stages’ in patterned

stress-strain curves (Figs. 5, 6).

As demonstrated in prior works [25,26], when a lattice material is constructed of a purely 

elastic material - mechanical properties can be predicted based on the lattice geometry (i.e. 

d, R, and l parameters - Table 1). Specifically, the lattice shear modulus (G) and bulk modulus 

(B) are predicted using the Young’s modulus of the base material (Yo) along with the relative 

density (ε↑) of the patterned material via Eqns. 1, 2,and 3. The relative density (ε↑ ) 

Small Hole Large Hole)A( Medium Hole)B(

Bulk 
Specimen

H1Sy
R ~ 1.3 mm 

R ~ 3.0 mm 

H2Sy

HxS3

(C)

R ~ 5.0 mm 

H3Sy

HxS2HxS1Legend:
d ~ 0.3 mm d ~ 0.8 mm d ~ 1.5 mm d ~ strut width
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represents the fraction of the material that has not been removed when integrating 

hexagonal pores. As demonstrated previously [31], in a honeycomb lattice this can be 

calculated using strut width (d) and length (l). In cases where lattice connections become 

long and thin (i.e., dl ↓ 1), the second term of the relative density equation (Eq. 3) becomes 

insignificant. Given the explored patterns here, and in particular our HxS3 patterns with 

significant strut widths, this term is included in all calculations of ε↑. With ε↑, G and B 

calculated, a conversion to elastic modulus is straightforward.

(1)

(2)

(3)

Here, we use the same analysis to compare the measured stress-strain behavior of 

patterned specimens to that predicted by lattice geometry. The results for a 40:60 base 

network are displayed in Fig. 8 (similar results for 10:90 and 20:80 formulations are in 

Supporting Information - Figs. S4, S5). Notably, in both 20:80 and 40:60 formulations, the 

experimental results and observed mechanical data significantly ‘outperforms’ the 

theoretical predictions when pore size is smaller (i.e., small holes). At larger pore sizes (i.e. 

medium and large hole - Fig. 8b-c), the agreement between theoretical prediction and 

experimental values are much closer, particularly for the 20:80 and 40:60 formulations.
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t= 240 s
11% Strain

t= 0 s
0% Strain

t= 420 s
18% Strain

t= 530 s
28% Strain

Figure 7: Visual analysis of failure events and tortuosity support stress-strain data. When strut size (i.e., 
d) is larger, the lattice approaches bulk specimen behavior. During tensile deformation, a propagating crack 
moves rapidly across the specimen parallel to the tension clamp (A - orange circle), as demonstrated for a 10:90 
formulation with H1S3 patterning, i.e. catastrophic failure. When patterning includes thinner struts with small 
pores (B - 40:60 formulation, H1S1 geometry), dispersed failure was observed. Here, non-neighboring struts 
fail randomly (purple circles - ii), with eventual failure of additional adjacent lattices (iii).
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Figure 8: Stress-strain analysis of patterned specimens based in the 40:60 resin formulation at low 
strains, compared with the theoretical prediction. At low pore sizes (i.e. small holes - (A)), the theoretical 
prediction underestimates mechanical performance. As porosity increases - this shifts. In all figures open series 
(↘,↭,≃) correspond to theoretically predicted stress-strain behavior, while dashed series represent 
experimentally obtained data.

This brings up an interesting point and unexpected benefit of lattice patterning. While the 

staged and delayed failure observed across specimens in this study is expected, the 

architectural enhancement of mechanical performance, particularly when compared to that 

predicted of classic brittle materials, is exciting. However, as our data shows, this is very 

dependent on geometry. Specifically, our analysis highlights how small pore size results in 

more enhanced performance. However, this analysis is limited to performance at small

strains.

To illustrate the positive effect of patterning over larger deformations (i.e., strains beyond 

3-5%), we compared the strength (i.e. yield stress) and toughness (i.e. area under the 

nominal stress-strain curve) for all patterned specimens. The tradeoff in these two measures 

as a function of hexagonal lattice geometry can be visualized in an Ashby plot for each base 

network formulation. Such an example for a 40:60 network is shown in Fig. 9. Here, in a bulk, 

non-patterned sample toughness is limited due to the brittle nature of the polymer (red 

series). This is a typical challenge associated with free-radical polymer networks. At large 

hole sizes (green series), the significant volume of sample removed in creating the porosity 

Small Hole Large Hole(A) Medium Hole(B)
H1Sy

R ~ 1.3 mm 

R ~ 3.0 mm 

H2Sy

HxS3
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H3Sy

HxS2H
x
S

1Legend:
d ~ 0.3 mm d ~ 0.8 mm d ~ 1.5 mm 

d ~ strut width
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results in a significant drop in strength. However, modest increases in toughness are 

observed

Figure 9: Hexagonal lattice patterning addresses trade-o!s in soft polymer networks. By plotting average 
yield stress (i.e., strength) vs. toughness (i.e., area underneath the stress-strain curves) the influence of 
patterning, and more specifically pore size is revealed. As pore size decreases (i.e., green to orange to blue 
series) the trade-o! between strength and toughness is significantly reduced. Here this behavior is highlighted 
for 40:60 specimens, with the non-patterned, bulk specimen behavior indicated by the red series. For all data 
points, the mean value is reported (n=3) and error bars represent the standard deviation.

with patterning. Most interestingly, patterning with medium and small pore sizes allows for 

a significant reduction in the toughness vs. strength tradeoff. Notably at small pore sizes 

toughness can increase nearly 10-fold compared to the bulk, non-patterned control, while 

also achieving a 50% increase in strength. Similar effects of patterning can be observed in 

the 10:90 formulations (Fig. S6); however the relative improvement compared to the bulk

control is insignificant in the 20:80 formulations.

4 Conclusions

This work demonstrates how honeycomb lattice patterning enhances the mechanical 

performance of soft polymer networks. Honeycomb lattices comprised of poly(ethylene 

glycol) photopolymerized networks were formed via photolithography, and their response 

H3Sy

H2Sy

H1Sy

Bulk Specimen
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to tensile deformation was investigated. Both the intrinsic material stiffness (i.e. cross-link 

density of the PEG-based network) and honeycomb lattice geometry were varied. All base 

samples (i.e. bulk materials without honeycomb patterning) had behavior characterized by 

rapid crack propagation and failure at moderate strains (10-20%). However, when 

hexagonal patterning was imposed, failure transitioned to more diffuse and tortuosity was 

observed in crack propagation across these specimens. This confirms previously reported 

behaviors in brittle and composite systems. Most interestingly, our results highlight how 

patterning can result in enhanced strength and toughness, particularly with smaller, well 

dispersed honeycomb structures connected by smaller ligaments (i.e. struts). Most notably, 

with the most rigid material explored here a nearly 10-fold increase in toughness and 50% 

increase in strength was attainable via patterning. We hypothesize that this enhancement via 

patterning is due to two contributing factors that can be classified as architectural 

enhancements. First, the smaller strut size allows for deformations and rotations that are not 

accessible in the bulk polymer network; with increasing strut size these deformations 

become restricted. Furthermore, with smaller pores (i.e. hexagons) in the honeycomb lattice, 

tortuosity increases as there are a larger number of deviations and paths available for failure 

propagation. This architectural enhancement is relevant for applied soft polymer systems, 

particularly those where both toughness and being light-weight are critical. In particular, 

emerging technologies such as soft sensors and wearable electronics require withstanding 

repeated strain and deformations. Using a lattice structure that enhances toughness can 

address these needs, while also maintaining critical functions (i.e. conductivity) even during 

a diffuse failure

process.
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