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Herein, this work aims to demonstrate the topological effect on the mechanicalx characteristics of self- 
assembled block copolymers (BCPs). The lamellae-forming polystyrene- block -polydimethylsiloxane (PS- 
b -PDMS) can be self-assembled into various nanostructured monoliths with the use of PS-selective solvent 
for solvent annealing, giving diamond, gyroid, and cylinder structures with increasing the swelling 
degree of PS domain (the effective volume fraction of the PS segment after solvent annealing followed 
by evaporation). The stiffness of the self-assembled monoliths is scrutinized by nanoindentation test. For 
intrinsic PS- b -PDMS monolith with lamellar structure, the reduced elastic modulus as calculated from 
the measured stiffness is 0.91 GPa. By contrast, the PS- b -PDMS monolith with cylinder structure gives 
a significant reduction in reduced elastic modulus with the value of 0.52 GPa due to the introduced 
microporosity to the PS domain from solvent annealing using PS-selective solvent, resulting in the 
lower confrontation for continuous layer-by-layer deformation of hard PS and soft PDMS domains. 
In the case of gyroid-structured PS- b -PDMS monolith, it is unexpected to exhibit a significant increase 
in the reduced elastic modulus with a value of 1.6 GPa: note that the effect of microporosity is still 
significant. Accordingly, the enhancement of the reduced elastic modulus is attributed to the effect 
of deliberate structuring with network topology ( i.e., three-dimensional co-continuous hard PS and 
soft PDMS domains) that is able to hold the occurrence of large-scale deformation. In contrast to the 
gyroid with a three-strut texture, the diamond-structured PS- b -PDMS monolith with a four-strut texture 
is superior to the gyroid with a reduced elastic modulus of 2.2 GPa, further confirming the suggested 
topology effect. 
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1 Introduction 
Mechanical properties of materials have been one of the most 
widely studied areas in material science for exploring various 
applications in our daily life. Numerous efforts have been 
devoted to improve the mechanical properties of materials 
by hybridization to tune the constituent compositions and 
corresponding microstructures [1] . Nature has shown the finest 
approach for the fabrication of mechanically superior materials 
by incorporating an interpenetrated structure with hard and 
soft material segments [2] . Natural systems like nacre [3] , 
stomatopod dactyl club [4] , and woods [5] show composite 
structures or assemblies of multiple elements fashioned for 
superior mechanical properties. Note that interpenetrating 
phase composites are materials that are composed of two 
or more phases with topologically continuous and three- 
dimensional interconnected structures, giving a substantially 
enhanced mechanical performance [6–8] . 

This pursuit implies that the mechanical properties of the 
materials can be controlled by the constituent composition 
and the structure of the material. Natural and synthetic 
interpenetrating phase composites have drawn intensive 
attention for practical applications due to their exceptional 
mechanical properties such as high modulus and strength as 
well as superior toughness [9–11] . A large part of the study of 
material science is devoted to fabricate mechanically superior 
composites with network texture; this pursuit from its earliest 
origin has involved the manipulations of large and small material 
features by a top-down approach [ 12 , 13 ]. However, fabrication of 
well-ordered structures by the top-down methods might not be 
cost-effective and the architectural features have constraints to 
go below 100 nm size. By contrast, the fabrication process by a 
bottom-up approach may provide an easy fabrication technique 
and a smaller feature size. The bottom-up methods refer to the 
building of materials through the self-assembly of an atom-by- 
atom, and molecule-by-molecule [14] . Block copolymers (BCPs) 
have been extensively studied due to their ability to self-assemble 
into a variety of nanostructures. Owing to the incompatibility of 
distinct blocks, block copolymers (BCPs) can be self-assembled 
into lamella, gyroid, diamond, cylinder, and spheres with readily 
adjustable sizes, depending on their constituent composition 
[15–17] . Double gyroid (DG) and double diamond (DD) phases 
were discovered in BCPs showing prominent positions in the 
architectural arena due to their unique network structure [18] . 
The DG phase consists of two interpenetrated trigonal planar 
geometry with three arms in which each arm connects to 
another to form a 3D network whereas the DD phase consists of 
tetrahedral geometry with four interconnected networks from 
four arms. The superior mechanical behavior of the DG phase due 
to their unique network geometry as compared to the classical 
morphologies was first discovered by Thomas et al. [ 19 , 20 ]. 
Recently, the enhanced energy dissipation from the deliberate 
structuring of nanonetwork textures for thermosets fabricated by 
templated polymerization has been demonstrated by Ho et al. by 
enabling the design of mechanical metamaterials from a bottom- 
up approach [ 21 , 22 ]. In fact, the mechanical properties can be 
enhanced by increasing the strut numbers of the nanonetworks 
from gyroid to diamond [ 23 , 24 ]. However, systematic comparison 

of mechanical properties with topological effect, in particular 
from network structure on the BCP performance is minimally 
touched. 

Herein, this work aims to demonstrate the mechanical 
properties of nanostructured monoliths fabricated by controlled 
self-assembly through solvent annealing of stable lamellae- 
forming polystyrene- block -polydimethylsiloxane (PS- b -PDMS) 
with distinct geometries ( Fig. 1 ). Owing to the large interaction 
parameter of PS- b -PDMS, it is feasible to acquire a variety of 
nanostructured monoliths including cylinder (C), lamellae (L), 
double gyroid (DG), and double diamond (DD) from the same 
PS- b -PDMS with invariant weight fractions of constituted blocks 
by tuning the effective volume fraction of the PS with the use of 
PS-selective solvent (Chloroform) for solvent annealing through 
the control of nitrogen-purge flow rate. 
2 Experimental section 
2.1 Materials 
A stable lamellae-forming PS- b -PDMS with the volume fraction 
of PDMS f PDMS v = 0.41 (M n PS = 51,000 g/mole, M n PDMS = 
35,000 g/mole, ÐM = 1.05) was used in this study. The detailed 
synthesis of the PS- b -PDMS was discussed in our previous 
publications [25–27] . 
2.2 PS- b -PDMS monolyth fabricated by dip coating 
To generate uniform films over a large area [28] for mechanical 
property test, PS- b -PDMS monoliths were prepared by dip coating 
on a silicon wafer with controlled thickness; after casting, a 
uniform film with disordered nanonetwork texture can be formed, 
indicating that the microphase separation can occur even with 
fast solvent evaporation due to the large interaction parameter 
of the silicon-containing block copolymer. Consequently, solvent 
annealing in a solvent annealing chamber using chloroform as a 
selective solvent was conducted to improve the degree of order by 
increasing the chain mobility of BCP chains for self-assembly. By 
taking advantage of the solvent flow rate and annealing time, it 
is feasible to obtain various nanostructures using the same BCP 
monoliths. Subsequently, PS- b -PDMS monoliths with different 
effective PS volume fractions and the same weight fraction can 
be fabricated [29] . 
2.3 Nanoindentation measurements 
The Hysitron Ti950 triboindenter (Hysitron Inc.) was used to 
perform nanoindentation tests using a spherical indenter. The 
indentation measurements were conducted on a film sample with 
a 5 µm thickness silicon substrate at room temperature. The load- 
displacement curve was recorded at the same rate of loading and 
unloading (60 µN/sec) with a maximum load of 1000 µN. In the 
nanoindentation tests, the load-displacement data were recorded 
continuously while the tip was driven into the PS- b -PDMS thin 
film. The reduced elastic modulus can be calculated from the load- 
displacement curve (P-h) based on the Oliver-Pharr model. In each 
unloading curve, the elastic modulus can be calculated to get a 
consistent result. 
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Fig. 1 
Schematic illustration of the showcase for the mechanical property analysis of self-assembled morphologies including lamellae, double gyroid, double diamond, 
and cylinder structures from the controlled self-assembly of lamellae forming PS- b -PDMS by nanoindentation test with spherical indenter having a nominal radius 
of 0.5–1.5 µm. 

In the present study, the reduced elastic modulus E r was 
determined from the P-h curve, using the Sneddon formula. 

E r = √ 
π

2 S 
√ 
A t 

Here, E r is the reduced elastic modulus (indentation modulus) 
which represents the elastic deformation that occurs in the sample 
and the indenter. S and A t represent the stiffness and the projected 
contact area, respectively. Note that the deformation in the 
diamond indenter tip is negligible. Moreover, the elastic and 
plastic response also can be observed through a load-displacement 
curve. As a result, the reduced elastic modulus (indentation 
modulus) is a representative value for discussion on mechanical 
performance. 
3 Results and discussion 
A simple diblock copolymer system of PS- b -PDMS with PDMS 
volume fraction ( f PDMS v ) of 0.41 was used in this study. The 
detailed synthesis procedure was explained in our previous 
publication [25] ; Table S1 shows the detailed information for 
the PS- b -PDMS used in this study. By taking advantage of the 
intrinsic large interaction parameter of silicon-containing BCP, 
the self-assembled morphology is strongly dependent on the 
solvent used for solvent annealing. Accordingly, the BCP thin film 
was fabricated by dip coating, and PS- b -PDMS monolith can be 
self-assembled into stable layer-by-layer lamellae phase with PS 
volume fraction ( f PS v ) of 0.58 by thermal annealing at 180 °C 
for 24 h as shown in Fig. 2 a. Considering the narrow window 
for the formation of network phases, it is feasible to acquire 
triply periodic phases by using a PS-selective solvent chloroform 
for a morphological transition from the thermodynamically 
stable lamellar phase to nanonetwork-structured BCP monoliths 

in metastable condition. As shown in Fig. 2 b, double gyroid- 
structured PS- b -PDMS was obtained after controlling the solvent 
flow rate through instantaneous purging of pure nitrogen gas 
to trap the forming morphology of the swollen films where 
the effective volume fraction for PS ( f PS eff ) is 0.63 as reported 
previously [29] . Subsequently, a well-ordered double diamond 
structure with f PS eff ∼0.65 can be obtained by further increasing the 
selective swelling of PS block in PS- b -PDMS through the increased 
flow rate of selective solvent ( Fig. 2 c). As reported previously [29] , 
there should be no issue with the concern of structural variation 
along the thickness direction. As shown in Figs. S1a and S1b, 
the self-intermediate phase after solvent annealing at a high flow 
rate of 20 mL/min for 15 h and 30 h. Consequently, there is 
no heterogeneity in the self-assembled structures. Apparently, the 
maximum flow rate of selective solvent to the PS- b -PDMS can 
deliver the rod-like textured cylinder as exemplified in Fig. 2 d, 
indicating the formation of a cylinder-structured PS- b -PDMS 
with the f PS eff > 0.67. By taking advantage of the same weight 
fraction of PS and PDMS in the PS- b -PDMS synthesized with 
distinct self-assembled morphologies having different effective 
volume fractions of PS ( f PS eff ), the comprehensive study of the 
topological effect on mechanical properties can be conducted 
for systematic comparisons. To provide an insight into the 
mechanical properties of self-assembled PS- b -PDMS monoliths, it 
is necessary to understand the characteristic behaviors of intrinsic 
PS and PDMS. Typical nanoindentation tests with calibrated 
spherical intender at a loading rate of 60 µN/s were used in a cyclic 
mode until 1000 µN to examine the load-displacement curve for 
intrinsic PS. As shown in Fig. 3 a, a typical load-displacement curve 
having multiple cyclic loading with a maximum load of 1000 µN 
was acquired for intrinsic PS. Owing to the robust stiffness of 
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Fig. 2 
FESEM micrographs of cross-sectional-view of (a) lamellae- (b) double gyroid- (c) double diamond- and (d) cylinder-structured PS- b -PDMS monoliths. 

Fig. 3 
(a) The load-displacement curves of intrinsic PS; (b) Reduced elastic modulus 
(E r ) of intrinsic PS as a function of displacement. 
intrinsic PS, the maximum displacement ( h max ) attained at a load 
of 1000 µN is approximately 500 nm; note that where the least 
displacement with considerable retraction of the unloading curve 
signifies the PS as a hard domain. Subsequently, the reduced elastic 
modulus ( E r ) of intrinsic PS can be calculated from the initial 
slope of each unloading curve. As shown in Fig. 3 b, the reduced 
elastic modulus of intrinsic PS was calculated as 3.4 GPa; note 
that the initial disparity in modulus is considered as a preliminary 
shift due to the asymmetry in contact between the indenter and 
the surface of the sample. By contrast to intrinsic PS, PDMS 
shows a high recovery character while unloading with a large 
retraction of the unloading curve as shown in Fig. S2a; the reduced 
elastic modulus was calculated as 0.002 GPa (Fig. S2b), referred as 
the soft dispersed microdomain in the self-assembled PS- b -PDMS. 
Accordingly, with a volume fraction ( f PDMS ) of approximately 
0.41 in the self-assembled block copolymer, the amalgamation of 
soft and hard domain interaction of self-assembled samples for 
mechanical anisotropy can be scrutinized. 

To assess the effect of aimed topology on mechanical 
properties, the PS- b -PDMS can be self-assembled with a sequential 
arrangement of hard PS and soft PDMS using solvent annealing 

for selective swelling of PS. However, the variation of the effective 
volume fraction of PS attributed to the fast evaporation of 
PS-selective solvent leaves the PS domain with various closed 
microporosities, which is confirmed by the reduction in the 
modulus of pure PS (Fig. S3), whereas the occupied volume 
of PDMS remains constant. The detailed swelling behavior of 
block copolymer has been discussed previously.[ 29 , 30 ] Note that 
microporosity causes a reduction in the modulus of materials. 

The mechanical characterization of self-assembled monoliths 
using nanoindentation was scrutinized to evaluate the topology 
effect on mechanical properties. Fig. 4 a shows typical load- 
displacement curves for the lamellae and cylinder acquired by 
using nanoindentation test with cyclic loading at a maximum 
load of 1000 µN; note that the cyclic loading can be used to obtain 
a consistent result from nanoindentation. 

Primarily, the lamellae-structured PS- b -PDMS show a large 
displacement (deformation) while loading. As shown in Fig. 4 a, 
the maximum deformation in lamellae-structured monoliths is 
nearly reached approximately 2000 nm. Moreover, the unloading 
curve after withdrawing the nanoindenter shows significant 
retraction related to the elastic deformation of PS- b -PDMS 
monolith; which signifies that the unloading curves in lamellae- 
structured PS- b -PDMS show large elastic recovery. Note that the 
lamellae-structured PS- b -PDMS possesses the minimum effective 
volume fraction hard PS domain (0.58), although without any 
closed micropores by swelling, which relatively provides robust 
stiffness to the hard PS domain. However, the significant elastic 
recovery can be attributed to the dominating character of the 
continuous soft PDMS domain ( f PDMS v 0.42); note that the 
hard PS and soft PDMS domains are arranged in a layer- 
by-layer form. Subsequently, the collective deformations are 
due to the combined effect of hard PS domain without any 
internal microporous structure and soft PDMS layer. As a result, 
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Fig. 4 
(a) The load-displacement curves of cylinder- and lamellae-structured PS- b -PDMS monoliths; (b) The load-displacement curves of double-gyroid and double- 
diamond structured PS- b -PDMS monoliths; (c) Reduced elastic modulus of self-assembled monoliths with variety of nanostructures as a function of displacement. 
the lamellae-structured PS- b -PDMS is expected to exhibit lower 
stiffness due to the layer-by-layer structure of soft PDMS domain 
with elastic dominance but is superior as compared to cylinder- 
structured PS- b -PDMS due to hard PS without any microporous 
structure due to swelling. 

Moreover, the load-displacement curve for cylinder 
morphology shows the initial deformation starts without any 
tenacity toward loading which gradually leads to substantial 
depth under nanoindenter. By increasing the loading, the 
displacement could reach up to 2700 nm at a maximum load 
of 1000 µN which is much higher as compared to the stable 
lamellae-structure (2000 nm). Moreover, the cylinder-structured 
monolith can exhibit considerable repose while withdrawing 
the nanoindenter; as a result, all unloading curves show similar 
characteristics with nearly 25 % elastic recovery which implies the 
deformation character should be largely contributed by elasticity. 
Note that the PS- b -PDMS monolith having cylinder structure 
was attained after maximum swelling of the PS microdomain 
under a controlled solvent rate, where a significant change in 
occupied volume of PS can be occurred ( f PS eff > 0.67), which 
exceptionally softens the hard PS domains by intruding extensive 
amount of closed microporous structure as compared to as-cast 
lamellae structure. Furthermore, the soft PDMS domain is indeed 
embedded as one-dimensionally organized cylinders with the 
same occupied volume in the microporous PS matrix. 

Owing to the synergic effect of closed micropores in 
hard PS matrix and one-dimensionally ordered soft PDMS, 
it is feasible to obtain lower stiffness for the PS- b -PDMS 
with cylinder morphology. To further investigate the topology 
effect on mechanical property, the PS- b -PDMS monolith with 
gyroid structure was examined using a nanoindentation test. 

Interestingly, as shown in Fig. 4 b, the PS- b -PDMS with gyroid 
structure shows significant constraint towards deformation. In 
contrast to the cylinder and lamellae-structured PS- b -PDMS, the 
gyroid structure shows a maximum displacement of 1500 nm; 
note that the cylinder and lamellae exhibit 2700 nm and 2000 nm 
for the maximum displacement, respectively. Apparently, the 
characteristic deformation having a persistence deform in each 
loading thus exhibits the least depth under the nanoindentation. 
Surprisingly, after withdrawing the nanoindenter, each unloading 
curve exhibits low retraction as compared to the elastic rebound 
in the cylinder and lamellae. Indeed, the DG-structured PS- b - 
PDMS monolith shows the plastic mode of deformation with 
insignificant retraction of almost less than 5 %. This exceptional 
deformation character in the DG-structured monolith is attributed 
to the trigonal planar structure of the soft PDMS domain with 
interconnected three arms as a network texture in the hard PS 
matrix. The effective volume fraction of the hard PS domain (0.63) 
in DG-structured PS- b -PDMS was smaller than the cylinder ( > 0.67) 
and larger than the lamellae-structured PS- b -PDMS (0.52); note 
that the effect of microporosity is still significant. 

Accordingly, the exceptional deformation mechanism can 
be contributed by co-continuous structure as compared to 
the ones with cylinder and lamellar texture. This inferred 
that the deliberate structure with three-dimensional soft PDMS 
networks in the hard PS matrix should contribute to the 
deformation character dominated by the PS matrix even with 
the microporosity. As a result, the hard PS domain can be 
able to guard against large deformation while loading due to 
a supportive interconnected network between the PS matrix 
with a trigonal planar structure. Apparently, the tenacity of DG- 
structured PS- b -PDMS towards deformation is attributed to the 
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topology effect from the deliberate structuring with such co- 
continuous texture instead of microporosity due to swelling, 
which provides exceptional mechanical properties ( i.e. , the 
corresponding modulus and stiffness as well). 

To further explore the effect of deliberate structuring for 
the interpenetrated network texture on mechanical properties, 
a diamond-structured monolith was also fabricated for the 
nanoindentation test. Consistently, the diamond-structured PS- b - 
PDMS shows superior tenacity towards deformation as compared 
to the one with cylinder and lamellae. As shown in Fig. 4 b, 
the spherical nanoindenter needs to exert a large load to 
deform the diamond structure under each load at which the 
maximum deformation can reach only 1350 nm at a maximum 
load of 1000 µN. Similar to the load-displacement curves of 
trigonal planar (DG-structured) PS- b -PDMS, the collective load- 
displacement curve exhibits a concave pattern to establish 
the considerable stiffness of the monolith with the diamond 
structure. Note that the diamond-structured PS- b -PDMS possesses 
PS effective volume fraction of f PS eff ∼0.65 at which the PS hard 
domain might have considerable micropores due to swelling. 
However, in contrast to gyroid-structured PS- b -PDMS monolith, 
the diamond structure has an additional ligament (four struts) 
connected throughout the PS hard matrix which can further 
support the hard domain to withstand the applied loading 
[21] . Furthermore, the diamond-structured PS- b -PDMS monolith 
gives a comparable unloading pattern with the plastic mode 
of deformation without considerable retraction, which indicates 
that the tree-dimensionally ordered soft PDMS domains with an 
additional number of struts can be able to dissipate the energy 
through the struts can restrict the elastic mode of deformation. 

As a result, the reduced elastic modulus of self-assembled 
monoliths was calculated from each load-displacement curve 
(P-h) by the Oliver Pharr model [31] . As shown in Fig. 4 c, 
the thermodynamically stable lamellae structured PS- b -PDMS 
shows the reduced elastic modulus with a value of 0.91 GPa; 
note that there is no effect of microporosity due to swelling. 
In contrast to the two-dimensionally ordered layer-by-layer 
structure of lamellae with alternating soft PDMS and hard PS, 
the hexagonally packed cylinder-structured PS- b -PDMS with a 
significant effect of microporosity shows the least reduced elastic 
modulus with a value of 0.52 GPa. Interestingly, the gyroid- 
structured PS- b -PDMS shows a significant increase in the reduced 
elastic modulus; as shown in Fig. 4 c, the reduced elastic modulus 
of the gyroid-structured monolith was calculated as 1.6 GPa, 
which is three times the elastic modulus of cylinder structure 
and considerably higher as compared to lamellae-structured 
(0.91 GPa) PS- b -PDMS monoliths. This exceptional increase in 
reduced elastic modulus of the gyroid-structured monolith as 
compared to the cylinder and lamellae is indeed attributed to 
the trigonal planar interconnected structure embedded in the 
PS matrix with co-continuous texture at which the two PDMS 
networks interpenetrate throughout space within a matrix of 
continuous hard PS. Apparently, the presence of the glassy hard 
PS can show moderate swelling with solvent annealing; however, 
the interconnected network phase plays a vital role in reducing 
the rapid deformation to enhance the stiffness while loading. 
Furthermore, an interconnected three arms of a trigonal planar- 

Fig. 5 
Cross-sectional FESEM micrograph of (a) cylinder-structured and (b) lamellae- 
structured PS- b -PDMS after nanoindentation using spherical indenter with a 
nominal radius of 0.5–1.5 µm. 
structured soft PDMS domain can dissipate the applied stress, 
which further restricts the elastic rebound while unloading. Note 
that the absolute value for the reduced elastic modulus was 
determined based on the consistent values as a function of the 
displacement. To establish the suggested topology effect, the 
diamond-structured PS- b -PDMS monolith consistently gives rise 
to a similar fashion under loading. Most interestingly, the reduced 
elastic modulus for diamond-structured PS- b -PDMS monolith 
shows an exceptionally high value of 2.2 GPa. Considering 
the narrow window of volume fraction for the formation of 
gyroid and diamond structure, the selective swelling of PS by 
solvent should be nearly the same with slightly enhanced swelling 
on the diamond-structured monolith. However, the difference 
in reduced elastic modulus is indeed considerably high in the 
case of diamond structure as compared to the gyroid-structured 
monolith (1.6 GPa). This remarkable enhancement in reduced 
elastic modulus is attributed to the tetrahedral morphology with 
four arms connected. Accordingly, the four arms of soft PDMS 
domains interconnected to each other can provide successive 
space for hard PS to connect with additional strut support in three- 
dimensional. Furthermore, interconnected soft PDMS domains 
can dissipate the applied stress through the four-armed structure 
which restricts elastic recovery. As a result, with the effect of 
deliberate structuring with network texture as well as the number 
of connective arms for networking, the reduced elastic modulus 
can be enhanced, and the deformation will become smaller. 

To further examine the suggested deformation behavior, a 
cross-sectional FESEM image was used to investigate the residual 
indented locations (Fig. S4). As shown in Fig. 5 a, the PS- b -PDMS 
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Fig. 6 
(a) Cross-sectional FESEM micrographs of (a) DG-structured (d) DD-structured 
PS- b -PDMS after nanoindentation using spherical indenter with a nominal 
radius of 0.5–1.5 µm. 
with hexagonally packed cylinder morphology will experience 
significant depth under loading; at which the hard PS domain 
with a large amount of microporosity cannot act as a support to 
withstand the applied force due to approximately 9 % of intruding 
microporosity; note that the soft PDMS domains arranged in one- 
dimensionally organized individual rods-like textures. Moreover, 
the cross-sectional FESEM shows cylinder morphology exhibits no 
preferred orientations, which might also be attributed to the least 
tenacity towards deformation. Moreover, the two-dimensionally 
continuous lamellae-structured PS- b -PDMS shows alternative soft 
PDMS domain and hard PS domain stalked together; under 
compression, the deformation happens simultaneously in both 
phases ( Fig. 5 b). The effective large deformation of the soft 
PDMS layer can be constrained by the hard PS layer; note that 
there is the effect of microporosity. As a result, the soft and 
hard microdomains can deform cooperatively or simultaneously 
with appropriate hard and soft segment support to provide 

elastic deformation and a higher effective reduced modulus 
as compared to cylinder morphology. Owing to the plastic 
deformation for the soft and hard microdomains, it is reasonable 
to expect that an isotropic gyroid- and diamond-structure soft 
PDMS domain interpenetrating within the hard PS matrix with 
trigonal planar and tetrahedral textures can effectively restrict 
the rapid deformation, resulting in less deformation under 
loading. As shown in Fig. 6 a, for gyroid-structured PS- b -PDMS, 
the interpenetrated PDMS soft domain would be connected 
from one trifunctional node to another throughout the hard PS 
matrix. While under compression, the initial deformation needs 
to happen on the top layer of the triply periodic gyroid layer. 
Owing to the higher stiffness, it is necessary to apply a large 
force to deform the bottom layers. Accordingly, the intermediate 
network phase can disturb the continuous deformation of PS. 
Subsequently, the gyroid can show deformation of each gyroid 
unit cell leading to the least deformation ( Fig. 4 a). In the case 
of a diamond, the tetrahedral morphology has an additional 
connection toward the node that can further reduce the degree of 
deformation as compared to DG phase. As shown in Fig. 6 b, four 
PDMS ligaments diamond structures are connected to the nodes 
building up significant network areas in the PS matrix. Indeed, 
the hard PS domain immersed between the network structure 
dominates the effect of the hard PS domain. Consequently, 
extra strut support can be occurred for diamond structure as 
compared to gyroid; note that similar deformation behaviors can 
be both recognized in the gyroid- and diamond-structured BCPs. 
As a result, the initial reduced elastic modulus of an isotropic 
polygranular gyroid and diamond samples shows mechanically 
robust characteristics than the classical morphologies; namely, 
it requires higher stresses for the initiation of the deformation, 
giving higher stiffness than the one-dimensional cylinder and 
two-dimensional lamellae even with the existent porosity for the 
PS matrix. The nanoindentation results suggest the anisotropic 
effect on mechanical properties due to the topology of the self- 
assembled block copolymer. To reaffirm the effect of deliberate 
structure on mechanical deformation of DG and DD structures 
of self-assembled morphologies under equivalent stress, linear 
elastic calculations of vertically contracted nanonetwork models 
under nanoindentation were conducted by finite element analysis 
(FEA); an equivalent plastic deformation zone of the monoliths 
was calculated under normalized solid bulk with equivalent stress, 
especially in the post-yield deformation. As shown in Fig. 7 a, the 

Fig. 7 
Calculated plastic deformation zone for (a) gyroid and (b) diamond by finite element analysis. 
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gyroid-structured PS- b -PDMS exhibits a slightly large deformation 
capability as compared to the diamond-structured PS- b -PDMS 
( Fig. 7 a), which reassures the least tenacity of diamond structure 
towards deformation as compared to gyroid. Note that the four- 
fold symmetry of diamond-structured PS- b -PDMS greatly increases 
the reduced elastic modulus due to tetrahedral structure. As a 
result, the tetrahedral diamond structure restricts the large strain 
which leads to enhanced stiffness to DD as compared to DG. 
Furthermore, owing to the synergic effect of deliberate structure 
and four-fold symmetry, the diamond one shows significant 
support against the deformation which reassures the results from 
nanoindentation. 
4 Conclusion 
In summary, PS- b -PDMS can be self-assembled into a variety 
of nanostructures including cylinders, lamellae, gyroid, and 
diamond by solvent annealing using PS selective solvent with 
invariant weight fractions and different effective volume fractions 
of hard PS. The equilibrium morphology of lamellae-structured 
PS- b -PDMS shows moderately reduced elastic modulus due 
to the layer-by-layer structure of hard PS and soft PDMS. 
However, the cylinder-structured PS- b -PDMS monoliths exhibit 
the least reduced elastic modulus due to the significant amount 
of micropores to soften the hard PS domain by extensive 
swelling by selective solvent. Moreover, the gyroid and diamond 
structured PS- b -PDMS show significant enhancement of reduced 
elastic modulus due to the well-ordered interconnected hard 
PS matrix that could restrict the rapid deformation due to the 
interpenetrated network structure. With an additional PDMS strut 
in the diamond structure (tetrahedral texture), the gyroid can 
significantly enhance the reduced elastic modulus due to the 
number of ligaments, reflecting the topological effect of self- 
assembled BCPs on mechanical performance. 
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