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A B S T R A C T

Soft materials with controlled surface patterns are useful for a range of applications, including microdevices,
sensors and adhesives. In this work, the spontaneously wrinkled morphologies on the surfaces of crosslinked
polydimethylsiloxane (PDMS) microspheres were observed. These wrinkled microspheres may have great po-
tentials for construction of high-performance functional materials. They were fabricated in curable PDMS/water
emulsions stabilized by surfactants. After curing and drying, the PDMS droplets in the emulsions formed mi-
crospheres with different surface wrinkling morphologies, including dimples and labyrinth patterns. The
buckling patterns could be well tuned by the surfactant concentration, curing temperature, evaporation and
compositions of PDMS phase. A power-law dependence of the wrinkling wavelength on microsphere radius was
also observed. Furthermore, the wrinkling morphologies showed good reversibility by simply drying after
wetting with water. It is speculated that the evaporation of dissolved water in the PDMS phase triggers inter-
facial instabilities and result in the wrinkled morphologies. This work gives new insights into the surface
wrinkling behavior of soft microspheres, and provides a simple, efficient and environmentally friendly route to
fabricate microspheres with complex surface patterns.

1. Introduction

Polymeric systems which can form patterns with controllable size,
order, morphology, and complexity, have attracted increasing atten-
tions because of a wide range of potential applications, such as sensors
[1], microfluidic devices [2], responsive coatings [3–5], microlens ar-
rays [6], optoelectronic devices [7–9] and a metrology for measuring
mechanical properties of ultrathin films [10,11]. The wrinkling (or
buckling) patterns are typically observed in bilayer systems consisting
of thin films on compliant substrates. When the bilayer films were ex-
panded thermally, mechanically or osmotically, the modulus mismatch
between the bilayers creates compressive stresses that trigger buckling
of the thin films, leading to the formation of wrinkling patterns. [12]
The morphology, order, and complexity of the wrinkling patterns can
be controlled by varying the physical properties and dimensions of the
substrates and thin films in bilayer systems [13].

In nature, many surface wrinkling phenomena happen on non-
planar substrates, e.g., the human skin, the dehydrated fruits and ve-
getables [14,15]. Owing to geometric constraints, surface wrinkling on
curved surfaces can be quite different from those on planar surfaces

[15–19]. Spherical surface has been widely used as a model system to
study non-planar wrinkling both theoretically and experimentally
[17–22]. In general, surface wrinkling patterns can be synthesized by
various methods, such as UV irradiation and followed by solvent
swelling [23,24], specific host–guest chemistry [10], and surface che-
mical oxidation by acid solution [25]. For instance, Breid et al. [24]
explored surface wrinkling on PDMS caps. By ultraviolet/ozone (UVO)
treatment, a stiff surface oxide layer was generated on the PDMS
spherical caps. Swelling of this surface layer with ethanol vapor re-
sulted in the formation of wrinkling patterns on the PDMS spherical
caps. These wrinkling patterns easily disappeared upon solvent eva-
poration. Recently, Yin et al. [25] fabricated microspheres with
wrinkling surfaces based on surface chemical oxidation of aqueous-
phase-synthesized PDMS microspheres in a mixed H2SO4/HNO3/H2O
solution. This simple and high-output method generated stiff oxidized
shells on the PDMS microspheres which were requisite for the surface
wrinkling. Inspired by this, the wrinkled microspheres were obtained
via constructing the unstable interface on the microspheres in this
work.

Here, we report a simple method to fabricate PDMS microspheres
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with labyrinth and buckyball-like surface patterns from a conventional
oil/water emulsion stabilized by surfactants. The wrinkling patterns
could be well tuned by modifying the experimental conditions such as
the surfactant concentration, curing temperature, evaporation rate and
weight ratio of base/curing agent. To the best of our knowledge, this is
the first time report to realize surface wrinkling on the PDMS micro-
spheres without any surface oxidation treatment. In comparison with
other studies [10,23,24], our method has the following advantages. It
provides a simple, environmental friendly and high-output way to
generate stiff shells on the microspheres and simultaneously trigger
surface wrinkling. Moreover, no external stimuli (e.g., stretching/
compressing, solvent swelling, and heating) should be applied in our
method, indicative of low equipment investment for large-scale pre-
paration. Our study not only presents a simply, efficient and en-
vironmentally friendly method to fabricate microspheres with wrink-
ling surface morphologies, but also provides new insights into the
wrinkling behavior on spherical surfaces by triggering interfacial in-
stabilities.

2. Materials and methods

2.1. Materials

The PDMS precursors (Sylgard 184), including the base and curing
agent, were purchased from Dow Corning Corporation. The non-ionic
surfactants (Triton X-100 with a cloud point of 66 °C and Tween-20
with a cloud point beyond 100 °C) and the ionic surfactant (sodium
dodecyl benzene sulfonate (SDBS)) were purchased from Haihong
chemical Co., LTD, Chengdu.

2.2. Synthesis of PDMS microspheres

In procedure I, the PDMS base was mixed with the curing agent
thoroughly in different base/curing agent weight ratio, i.e. 5:1, 10:1,
15:1, and 30:1. These PDMS base/curing agent mixtures were degassed
for 25min before use. The surfactant Triton X-100 was dissolved in
deionized water with designed concentration, i.e. 0.7 wt%, 1 wt
%,1.5 wt%, 3 wt%, 5 wt%, and 7.5 wt%. In procedure II, equal volumes
of aqueous surfactant solution and PDMS base/curing agent mixture
were mixed and stirred at room temperature for 2 h to form a stable
emulsion. In procedure III, the PDMS droplets in the emulsion were
cured at different temperatures (25 °C/48 h, 50 °C/12 h and 70 °C/12 h)
with mechanical agitation. In procedure IV, the PDMS microspheres
were dried by different methods (i.e. freeze-drying, hot-air-drying and
hot-air-drying-after-filtrating) at varying temperatures (25 °C, 50 °C
and, 70 °C). For conciseness, PDMS(n:1) microspheres represent the

cured microspheres with a base/curing agent weight ratio of n:1.
Control experiments were carried out using SDBS and Tween 20 as
surfactants at a fixed concentration of 3 wt% under 50 °C. The resulting
PDMS microspheres were dried with hot air drying process (Supporting
Information, Fig. S6). And as-prepared PDMS microspheres were used
directly.

2.3. Characterization

The surface morphologies of the PDMS microspheres were observed
using a FEI Inspect F field-emission scanning electron microscope (SEM,
Inspect F, FEI Company, USA). In order to improve the sample con-
ductivity for SEM observation, the Au film were sputtered on the
samples with an E-1045 ion sputter (HITACHI, Japan) at the sputtering
rate of 3 nm/min under the pressure of 7 Pa and the current of 15mA
for 2min at room temperature, and the thickness of the sputtered Au
film is about 6 nm.

3. Results

The PDMS microspheres were synthesized in a conventional oil/
water system, where the thermo-curable PDMS precursors (composed
of curable PDMS and curing agent) were mixed with deionized water
containing surfactants. The PDMS precursors were divided into small
emulsion droplets in water with the aid of mechanical stirring and
stabilized by surfactants [26–28]. The emulsion droplets were poly-
disperse in size which could be controlled by varying the oil/water ratio
and/or surfactant concentration.

Fig. 1 shows the SEM images of the PDMS(10:1) microspheres pre-
pared at various surfactant concentrations. These PDMS(10:1) micro-
spheres had a wide size distribution (Fig. 1a). Compared to PDMS mi-
crobeads synthesized by microfluidic approaches [29], the
polydispersity of our PDMS microspheres was relatively large. This
wide radius distribution provided a good platform for simultaneous
investigation of the influence of the microsphere size on the surface
morphology of microspheres. As can be seen in Fig. 1c-g, the wrinkling
patterns were generated on the microspheres over a large range of
surfactant concentration (from 1wt% to 7.5 wt%). The enlarged SEM
images clearly demonstrated that these surfaces show labyrinth pat-
terns (Fig. 1c-g (Inset)). For the microspheres prepared at a low sur-
factant concentration (0.7 wt%, Fig. 1b), it had a slightly wrinkled
surface (or local wrinkled surface), this implies that the surfactant
concentration plays a vital role in determining the formation of
wrinkling patterns on microspheres. Another interesting finding is that
the characteristic wavelength (λ) of the periodic wrinkles was in-
dependent of the surfactant concentration (φ) (Fig. 1 h).

Fig. 1. (a) The overall view of polydisperse
microspheres with 3 wt% surfactant and the
PDMS(10:1) from SEM. Detailed SEM images
of microspheres with PDMS(10:1) and var-
ious surfactant concentrations: (b) 0.7 wt%,
(c) 1.0 wt%, (d) 1.5 wt%, (e) 3.0 wt%,(f)
5.0 wt%, (g) 7.5 wt%. (Inset) At higher
magnification. Frame h showed the λ∼φ
relationship for PDMS(10:1) microspheres of
radius around 20 μm.
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The wrinkling patterns of the PDMS(10:1) microspheres with dif-
ferent diameters at 3 wt% surfactant were shown in Fig. 2a–c. It can be
found that the pattern ordering (labyrinth pattern) was nearly in-
dependent of the radius (R) of the PDMS microspheres. However, the
characteristic wavelength increased linearly with the radius in the
double-logarithmic plot (Fig. 2d). Here the wrinkling wavelength λ was
estimated based on the SEM images (Figs. 2 and S1). We also found that
there was no pattern generated on the surface of the very small mi-
crospheres (Fig. S2). Furthermore, Fig. 2d also showed that PDMS mi-
crospheres with the same radius but different surfactant concentration
had similar wrinkling wavelength, consistent with the result of Fig. 1h.
This further suggested that the surfactant concentration had little effect
on the wrinkling wavelength of PDMS microspheres. In a word, the
wrinkling wavelength was a function of the radius (R) of the PDMS
microspheres but not the surfactant concentration.

The influence of the curing temperature on the wrinkling patterns of
PDMS(10:1) microspheres was also investigated, see Fig. 3. Evidently, the

wrinkling patterns only formed on the PDMS microspheres at low
curing temperatures, i.e. at ambient temperature (Fig. 3a–c) and 50 °C
(Fig. 3d–f, Fig. S3). At a higher curing temperature of 70 °C, no
wrinkling pattern was observed (Fig. 3g–I, Fig. S4). Another interesting
finding was that the small PMDS microspheres showed buckball-like
pattern (Fig. 3f) rather than labyrinth pattern (e.g., see Fig. 3d and e)
when the curing temperature was 50 °C.

The drying method was another factor influencing the wrinkling
pattern on the PDMS microspheres. Very different textured surfaces
were obtained with varying drying processes, see Fig. 4. For the large
microsphere, the labyrinth pattern generated on microspheres when the
hot-air-drying process and hot-air-drying-after-filtrating process were
adopted (Fig. 4a and b). However, when the freeze-drying process was
adopted, the smaller wavelength features were produced inside the
larger wavelength ones on the microspheres (Fig. 4c), i.e. hierarchical
wrinkling [30,31]. For the small microspheres (Fig. 4d–f), the labyrinth
pattern was formed with the hot-air-drying process, while the buckball-

Fig. 2. Scanning electron microscope images of the wrinkling surface of microspheres with different diameters at surfactant concentration of 3 wt%.(Inset) At higher
magnification. Frame d shows the λ ∼ R relationship for PDMS(10:1)microspheres with varying surfactant concentrations.

Fig. 3. Scanning electron microscope images of the varisized microspheres (3 wt% surfactant, hot air drying after filtrating) with varying curing temperature, (a–c)
25 °C; (d–f) 50 °C; (g–i) 70 °C. (Inset) At higher magnification.
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like patterns were generated with the hot-air-drying-after-filtrating
process and freeze-drying process. Moreover, the influence of the curing
time and Young’s modulus of PDMS(n:1) microspheres (EPDMS(n:1)) on the
surface wrinkling behavior have also been investigated (Figs. S5 and
S7). The labyrinth patterns and dimples formed on the large PDMS
microspheres and small PDMS microspheres, respectively (Fig. S5), and
the wrinkling patterns have no dependence of curing time.

The surface wrinkling patterns on the microspheres changes from
the smooth surface, labyrinths to the dimples with the decreasing
Young’s modulus of PDMS microspheres (Fig. S7).

The above results indicated that it is possible to tune the wrinkling
patterns on the PDMS microspheres by changing the surfactant con-
centration, curing temperature and drying methods. The mechanism of
forming the wrinkling patterns on the PDMS microspheres will be dis-
cussed in detail below.

4. Discussions

It is well known that wrinkling occurs in thin film/substrate systems
when the compressive stress σ between the thin film and substrate is
higher than the critical threshold σc. Depending on the physical prop-
erties of the thin film and substrate and by assuming a sinusoidal wa-
veform of the generated buckling instability, the critical stress σc and
the wavelength of buckling (λ) can be expressed by [32,33]:
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where h is the film thickness, E is the plane-strain modulus, defined as
−E v/(1 )2 with E being the Young’s modulus and ν being the Poisson’s

ratio. The subscripts f and s represent film and substrate, respectively.
However, the geometrical constraint engenders apparently different

wrinkling behaviors on a curved surface from those on a planar surface
[16–19]. Cao and Yin et al. [16] utilized the finite element method
(FEM) to investigate the correlation of the wrinkling patterns with the
normalized substrate radius of curvature R/h and the overstress σR/σcR

in a spherical Ag core/SiO2 shell system. Here σR and σcR refer to the
applied stress and the critical wrinkling stress on a spherical core/shell
system with the shell thickness h and the substrate radius R, respec-
tively. Then σcR can be determined by:
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where Ω is the introduced dimensionless curvature parameter [23],
which is defined as:
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According to the equations, it is seen that σc
Ris intimately dependent

on the h/R andE E¯ ¯f s. Meanwhile, Cao’s spherical model results reveal
the following scaling relation between the wrinkling wavelength λ and
R/h

= ⎛
⎝

⎞
⎠

λ
R

a R
h

b

(5)

where a and b are two fitting parameters. Furthermore, in the work of
Cao et al., a and b are 3.0 and −0.8, respectively [16]. Then it can be
simplified as:

= +λ R Clg 0.2 lg (6)

where C is a constant. From the experimental result of Yin et al. [25] on
the PDMS microspheres with spherical wrinkles initiated by surface
chemical oxidization in a strong acid mixture, the obtained λ and R
approximately satisfied:

= −λ Rlg 0.3 lg 0.33 (7)

In the current case (i.e. 3wt% surfactant, curing temperature 25 °C
and hot air drying 50 °C), according to the results presented in Fig. 2d,
λ and R approximately satisfied the following linear relation:

= −λ Rlg 0.19 lg 0.73 (8)

Apparently, the slope in Eq. (8) was comparable to those given in
Eqs. (6) and (7). Therefore, it is probably that the PDMS microspheres
in our system also have a core-shell structure as shown in Scheme 1a.
An interfacial layer, containing PDMS chains, H2O and surfactant, was

Fig. 4. Scanning electron microscope images of varisized microspheres (3 wt% surfactant, curing temperature 50 °C) with varying drying methods. (a, d) hot air
drying (50 °C, 12 h); (b, e) hot air drying after filtrating (50 °C, 12 h); (c, f) freeze-drying (−50 °C, 24 h, ∼10 Pa). (Inset) at high magnification.
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formed at the oil/water interface of droplets. We propose that by curing
the PDMS droplets and then drying the interfacial layer, the interfacial
instabilities were triggered and the buckling patterns were generated on
the surface of PDMS microspheres, as presented in Scheme 1b. For small
microspheres (Fig. S2), the critical stress for buckling may become too
large (scaled with h/R, see Eq. (4), leading to the disappearance of
wrinkling patterns [24,34]. The slight difference among the slope va-
lues can be ascribed to the different wrinkling systems and the corre-
sponding experimental conditions [16,22]. Additionally, this deviation
from theoretical predictions might be due to the fact that the interfacial
layer has a compressive stress gradient rather than a constant com-
pressive stress distribution which usually assumed in the theoretical
work [35–37].

According to Eqs. (1)–(5), it is known that the shell thickness h,
microsphere radius R and E E¯ ¯f shave important effects on the di-
mensionless curvature parameter Ω, the critical wrinkling stress σcR, the
overstress σR/σcR, and the resulting wrinkling morphologies. Based on
our results, the variation of wrinkling patterns had been found on the
small microspheres with varying experimental conditions. This is as-
cribed to the highly sensitive excess stress at small radius [23].

On the basis of the aforementioned theories and our experimental
results, we propose that the wrinkling surface patterns are influenced
by the variation of thickness of interfacical layer (shell layer) under the
varying experimental conditions as displayed in Scheme 2. It is well
accepted that the packing density of surfactants on the surface of
emulsion droplets increases with surfactant concentration and then
keeps constant at high surfactant concentrations. The adsorption of
surfactant has a positive effect on the thickness of interfacial layer.
Therefore, the thickness of interface layer increases with surfactant
concentration and then keeps constant (Scheme 2a), leading to the
corresponding changes of wrinkling patterns (i.e. from smooth surfaces
to wrinkling surfaces, see Fig. 1). As we all know, not only the activity
and diffusion rate of surfactant but also the spherical substrate modulus
are affected by the curing temperature. And the spherical substrate
modulus increases with the curing temperature. Combined with the
results in Fig. S7, it can be concluded that the activity and diffusion rate
of surfactant is the dominant factor for the change of wrinkling pat-
terns. Below the cloud point the activity and diffusion rate of surfactant
increase with increasing temperature, while close to or above the cloud
point the nonionic surfactant would deactivate and aggregate [38,39].
The activity and diffusion rate of surfactant play important roles in
determining the thickness of interfacial layer. As a result, when the
curing temperature is 25 °C and 50 °C (below the cloud point, 66 °C for
Triton X-100), the thickness of interfacial layer increases with tem-
perature due to the increasing of activity and diffusion rate of surfac-
tant, and when the curing temperature is above the cloud point, the
thickness of interface starts to decrease due to the deactivate and ag-
gregate of surfactant (Scheme 2b). The corresponding wrinkling mor-
phology changes from the labyrinth pattern to the buckyball-like

pattern and then to a smooth surface as shown in Fig. 3. Regarding to
the drying process of the PDMS microspheres, the interfacial layer
undergoes different relaxation behaviors under different drying pro-
cess, which play a crucial role in the surface morphology of the mi-
crospheres. When freeze drying, a technique to improve the long-term
stability of colloids, was adopted [40], the configuration of PDMS mi-
crospheres was well maintained, resulting in little decrease in inter-
facial layer thickness (Scheme 2c). Regarding hierarchical structure
generation in a previous study, [30] the accumulated thermal stress in
the confined geometry of the metal/polymer bilayer system is slowly
released via a wrinkling process in which a double scale wrinkling takes
place depending on the relaxation mode of the confined polymeric
layer. Therefore, we supposed that the double-scale wrinkling wave-
length generation is ascribed to the relaxation mode of the confined
interfacial layer during the freeze-drying process. During the hot-air-
drying process, i.e. the slowest drying process in our study, the inter-
facial layer of PDMS microspheres had relaxed for a long time, resulting
in a sharply decrease in its thickness (Scheme 2c). As the thickness
decreases with the time of relaxation (η), the wrinkling patterns change
from labyrinth (by hot-air-drying process) to the buckball-like pattern
(by hot-air-drying-after-filtrating and freeze-drying process) (Fig. 4).

According to the proposed mechanism in Scheme 2, it can be ex-
pected that reversible switch between the highly textured surface and
the smooth surface could be realized through water swelling and
drying. Indeed, this is observed in our experiments. As depicted in
Fig. 5, when dried PDMS microspheres were immersed in water, the
primary labyrinth and buckball-like patterns (Fig. 5a and d) trans-
formed into smooth surfaces (Fig. 5b and e). When the water-swollen
system dried out again, the highly textured patterns (Fig. 5c and f) were
re-formed on the surface of microsphere with negligible changes. This
phenomenon revealed that the wrinkles formed during drying process.
The sustainable transformation of the surface morphologies of the
PDMS microspheres through simple wetting/drying processes could
extend their practical applications and enable their use as sensors, re-
sponsive coating and microfluidic devices.

5. Conclusions

In summary, the PDMS microspheres with controllable surface
wrinkling patterns, including labyrinth and buckyball-like, were ob-
tained from a conventional oil/water emulsion system with surfactants.
It is found that the wrinkling wavelength λ and the microsphere radius
R have the power-law dependency, which is in agreement with a the-
oretical model proposed for spherical core/shell system. The resultant
stable wrinkling morphologies are sensitive to the substrate radius of
curvature R/h and overstress σR/σcR. Here, R/h and σR/σcR have been
well tuned by the experimental conditions such as the surfactant con-
centration, curing temperature, evaporation rate and weight ratio be-
tween base and curing agent. Additionally, the microspheres could be

Scheme 1. (a) Schematic diagram for the interface layer formation at the oil/water interface, (b) illustration of the formation of buckling patterns, which triggered
by the interfacial instability of interface layer during the curing and drying process.

S. Zheng et al. European Polymer Journal 104 (2018) 99–105

103



reversibly switched between the wrinkling patterns and the no-pattern
surface simply by wetting with water and drying. These tunable sur-
faces have potential for preparing new functional surfaces. It seems that
evaporation of water in the interfacial layer on the PDMS microspheres

triggers the interfacial instabilities and therefore the formation of sur-
face wrinkling patterns.

Scheme 2. The schematic illustration of the evolution of the thickness of interface layer with varying experimental conditions, (a) surfactant concentration, (b)
curing temperature, (c) drying method.

Fig. 5. Scanning electron microscope images of the winkling surface of varisized microspheres (3 wt% surfactant, curing temperature 50 °C) for the revisable
behavior by an ex-situ wetting-redrying process. (a, d) the original dried microspheres; (b, e) the wetted microspheres; (c, f) the re-dried microspheres.
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