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In this paper, we developed a novel morphing surface technique consisting of 3D printed miniature groove structure and 
injected stimuli-responsive hydrogel pattern,  which is capable of switching between lipophilicity and oleophobicity under 
certain stimuli. Under swelling, the geometrical change of hydrogel will buckle the surface due to the structural 
confinement and create a continuous transition of surface topology. Thus, it will yield a change on surface wetting 
property from oleophilic to super-oleophobic with a contact angle of oil of 85° to 165°. We quantitatively investigate this 
structure-property relationship using finite element analysis and analytical modeling, and the simulation results and the 
modeling are in good agreement with the experimental ones. This morphing surface also holds its potentials to be 
developed into autonomous system for future sub-sea/off-shore engineering applications to separate oil and water.

1 Introduction
Developing novel and controllable wettability approaches 
using functional surfaces has attracted significant research 
interests, with underwater super-oleophobic surfaces being 
one of the hottest areas with promising applications in micro-
fluidics, oil/water separation, marine antifouling coating, and 
self-cleaning technology.1-7 For example, Jiang’s group 
previously found an interesting phenomenon from fish, where 
its self-cleaning skin has a multi-length-scale hierarchical 
structure to enable an outstanding under water oleophobic 
property and on-demand surface wettability control, thus 
allowing fish to move freely in the oil-contaminated water.8

Aizenberg et.al developed a rough structure to lock the 
liquid to prepare a smooth liquid-infused porous surface 
(SLIPS), inspired by the structure of the pitcher plant.9 This 
surface is good at reducing the viscous force of the liquid on 
the surface and can repel all liquids. Lu et al. prepared TiO2 
particles of two different sizes and ethanolic suspension with a 
certain proportion of fluorosilicone, using spray or dip coating 
methods to adhere them to the surface with double-sided 
tape. The surface was then immersed in hexadecane to obtain 
a tough, ultra-smooth and superhydrophobic material.10 
Rykaczewski et al. made micro-pattern arrays on silicon using 
the photolithography method, then the arrays were post-
processed with octadecyltrichlorosilane hydrophobic layer, 
before infused the surface with ultra-light lubricating oil after 

adding perfluoro oil. This effectively prompts the droplet 
condensation of liquid with low surface tension.11

Bio-compatible and stimuli-responsive hydrogel materials 
can sense the environmental changes with adjustable 
responses controlled by their compositions and physical 
properties. Suo et al. demonstrated a hydrogel interferometer 
with adaptive colouration, providing a facilely tuneable way for 
broader functionalities.12 Moreover, hydrogels are consisted of 
unique hydrophilic groups, whose internal three-dimensional 
(3D) crosslinked polymer network can absorb and retain large 
amounts of water molecules, which opens up opportunities for 
interface/surface structure designs to be applied in aqueous 
environment. For example, Liu’s group used hydrogels to 
simulate fish scales’ surfaces, which can be used in underwater 
super-oleophobic surface.13,14 The conventional approach for 
oil/water separation is heavily relied on the hydrophilic nature 
of materials, e.g. using the hydrogel structures for oil/water 
separation.15-17 However, the surfaces of such structures can 
be easily contaminated by oil residues, while the fabrication 
cost is normally high.

Recently, additive manufacturing, e.g. 3D printing, have re-
invented the rapid prototyping technologies with a great 
efficiency.18 Whilst there are great application potentials, 
some technical challenges remain, such as facilitation of 
complicated geometries and printing precisions. Currently, 
researchers have applied soft functional materials together 
with structural designs for enhanced actuating/sensing.19,20 For 
example, Lewis et al fabricated strain sensors within highly 
conformal and extensible elastomeric matrices.21 Kang et al 
printed integrated structures of a hydrogel and an elastomer 
in an arbitrary sequence, which enables new soft robotics 
concepts for medicine engineering.22 Lei et al used 3D printing 
to achieve an auxetic metamaterial, which can continuously 
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tailor its in-plane moduli and Poisson's ratios by utilizing the 
shape memory effect of hydrogels.23

There have been a number of studies to achieve hydrophilic-
hydrophobic control and transition on surface by combining 
material properties and surface topography.24-26 For example, 
Yuan et al. prepared flexible structures by coating leaf-shaped 
zeolitic imidazolate framework (ZIF-L) materials on a 3D 
printed surface to achieve a super hydrophobicity in air and 
super-lipophilicity in water.27 However, the concept of using 
geometrical changes from responsive material to enable a 
controllable lipophilic/oleophobic transition on surface has yet 
been reported.28-30

In this work, we demonstrate a strategy to achieve a smart 
hybrid surface by combining 3D printed acrylate-based 
photopolymer and injected hydrogel embedded micro-
structures. The surface wetting behaviour is therefore 
designable and controllable by the synergistic effect of surface 
groove geometries and the embedded hydrogel patterns. 
Owing to the reversible swelling of hydrogel, this hybrid 
surface can be switched between the oleophilic state and the 
oleophobic state. Finite element analysis and analytical 
modelling were also carried out to investigate the swelling 
behaviours of hydrogel and the dynamic evolution of surface 
morphology, with a good agreement between experimental, 
simulation and theoretical results. Successful reversible 
lipophilic/oleophobic property changes have been 
demonstrated by controlling the swelling ratios of hydrogel.

2 Design and Material Preparation
The substrate is an acrylate-based photopolymer, 
VerowhitePlus (VW) from Stratasys Inc. (Edina, MN, USA) 
fabricated using a multi-material 3D printer (Strasys® Objet 24) 
from CAD designs created using SolidWorks® (Dassault 
Systems). The printed parts were then washed by acetone and 
isopropyl alcohol (IPA), then rinsed in de-ionized (DI) water, 
before dried using nitrogen gas.

Poly (acrylamide-co-sodium acrylate) hydrogel was 
synthesized by mixing the acrylamide, sodium acrylate, N, N'-
methylenebis(acrylamide) and DI water. The mixture was then 
agitated and degassed for 10 mins, followed by adding 0.3 μL 
of N, N, N’, N'-tetramethylethylenediamine and 1.0μL of 
aqueous ammonium persulfate solution to synthesis the gel. 
Red dye was added into the solution to enhance the 
visualization.

Wgel(mm) Wd(mm) h(mm) Contact Angle(°)

0.5 0.5 0.5 110.99

0.8 0.5 0.5 107.88

1.0 0.5 0.5 110.55

1.0 1.5 0.8 96.7

1.0 2.0 0.8 95.2

1.0 2.5 0.8 83.32

For comparative studies, plain and smooth hydrogel films 
were also created, the gel solution was poured into a reaction 
cell composed of two parallel-separated glass slides with a 
300-μm-thick Kapton film spacer to create the gap in-between. 
The gelatinization of gel solution was kept in the air for 30 
mins.  

To create hybrid groove-hydrogel surface structures, the 
designed groove structures were firstly generated on 3D 
printed substrates (30 mm x 10 mm in size) (Fig. 1). The groove 
widths range from Wgel =0.5-1.0 mm, with a depth of h=0.5-0.8 
mm, and distance/pitch between each groove is Wd=0.5-2.5 
mm. All the parameters are listed in Table 1. The hydrogel 
solution was injected into the grooves via precisely positioned 
syringes aided by Finnpipette F1, and the mould was then 
placed into the tube. The water was added from the edge, and 
the device was kept horizontally for 6 hours.  Oxygen plasma 
treatment31 was then used to enhance the adhesion between 
hydrogel and substrate (Fig. 1G).

3 Experiments and Results
Surface morphology of the hybrid groove-hydrogel structures 
can be significantly changed responding to stimuli-responsive 
gel swelling, which creates an intelligent surface potentially 
used for oil-water separation.  The contact angles of oil droplet 
are changed by this swelling effect and the separation of oil 
and water can be expected (Fig. 1).

Fig. 1 A) Oil droplet on a smooth 3D surface, B) 3D printing 
structure, C-F) Demonstrate the process of transforming a 
smart surface from oleophilic to super oleophobic, G) 
Oxygen plasma treatment and 3D model scale 
identification. 

A KRUSS® DSA 30S Drop Shape Analyser was used to 
measure the surface contact angles of oil droplets on plain 
substrate, hybrid groove-hydrogel surfaces, and plain hydrogel 
film, in both air and underwater. The organic solvent of 1,2 
dichloroethane (wt% = 1.26g/cm3) was used to prove smart 
surfaces changing from lipophilic to oleophobic. 

Table 1. 3D model dimensions and contact angles
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We firstly characterized the wetting behaviour on plain and 
smooth surfaces. In open air, the measured contact angles of 
oil droplets on the 3D printed smooth plain substrate and wet 
plain hydrogel film were 53° and 21.1°, respectively. Under 
water, the contact angle of oil droplet on the 3D printed 
smooth substrate surfaces was 48.9°, whereas on the fully 
wetted hydrogel film, the contact angle was close to 165° (Fig. 
2A). Therefore, the smooth substrate surface presents a 
hydrophilic/oleophilic property in the air and under the water, 
respectively. The contact angles were decreased with the 
increase of solid surface fraction (Fig. 2B).

On the hybrid surfaces, the surface wetting can be designed 
by using the changes of surface structures. The fraction of the 
solid surface area can be calculated by equation (1): 

                                        (1)d

d gel

W
f

W W




Fig. 2 A) An oil droplet sits on the hybrid surface. B) The 

contact angle summary of oil/hybrid surface with varied 

in-plane surface design.

We then characterized the wetting behaviour of the hybrid 
surface, at its original “smooth” state without any morphology 
change. After the hybrid surface being treated with (octadecyl) 
trimethoxy silane (OTMS), the contact angles of water droplets 
and oil droplets in the air were found to be larger than 90°, 
revealing the formation of hydrophobic and oleophobic 
surfaces. The contact angles of oil droplet and water droplet 
were gradually decreased over time. After 4 hours, the contact 
angles were changed from the initial value of 102.6° to 83.4° 
(Fig. 3A and B). The experimental results reveal that the hybrid 
surface is determined by the hydrophobic and oleophobic 
properties of the surface treatment. In addition to the 
chemical treatment, we also introduced geometric designs in 
order to generate the functions of changes of surface 
morphology.

Next, the smart surfaces were actuated by immersing the 
hybrid groove-hydrogel structure in water without other 
treatment where the swelling hydrogel showed significant 
changes in the surface morphology (Fig. 3C). The smart 
surfaces underwent a dynamic swelling change, while the gel 
swelling ratio became stabilized around its maximum value 
after 120 mins. Experimental results indicate that the hydrogel 
experienced a two-stage swelling process. In stage-1, the 
hydrogel was swelled mainly upwards and behaved like a one-
dimensional swelling. In stage-2, the hydrogel followed a two-
dimensional swelling until the adjacent gels were contacted 
and merged with each other, forming a periodic buckling 
morphology (Fig. 3D). 

Fig. 3 A) Oleophobic contact angle after surface treatment. 

B) Hydrophobic contact angle after surface treatment. C) 

The hydrogel without any treatment swelling morphology. 

D) The hydrogel swelling height.

We then put 50 µL oil droplet onto the surface. Fig. 4A 
shows that as the Wd increases, the contact angle decreases. 
When the Wd value was 2.5mm, the contact angle between 
substrate and oil droplet was 83.2°, which is oleophilic. For the 
same groove structure, when the hydrogel became swelling, 
the contact angles between hydrogel and substrate started 
decreasing until the oil droplet was separated from the 3D 
substrate as shown in Figs. 4 A1 to 4A4. Meanwhile, the contact 
angle between hydrogel and the oil substrate were gradually 
increased when the hydrogel regained its original shape as 
shown in Figs. 4A4 to 4A6. 

Fig. 4 A) The experimental observation of reversible 
morphological change during hydrogel swelling/deswelling, 
θ is three phase contact angle (3D model, hydrogel and 
water), scale bar is 2.9mm. B) The simulation of the 
morphology change in hydrogel swelling, θ1 is three phase 
contact angle(3Dmodel, hydrogel and water), scale bar is 
1mm. c) The simulation of the morphology change in 
individual hydrogel swelling, β is three phase contact angle 
(3D model, hydrogel and water), scale bar is 1mm.
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4 Theoretical Analysis and Numerical Simulation 
of Hydrogel Swelling 
To further understand the morphology switching, we use finite 
element method to simulate the process of hydrogel swelling 
under the confinement from micro-engineered groove. A 
constitutive model of a neo-Hookean material was used for 
the hydrogel material. Since the geometric dimension of 
model was not apparently change along the thickness 
direction, we used a 2-D plane strain case to reduce the 
computation time. At a room temperature of 22oC, the 3D 
printed material is in a glassy state, in which no obvious 
swelling happens. Considering the smart surface has a periodic 
structure, we used a half unit and applied a periodic condition. 
The hydrogel swelling was modelled through monitoring 
thermal expansion, which was monitored at different 
normalized times from t=0 (starting point) to t=1 (final stage). 
The steady analysis only considers the steady water content, 
and neglects the water gradient. By using this normalized time, 
the water content is uniformly increased. At the intermediate 
time t, the water content is 1.5t. That is to say, the gels were 
not swollen at initial stage of t=0. The gels were fully swollen 
with a swelling ratio of 1.5 at the final stage where the analysis 
step was defined as t=1. The structural parameters were set to 
be Wd = 0.5mm, Wgel =1.0mm, h=0.5mm. We used the thermal 
expansion to mimic the swelling of hydrogel (Figs. 4B1~4B4). 
The initial points before swelling were marked as references 
and their positions would be continuously changed with the 
development of swelling, where (Xgel, Ygel) was defined as the 
hydrogel central point and (Xsub, Ysub) was defined as the Wd 
surface middle point. When these two points’ distance was 
reduced, the hydrogel was undergoing its initial swelling 
period. The changes of this distance vs. time shows the 
swelling process. Results showed that this distance started to 
decrease and reached the lowest value at t=0.4401.  The 
distance value was then increased and returned to near the 
initial value at t=0.8068. From t=0.8068 to t=1 (final stage), the 
distance was continually increased, eventually the hydrogels 
on both sides were merged when they were fully contacted 
with each other. 

At the beginning of the swelling of hydrogel, its height 
remained stable. After t=0.7335, as hydrogel swells and is 
contacted with each other on both sides, the obtained swelling 
rates of hydrogel are in accordance with the experimental 
results (Fig. 5A). In addition, the X, Y coordinates can also be 
used to calculate the distance between adjacent middle points 
using equation (2), which helps to understand the 2-stage 
swelling behaviour observed during the experiments. 

        (2)2 2( ) ( ( ) ( )) ( ( ) ( ))Z t X t X t Y t Y tgel sub gel sub   

The two-stage swelling behaviour is originated from changes 
of morphology from one-dimensional to two-dimensional 
swelling behaviors have been presented in Figs. 5B~5D. In 
stage-1 (Fig. 5B and 5C), one-dimensional swelling behaviour 
occurs because the gel swells upward at the initial stage. The 
volume deformation of the gel is proportional to the increase 
of its height, e.g., dV∝dh, where dV is the volume increment 

per step, and dh is the height increment. L is the hydrogel 
width. Therefore, the increase of hydrogel’s height is a linear 
function of the time t. During stage-2 of the gel swelling (2D 
swelling), the upper half of the hydrogel started to form a 
semicircle (Fig. 5D). 

Fig. 5 A) The Z(t) between the center point of the hydrogel and 
the center point of the Wd surface. B-D) Hydrogel swelling 
from one-dimensional to two-dimensional. E) theoretical data 
and simulate data trend.

Therefore, the volume deformation is proportional to the 
radius increment as shown in equation (3), where R is the 
radius of the hydrogel, and dR is the radius increment. 
Therefore, in addition to time, the radius increment is 
decreased with the increase of R i.e. ∝1/R: 

                (3)
2 2( )

2

R dR R
dV R dR

 


 
   

Figure 6 shows the detailed evolution of surface profiles 
during the simulated changes of surface morphology induced 
by the hydrogel swelling process. Before t=0.5428 (plot 
labelled No. 3), the hydrogel swelled independently. After 
t=0.5428, hydrogel started to merge with each other to form 
the adjacent grooves. As hydrogel continued to swell, the gel-
gel contact areas were increased gradually. The interaction 
mode between the contacting hydrogels was set as frictional 
contact, with a friction coefficient of 0.45 during this 
simulation. 

Fig. 6 Hydrogel swelling scale coordinates. Blue squares 
correspond to the illustration on the left side.
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Theoretical analysis of plain hydrogel film swelling without 
groove structures were also conducted using Equation (4). For 
this model, C is the specific heat capacity, m is the quality of 
the hydrogel, and T is the temperature. Assuming no energy 
loss, the thermal energy will be fully converted into 
gravitational potential energy and strain energy of the 
hydrogel. Considering E is the elastic modulus, µ is the 
Poisson’s ratio, S is the cross-sectional area of the hydrogel, ε 
is the strain in the direction, γ is the Shear strain, the energy 
equation (4) can be written as: 

        (4)

2( )
1 2

2(1 ) 12 2 2( )
2

x yE
cmT mgy S

XY
x y


 




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 


 


 

 
 
 
 
  

 is stress function, according to the compatibility equation:

                                                 (5)4 0 

             (6.1)2 2( , )u u X Y Ax Bx Cy Dy E     

          (6.2)2 2

1 1 1 1 1( , )v v X Y A x B x C y D y E     

is an even function about , , ; v x 1
0B  2 2

1 1 1
v A x C y D y E   

is an odd function about , , , , ,u x 0A  0C  0E 
1

u B x
. 

1
v D y
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2 2
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According to Hooke’s law:
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where d is the half-length of Wd. α is the angle between 
substrate and swelling hydrogel. The obtained theoretical 
results are shown in Fig. 5E, which have similar trends with 
those from experiments.

5 Conclusions
This paper reports a new design methodology for smart 
surfaces with hybrid groove-hydrogel structures fabricated by 
3D printing and gel injection process. Due to the swelling and 
expansion of the hydrogel network, the surface morphology of 
the smart surface can be changed in a controllable manner. 
Through designed experiments and simulations, we have 
studied and evaluated the feasibility of oil-water separation 
mechanisms from this smart surface. During the swelling and 
merging of hydrogels from the adjacent grooves, the surface 
was transformed from oleophilic to super-oleophobic. The 
hydrogel swelling behaviour was carefully evaluated by 
employing finite element simulations, which shows the 
switching of swelling mode from one dimensional to two 
dimensional ones. By using the reversible swelling to achieve 
the switch between oleophilic and super-oleophobic, we have 
successfully provided a new method to separate oil and water 
efficiently.
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