eXPRESS Polymer Letters Vol.12, No.8 (2018) 699–712
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2018.60

Evaporation-assisted formation of surface patterns from
polymer solutions via copper tubes
W. Sun1, F. Q. Yang2*
1

College of Chemistry, Chemical Engineering and Environmental Engineering Liaoning Shihua University, Fushun,
113001 Liaoning, China
2
Materials Program, Department of Chemical and Materials Engineering University of Kentucky, KY 40506 Lexington,
United States
Received 10 January 2018; accepted in revised form 8 March 2018

Abstract. Surface patterns with controllable features are constructed via the evaporation of an acetone solution of poly
(methyl methacrylate) under the confinement of a copper tube. The effects of the dimensions of copper tube and the substrate
temperature on the surface patterns are systematically studied. For the substrate temperature in the range of 30 to 50 °C, the
surface patterns are concentric rings consisting of waved rings and/or linked beads. The wavelength of the concentric rings
decreases with the increase of the height of copper tube, and is dependent on the substrate temperature. At the substrate temperature of 20 °C, surface patterns are presented in wrinkling-like shape. At the substrate temperature of 10 °C, ‘breath figure’
phenomenon occurs, and ‘hole network’ patterns are formed. A summary of the geometrical characteristics of the surface
patterns is given, which can be used to better design and control evaporation-induced surface patterns.
Keywords: coatings, evaporation, surface patterns, self-assembly, controllable features

1. Introduction

to control the spreading of droplets and the evaporation of solvent, well-ordered surface structures
have been formed. For example, well-ordered concentric-ring patterns from different materials were
formed using a ‘sphere-on-flat’ template [18, 19].
The wavelength and amplitude of the formed concentric rings generally decrease with the decrease of
the distance to the sphere center. Similarly, parallel
stripes were constructed by the evaporation of solvent, which is confined by a ‘cylinder-on-flat’ template and a ‘wedge-on-flat’ template [20, 21]. There
are also reports on the formation of surface patterns
of gradients using templates without controlling the
evaporation of solvent [22]. To use the principle of
evaporation-induced patterns to form surface patterns
of single wavelength, one needs to carefully control
the evaporation of solvent or the motion of threephase contact line (CL). For example, a ‘roll-based

Surface patterns of small scales have been attracting
great interests due to potential applications in a variety of areas, including electronics [1], optical devices [2], tissue engineering [3], biomedical devices
[4, 5], energy storage [6, 7], etc. Various techniques
have been developed to construct surface structures
of small scales, such as polymer demixing [8], surface wrinkling [9], nanoimprint [10], inkjet printing
[11], laser writing [12], fracture-induced pattering
[13], etc. However, it is a challenge to effectively and
economically construct well-ordered, controllable
surface structures of small scales using most of these
techniques.
Evaporation-induced patterning, which is based on
the ‘coffee ring’ effect, is a low-cost method to form
surface patterns on polymer films, micro/nano-materials, etc, [14–17]. Using pre-designed templates
*
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evaporation-induced’ strategy has been used to construct parallel stripes of single wavelength by rotating a cylindrical roll to control the CL motion [23].
To improve the evaporation-induced patterning technique and construct tunable patterns, various processing parameters need to be carefully studied, including template [24], solution concentration [25],
non-volatile solute [18], solvent [26], surface tensions [27], and evaporation rate, in which the evaporation rate likely is one of the important parameters
controlling the formation of surface patterns. Generally, the simplest method to control the evaporation
rate is to control the system temperature. Using a
copper ring as a template, Sun and Yang [28] demonstrated the dependence of the geometrical characteristics of concentric rings on the substrate temperature. Sun and Yang [29] also observed evaporationinduced formation of honeycomb patterns via the
‘Breath Figure’ mechanism at a low temperature,
which is associated with the condensation of droplets
on the surface of immiscible liquid [30].
Kelly-Zion et al. [31] studied the evaporation rate of
a volatile droplet within different geometries, and
showed that using a ‘well-geometry’ can significantly reduce the evaporation rate of a volatile droplet.
Their results suggest the dependence of the evaporation rate of volatile solutions on the geometrical
configuration of templates. However, there is little
study focusing on the dimensional effect of templates on the morphological characteristics of the
surface patterns induced by evaporation.
In this study, we use copper tubes of different sizes
as templates to confine polymer solutions for the
construction of surface patterns via free evaporation
of the solvent in the polymer solutions. The effect of
the substrate temperature in a range of 0 to 50 °C on
the geometrical characteristics of the surface patterns
is also studied.

Figure 1. Schematic of experimental setup.

2.2. Evaporation-induced surface patterning
Acetone solution of 0.1 wt% PMMA in concentration was prepared by dissolving PMMA in acetone.
Figure 1 schematically shows the experimental setup.
A hollow-cylindrical tube was placed on the surface
of a glass slide with the flank perpendicular to the surface of the glass slide. A droplet of the polymer solution, which was dripped into the hollow-cylindrical
tube, spread on the surface of the glass slide under the
confinement of the hollow-cylindrical tube. Hollowcylindrical tubes of different heights (1, 3, 6, and
9 mm) and inner diameters (2.5, 4.5, and 6.5 mm)
were used to study the effect of the tube dimensions.
To have approximately the same amount of polymer
per unit area on the glass slides in the hollow-cylindrical tubes, the droplet volume was 6.0 μL for the
inner diameter of 2.5 mm, 19.4 μL for the inner diameter of 4.5 mm, and 40.6 μL for the inner diameter
of 6.5 mm. A thermal stage was used to control the
evaporation of the polymer solution in a hollow-cylindrical tube in a temperature range of 0 to 50 °C. The
surface morphology of the formed surface patterns
was characterized using an optical microscope (Nikon
ECLIPSE LV100POL, Japan), and analyzed by Imagepro plus software. It is worth mentioning that atomic
force microscopy (AFM), which is an effective technique to analyze 3-dimentional topology, is not suitable for this work, since the height of the structures
is beyond the limit of AFM (3 μm). Thus only 2-dimensional features were investigated in this study.

2. Materials and methods
2.1. Materials

3. Simple analysis for formation of
concentric rings

PMMA (poly(methyl methacrylate)) (Mw = 35 000)
and acetone (99.5%) were obtained from Fisher
Scientific (Pittsburgh, PA, USA). Glass slides
(20×15×1 mm3) were cleaned ultrasonically with
acetone for five times and then rinsed with DI water.
Templates of hollow, cylindrical tubes of various dimensions were made from a copper sheet of 0.1 mm
in thickness.

Figure 2 shows schematically the evaporation in a
copper tube and the forces acting on the CL. With
the spreading of a droplet of the polymer solution on
the surface of a glass slide, the droplet rapidly covers
the surface of the glass slide confined in a copper
tube, which leads to the formation of a concave interface between the polymer solution and air due to
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Figure 2. Schematic of (a) the evaporation in a copper tube, and (b) the forces acting on the CL.

the capillary effect on the wetting between the
polymer solution and the inner surface of the copper
tube and a layer of the polymer solution sandwiched
between the interface and the glass slide (Figure 2a).
The evaporation of the volatile solvent (acetone) in
the polymer solution causes the morphological
change of the interface and reduces the layer thickness of the polymer solution.
Continuous evaporation of the volatile solvent (acetone) causes gradual decrease of the layer thickness
of the polymer solution on the glass slide, and an
inner contact line appears at the center when a critical volume is reached. Figure 2b illustrates the forces
acting on the CL during the evaporation of the solvent. The Equation (1):
t

d2 x =
c1 cos i + c2 - c3 - x
dt 2

starts to decelerate and eventually reaches a ‘dynamic’ stick state to form a concentric ring. Note that
each individual polymer ring corresponds to a ‘dynamic’ stick state associated with the accumulation
of polymer in the vicinity of the CL [15]. During the
‘dynamic’ stick state, the resultant force on the ring
is locally at a quasi-static state; there exists uneven
evaporation of solvent over the surface of the layer
of the polymer solution, which introduces a concentration gradient, leading to a convective flow and the
accumulation of polymer in the vicinity of the CL.
Continuous evaporation of solvent causes the decrease of the contact angle, and eventually there is
γ1cosθ + γ2 – γ3 > τ. The CL starts to move again
until it reaches another ‘dynamic’ stick state to form
another concentric ring. The stick-slip motion of the
CL eventually leads to the formation of concentricring patterns. Note that the dynamic contact angle θ
and the evaporation rate are dependent on the geometry and dimensions of the template.

(1)

where ρ is the line density of mass of the contact line,
t is time, γ1 is the surface tension between toluene
and air, γ2 is the surface tension between toluene and
the PMMA, γ3 is the surface tension between air and
PMMA, θ is the dynamic contact angle of the polymer solution between the glass slide and air, and τ is
the resistance per unit exerted on the contact line. The
variation of the contact angle is dependent on the motion of the CL and the evaporation of the solvent with
the receding of the CL causing the increase of the
dynamic contact angle θ, and the solvent evaporation
leading to the decrease of the dynamic contact angle
θ. With the formation of the CL, the CL starts to move
towards the inner surface of the copper tube accompanying with the increase of the dynamic contact
angle θ. When the dynamic contact angle θ reaches
the ‘critical value’ of cosθ = (γ3 + τ – γ2)/γ1, the CL

3. Results and discussion
Figure 3 shows typical optical images of the surface
pattern formed via the evaporation of a droplet of the
PMMA solution confined within a copper tube of
2.5 mm in inner diameter and 1 mm in height at a
substrate temperature of 50 °C. It is evident that concentric-ring pattern was formed over a large area
during the evaporation of the droplet, as shown in
Figure 2a. The concentric rings covered almost the
entire area inside the copper tube. There is a featureless zone within the innermost ring, which is much
smaller than that formed via the evaporation of a
droplet of the PMMA solution confined by a thin
copper ring and similar experimental parameters
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Figure 3. Optical images of concentric-rings formed with a hollow-cylindrical tube at a substrate temperature of 50 °C (inner
diameter: 2.5 mm, height: 1 mm); (a) an overview of the surface patterns around the center, and (b–d) enlarged
views of the concentric rings.

the film thickness is larger than a critical value;
(b) the instabilities take place early, when the solution in the film is still dilute; (c) the instabilities
would introduce surface roughness or certain patterns. De Gennes [36] also suggested that a glassy film
may first form near free surface which is under the
action of mechanical tension, and cracks or other patterns can then form during the relaxation of the tension. Bormashenko and coworkers [37, 38] demonstrated that ‘mass transport’ is the main mechanism
controlling the formation of microscale instabilities,
rather than the ‘Bénard-Marangoni convection’ from
both experimental and theoretical work. The instability mechanisms for the formation of the wave-like
shape is much more complicated, and likely consist
in the combination effects of the concentration gradient and the ‘mass transport’ in the film.
The wavelength of the surface patterns of concentric
rings is defined as the distance between two adjacent
polymer rings (Figure 3c). From Figure 3, it seems

[32]. As discussed above, the formation of the concentric rings is attributed to the ‘stick-slip’ motion
of the ‘3-phase contact line’.
From Figure 3b–3d, one can note that the concentric
rings are present in a wave-like shape instead of
smooth rings. Such a wave-like shape reveals the presence of local instability during the CL motion, which
can be attributed to local disturbance induced by the
evaporation of the polymer solution. Conventionally,
the evaporation-induced instabilities is due to the
surface-tension-induced Bénard-Marangoni convection [34], which depends on the temperature gradient. However, De Gennes [35] proposed that the concentration gradient usually plays a more important
role than the thermal convection in the occurrence
of the instabilities for the evaporation of a polymer
solution film. From qualitative scaling analysis, De
Gennes [35] arrived at three main conclusions: (a) the
concentration gradient in a non-glassy polymer film
is expected to induce convective instabilities when
702
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that the surface patterns are a function of local evaporation rate, which depends on the height of the copper tube. From Figure 4c–d, one can note again that
there is no dramatic change of the wavelength with
the distance to the inner surface of the copper tube
for individual surface patterns. The average wavelength of the concentric rings decreases with the increase of the height of the copper tube.
Figure 4c, 4e and 4f shows the surface patterns formed
with the copper tubes of different inner diameters.
The height of the copper tubes were 6 mm. It is evident that the surface patterns gradually evolve from
the concentric rings of linked-beads to the wave-like
rings as the inner diameter increases, and the average
wavelength increases with the increase of the inner
diameter. The larger the inner diameter of the copper
tube, the more is the space available for the evaporation of the acetone in the polymer solution. There
is a lower gradient of the evaporation rate in a copper
tube of larger diameter than that in a copper tube of
smaller diameter, and concentric rings with more
wave-like rings are formed. The uneven evaporation
over the surface of the polymer solution film can introduce local perturbation in the vicinity of the CL
and the gradient of surface tension, which cause
local instabilities and the formation of concentric
rings with linked beads.
From the optical images, one can measure the wavelength of the concentric rings as a function of the distance to the inner surface of the copper tube. Figure 5
shows the variation of the wavelength of concentric
rings with the distance to the inner surface of copper
tubes of different inner diameters and heights. The
substrate temperature was 50 °C, and the concentration of PMMA was 0.125 wt%. For each individual
copper tube, the wavelength of the corresponding
concentric rings is relatively independent of the distance to the inner surface of the copper tube in accordance with the above observation, while it is in
contrast to the gradient-concentric rings formed by
using a copper ring [28] as the template or other widely-used templates (i.e. ‘sphere-on-flat’) [40]. The use
of a copper tube as a template to confine the evaporation of the volatile solvent in a polymer solution
provides a possible approach to form concentric rings
with spatial-independent wavelength.
Figure 5d shows the variation of the wavelength of
concentric rings with the height of copper tube for different inner diameters. For the copper tubes of the
same inner diameter, the wavelength decreases with

that the wavelength does not change significantly
with the decrease of the distance to the inner surface
of the copper tube. Such a trend is different from the
concentric rings formed within a circular-ring template made of a copper wire or other templates with
free evaporation [21, 33, 39], which suggests the effect of the copper tube on the CL motion with the
approximately same ‘receding’ distance for each
‘stick-slip’ cycle.

3.1. Effect of the dimensions of copper tube
Figure 4a–d shows optical images of the concentric
rings formed via the evaporation of a droplet of the
acetone solution with 0.1 wt% PMMA under the confinement of copper tubes of different heights. The
inner diameter of the copper tubes was 2.5 mm, and
the substrate temperature was 50 °C. It is evident that
concentric rings were formed on the surfaces of the
glass slides for all the copper cubes with the heights
in the range of 1 mm to 9 mm, while the concentric
rings exhibit different characteristics. The concentric
rings formed with the copper tube of ~1 mm in height
is present in a wave-like shape (Figure 4a), and the
concentric rings formed with the copper tube of
~9 mm in height consist of discrete and/or linked
beads. The presence of the beads in the concentric
rings reveals the evolution of local surface instability
driven by surface tension. It is known that a straight,
cylindrical thread is unstable, and any local perturbation can lead to the disintegration of the thread and
the formation of multiple droplets due to the minimization of surface energy. Such behavior suggests
that there are multiple metastable states for the formed
concentric rings, which depend on the evaporation
behavior of the acetone in the solution. The height
of the copper tube plays an important role in the confinement effect of the copper tube on the evaporation
of the acetone in the polymer solution.
Figure 4b and 4c reveals the transition of the wavelike rings to the rings with linked beads for the copper tubes with 3 and 6 mm in height, respectively.
The surface patterns formed with the copper tube of
6 mm in height more resemble the patterns formed
with the copper tube of 9 mm in height, and the surface patterns formed with the copper tube of 3 mm in
height more resemble the patterns formed with the
copper tube of 1 mm in height. The surface patterns
gradually evolve from the wave-like rings to the rings
with linked-beads as the distance to the inner surface
of the copper tube increases. Such a trend suggests
703
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Figure 4. Optical images of the concentric-ring patterns formed via the evaporation of a droplet of the acetone solution with
0.1 wt% PMMA within copper tubes of different dimensions (substrate temperature: 50 °C): (a) 2.5 mm in inner
diameter and 1 mm in height, (b) 2.5 mm in inner diameter and 3 mm in height, (c) 2.5 mm in inner diameter and
6 mm in height (inset: enlarged view of the patterns in the red box), (d) 2.5 mm in inner diameter and 9 mm in
height (inset: enlarged view of the patterns in the red box), (e) 4.5 mm in inner diameter and 6 mm in height, and
(f) 6.5 mm in inner diameter and 6 mm in height.

the increase of the tube height, suggesting that the
tube height plays an important role in controlling the
evaporation of the acetone in the polymer solution,
which is confined in the copper tube, and the geometric characteristics of the surface patterns.

3.2. Effect of substrate temperature
Figure 6a–d shows optical images of the surface patterns formed at a substrate temperature of 30 °C by
using templates of copper tubes of 2.5 mm in inner
diameter and different tube heights. In contrast to the
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Figure 5. Variation of the wavelength of concentric rings with the distance to the inner surface of copper tubes of different
inner diameters (substrate temperature: 50 °C, concentration of PMMA: 0.125 wt%): (a) 2.5 mm, (b) 4.5 mm,
(c) 6.5 mm, and (d) variation of the wavelength of concentric rings with the height of copper tube for different
inner diameters.

That is to say, the size of the featureless zone is dependent on the evaporation rate. Increasing the
height of copper tube limits the evaporation of the
acetone in the polymer solution film, and it is difficult for the solvent vapor above the polymer solution
film to diffuse out of the copper tube in a short time.
This trend suggests that using a copper tube of a larger height can decrease the evaporation rate, and lead
to the formation of a featureless zone of a larger size.
Figure 6b, 6e and 6f shows optical images of the surface patterns formed by using a copper tube of 2.5 mm
in inner diameter and 6 mm in height at different
substrate temperatures of 30, 50, and 20 °C. The surface of the polymer film after complete evaporation
of the acetone in the polymer solution exhibits wrinkling-like topology, partial concentric rings, and concentric rings over the surfaces of the glass slides for
the substrate temperatures of 20, 30, and 50 °C, respectively. Such a result reveals the importance of
the substrate temperature in controlling the formation of surface structures induced by the evaporation

concentric rings formed at 50 °C, which cover almost
the entire surface of the glass slide within the copper
tubes of all the dimensions tested, most concentric
rings formed by using the copper tubes of the same
dimensions only cover small portion of the surface
of the glass slide within the copper tube. There is a
large, featureless zone for most surface patterns. Note
that the concentric rings formed by using the copper
tubes of 1 mm in height cover almost the entire surface of the glass slide within the copper tubes, similar to the surface patterns formed at 50 °C. Note that
the formation and size of the featureless zone is determined by the first ‘stick’ state of the CL. For a small
evaporation rate, the CL tends to move smoothly at
a low speed, and takes relatively long time to reach
the first ‘stick’ state; the viscosity of the polymer solution increases slowly. For a high evaporation rate,
the viscosity of the polymer solution increases rapidly, leading to the increase of the resistance to the
CL motion. The CL can reach the first ‘stick’ state
restively quickly to form the first concentric ring.
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Figure 6. (a–d) Optical images of the surface patterns formed by using copper tubes of 2.5 mm in inner diameter for different
tube heights (substrate temperature: 30 °C): (a) 9 mm, (b) 6 mm, (c) 3 mm, and (d) 1 mm; and (e–f) optical images
of the surface patterns formed by using a copper tube of 2.5 mm in inner diameter and 6 mm in height at different
substrate temperatures: (e) 50 °C, and (f) 20 °C.

the conclusion given by De Gennes [35] that it is
easy to induce instability at a high vapor pressure.
It is known that both the evaporation rate of solvent and the viscosity of the polymer solution are

of a polymer solution. Also, the distortions of the
concentric rings associated with the evaporation-induced instabilities are more severe for the patterns
formed at 50 °C than that at 30 °C, in accordance with
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inner diameters of 2.5, 4.5, and 6.5 mm. The wavelength decreases with the increase of the height of
the copper tube for all the three substrate temperatures. Such behavior indirectly reveals the effect of
the evaporation of the solvent in the polymer solution on the characteristics of the concentric rings. For
copper tubes of a larger height, it takes a longer time
for the solvent vapor to diffuse out of the copper
tubes. This trend reduces the non-uniformity of the
evaporation of the solvent over the surface of the
polymer solution and the gradient of the evaporation
rate along radial direction from the center to the
inner surface of the copper tubes, resulting in smaller
wavelength.
Figure 8 shows typical surface patterns formed via
the evaporation of a droplet of the PMMA solution
confined by copper tubes of 6.5 mm in inner diameter at a substrate temperature of 10 °C. Instead of
forming concentric rings for the substrate temperature larger than or equal to 30°C, surface patterns consisting of ‘hole-network’ were formed. The formation of these surface patterns can be attributed to the

temperature-dependent. Increasing temperature leads
to the increase of the evaporation rate of solvent and
the decrease of the viscosity of the polymer solution,
while the fast evaporation of solvent causes the increase of the viscosity of the polymer solution. For
a polymer solution with volatile solvent, increasing
temperature likely causes the decrease of the viscosity of the polymer solution first and the increase of
the viscosity of the polymer solution due to the evaporation of the solvent after heating for long time.
Generally, the formation of the first CL is dependent
on the evaporation of the solvent. Slow evaporation
of the solvent can inhibit the formation of the first
CL, which limits the formation of surface structures.
Also, the speed of the CL motion decreases with the
increase of the viscosity of the polymer solution. At
a low temperature, the polymer solution has a large
viscosity, which makes it difficult to have the stickslip motion of the CL, as supported by Figure 6f.
Figure 7 depicts variation of the wavelengths of the
concentric rings formed at different substrate temperatures with the height of copper tube for three

Figure 7. Variation of the wavelengths of the concentric rings formed at different substrate temperatures with the height of
copper tube for different inner diameters: (a) 2.5 mm, (b) 4.5 mm, and (c) 6.5 mm.
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Figure 8. (a–d) Optical images of surface patterns formed with copper tubes for different tube heights: (a) 1 mm, (b) 3 mm,
(c) 6 mm, and (d) 9 mm (inset: distribution of hole sizes); (e) variation of the average hole size with the height of
copper tube (inner diameter: 6.5 mm, substrate temperature: 10 °C).

solution. The micro-droplets grow through coalescence, and the droplets in the layer of the polymer
solution serve as a template for the construction of
surface patterns on the surface of the polymer film
after both the droplets and the solvent evaporate
completely.
For the PMMA solution on a glass substrate of
10 °C, the evaporation of acetone further reduces the

‘Breath Figure’ phenomenon [41], which usually occurs during the condensation of water droplets onto
the surface of a polymer solution with a volatile solvent in a high humidity environment. The evaporation
of the volatile solvent in the polymer solution causes
the decrease of local temperature, leading to the formation of water micro-droplets and the penetration of
the water micro-droplets onto the layer of the polymer
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height and/or the decrease of the substrate temperature cannot create ‘Breath Figure’ patterns due to that
the formation of a homogeneous and isotropic PMMA
solution consisting of water and acetone.
Table 1 summarize the types of the surface patterns
formed via the evaporation of the droplets of the acetone solution of 0.1 wt% PMMA on the surfaces of
glass slides using the copper tubes as the templates
at different substrate temperatures. It is evident that
the substrate temperature plays a major role in determining the types of the surface patterns, while the
dimensions of the copper tubes also have an effect
on the formation of the surface patterns through the
control of the evaporation of acetone. In general, the
surface patterns vary from concentric rings of wavelike shape, concentric rings of linked-beads, wrinkling, ‘Breath Figure’ patterns to structure-less surface, and are dependent on the CL motion, instability
induced by local disturbances, and the template. For
the same geometrical dimensions of copper tubes,
increasing the evaporation rate of acetone leads to
the increase of the wavelength of the concentric rings.
However, increasing the substrate temperature contributes to the increase of the evaporation rate and
the change of the viscosity of the polymer solution.
There exists an interaction between the increase of
the evaporation rate and the change of the viscosity
of the polymer solution, which determines the evolution of surface patterns. Increasing the substrate
temperature does not lead to a monotonic increase

temperature of the layer of the PMMA solution, which
increases the temperature difference between ambient temperature and the temperature on the surface
of the polymer layer and leads the condensation of
water vapor even at a humidity of ~30%. The condensation of water vapor results in the formation of
micro-droplets, which drop onto the polymer solution and induce the ‘Breath Figure’ phenomenon as
observed in Figure 8.
From Figure 8, one can note that the surface structures
consist of holes of irregular shapes in contrast to circular holes and/or well-ordered hexagonal holes
formed in a system of two immiscible liquids [29].
Such behavior is likely due to that water can completely mix with acetone, which locally forms a homogeneous and isotropic liquid with two different
evaporation rates. The average size of the irregular
holes is represented by the diameter of an equivalent
circle of the same area as the hole, which was analyzed by Image-pro plus software. The average size
of the holes increases with the increase of the height
of the copper tube, as shown in Figure 8e. With the
increase of the tube height, the evaporation rate of
acetone decreases, and there is more time for the coalescence of water droplets, leading to the template
with large water droplets and the formation of surface patterns of large holes. There is a broad distribution of the hole sizes (see the insets of Figure 8a–
d). It is worth mentioning that further suppressing
the evaporation rate via the increase of the tube

Table 1. Summary of the types and wavelength of the surface patterns formed with different tube dimensions and substrate
temperatures.
Substrate temperature
[°C]

Tube dimensions
Inner diameter
[mm]

2.5

4.5

6.5

Height
[mm]

0

10

20

30

40

50

1

bf

bf

ir

cr (148)

cr (71)

cr (70)

3

no

bf

ir+wk

cr+wk (86)

cr+lb (41)

cr+lb (43)

6

no

wk

wk

cr+wk (56)

cr+lb (37)

cr+lb (31)

9

no

wk

wk

cr+wk

lb (28)

lb (24)

1

bf

bf

ir+wk

cr (113)

cr (103)

cr (133)

3

bf

bf

ir+wk

cr+lb (104)

cr (76)

cr (104)

6

bf

bf

wk

cr+lb (70)

cr+lb (47)

cr+lb (65)

9

no

bf

wk

cr+wk (58)

cr+lb (30)

cr+lb (60)

1

bf

bf

ir+wk

cr (168)

cr (135)

cr (166)

3

bf

bf

wk

cr+lb (107)

cr (93)

cr (143)

6

bf

bf

wk

cr+lb (87)

cr (70)

cr (107)

9

bf

bf

wk

cr+lb (66)

cr+lb (55)

cr (91)

Pattern type: cr: concentric rings, lb: linked beads, wk: wrinkling, bf: ‘Breath Figure’ pattern, ir: irregular ring, no: no typical pattern. Two
types linked by ‘+’ means the combination of the two types. The wavelengths (in the unit of μm) of the concentric rings with and/or without
linked beads are listed in the bracket.
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are temperature-dependent. In addition, the evaporation of the volatile solvent can cause the change of
the viscosity of the polymer solution, leading to the
coupling effect.
In contrast to the gradient-concentric rings reported
in literature, the wavelength of the concentric rings
formed is relatively independent of the distance to
the inner surface of the copper tube. The longer the
copper tube of the same inner diameter, the smaller
is the wavelength. By varying the substrate temperature and the dimensions of the copper tube, one can
construct concentric rings with the wavelength in a
range of 20 to 170 μm.
The technique developed in this work opens a new
route to fabricate surface patterns with tunable topologies by simply controlling the evaporation of volatile
solvent in polymer solutions through the substrate
temperature and the dimensions of the copper tube.
It also presents challenge to understand the effect of
geometrical dimensions of solid objects on the motion of the three-phase contact line for producing surface textures of micro- and nanoscales. It needs further study to understand the effects of other factors,
such as the surface properties of template, solvent,
molecular weight, for the optimization of this technique.

of the wavelength due to the variation of local viscosity with temperature and evaporation time. The
concentric rings formed at the substrate temperature
of 40 °C have the smallest wavelength due to the
coupling between the evaporation and the change of
local viscosity for most copper tubes used.
It is believed that this technique or similar procedure
has potential to produce well-ordered structures of
submicro- and nano-scales, even though the patterns
constructed in this work are mainly at the microscale. To reduce the characteristic dimension of the
periodic patterns to submicro- and nano-scales, one
needs to carefully control the experimental conditions, including the film thickness, viscosity and the
radius of the copper tube, to significantly reduce the
traveling distance of the CL during the slip state. For
the ‘Breath Figure’ patterns, the key is to form stable
nano-template (i.e. nano droplets) by controlling the
sizes of water droplets during condensation.
There are several important factors significantly controlling the geometry and dimensions of the formed
patterns, including the geometrical dimensions of
template, temperature, properties of polymer, solvent,
solution concentration, and surface properties of substrate. With reasonable combination of materials and
experimental conditions, it is possible to achieve nanostructuration via the ‘evaporation-induced’ patterning technique.
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5. Conclusions
In summary, copper tubes have been used as the templates to construct surface patterns on the surfaces
of the polymer films, which are confined by the copper tubes. The function of the copper tubes is to limit
the evaporation of the volatile solvent in the polymer
solution. The parameters affecting the evaporation of
the volatile solvent include the height and inner diameter of the copper tube and the substrate temperature, and their effects on the geometric characteristics of the surface patterns have been systematically
studied. The surface patterns vary from ‘Breath Figure’ patterns formed at low temperatures to concentric rings of wave-like shape and/or linked-beads
formed at high temperatures, which are associated
with the condensation of water micro-droplets and
the instability due to local disturbance, respectively.
The substrate temperature plays a major role in
controlling the formation of the surface patterns,
since both the evaporation behavior of the volatile
solvent and the viscosity of the polymer solution
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