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Abstract 

Given the role of micro-nanostructures in producing superhydrophobic and icephobic surfaces and 

the importance of high-quality replication of these micro-nanostructures in direct replication 

processes, we evaluated the effect of processing parameters on the superhydrophobicity, 

icephobicity, and replication quality of silicone rubber surfaces created via micro-compression 

molding. Molding pressure, mold temperature, curing time, and part thickness were selected as the 

processing parameters to be assessed. We used a response surface methodology to illustrate the 

optimal values of the selected processing parameters. Molding pressure and part thickness were 

the main influencing parameters to attain the superhydrophobicity. In a second set of experiments, 

we assessed the replication quality of silicone rubber surfaces of variable thickness subjected to 

different molding pressures. Each part thickness had an optimal molding pressure for obtaining 

the best replication quality. Surfaces having the highest replication quality also demonstrated the 

longest freezing delay and confirmed their potential use as anti-icing surfaces. Although all 

developed superhydrophobic surfaces showed icephobicity, the influence of processing parameters 

affecting ice adhesion was complex. 
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Introduction 

Various processing techniques exist for fabricating polymer materials that have a specifically 

desired size and shape at the micro- or nanoscale. These techniques include micro-injection 

molding, micro-compression molding, hot embossing, casting, and 3D printing.[1,2] Among these, 
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micro-injection molding, micro-compression molding, and hot embossing are the most industrially 

desirable mass-production processes for microfabrication because they offer high repeatability, 

lower fabrication costs, faster cycle times, the simultaneous shaping of bulk and surface structures, 

and comparatively simple automation.[1,3] 

The most critical aspect of the microfabrication process is achieving the required high precision. 

The level of precision is affected by several parameters, including the geometry and the thickness 

of the product, surface structure size, the aspect ratio of the structures, the positioning of the 

structures in relation to the direction of polymer flow, and the processing parameters. The 

processing parameters have the most influence on precision and include mold and melt 

temperatures, packing pressure, flow velocity, and holding time.[4] The role of each parameter may 

differ depending on the selected material and applied microfabrication technique; for example, the 

role of melt temperature differs greatly between the microfabrication of thermoplastics and that of 

rubber materials. An increased melt temperature reduces the viscosity of the thermoplastic, which 

is advantageous for obtaining a high-quality replication.[5] In contrast, the melt temperature in 

rubber processing must be kept as low as possible as an elevated temperature increases the rate of 

crosslinking. Any crosslinking before the filling of the cavity reduces the filling quality.[1,6] 

Hopmann et al.[6] showed that to successfully achieve desired surface structures in the micro-

injection molding of liquid silicone rubber (LSR), the rubber curing should be delayed as much as 

possible. The best results were obtained by using higher injection speeds and lower mold and melt 

temperatures. As another example, the holding time in the micro-injection molding of 

thermoplastics defines the cooling time of the material. However for rubber micro-compression 

molding, holding time determines the curing time of the rubber, and both have critical effects on 

the quality of the final parts. In some cases, to realize the desired surface structures, a combination 

of both thermoplastic and rubber has been used.[7] First, the microtextures were transferred from 

an aluminum template to the polycarbonate (PC) surface and then from the PC to the 

polydimethylsiloxane (PDMS). 

In the microfabrication of parts having micro-nanostructured surfaces, the thickness of the 

substrate is markedly greater than that of the micro-nanostructures. A thicker substrate hinders the 

increase of the in-cavity pressure; this results in a poorer replication quality, whereas a thinner 

substrate—by allowing the in-cavity pressure to increase—leads to a higher quality of filling.[8] 
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As the combination of different processing parameters can lead to contradictory effects on the final 

product, the manipulation of microfabrication processing parameters is complicated. 

At present, investigations of the effects of processing parameters on microfabrication processes 

have been limited mainly to the micro-injection molding of thermoplastics, such as polymethyl 

methacrylate (PMMA)[9], polystyrene (PS)[8], polypropylene (PP)[10], and polyethylene (PE)[11]. 

Although some studies have investigated the microfabrication of rubber materials, e.g., liquid 

silicone rubber (LSR)[6], or rubber-containing polymers, such as thermoplastic elastomers 

(TPE)[12,13], there remains a lack of comprehensive research on the microfabrication of rubber 

materials. As such, to our knowledge, this study examines, for the first time, the influence of 

molding processing parameters on the superhydrophobic and icephobic properties of micro-

nanostructured silicone rubber surfaces via a statistical assessment. 

For a material to show superhydrophobic properties, i.e., a water contact angle (CA) of >150° and 

a sliding angle (SA) of <10°, it should possess hydrophobic characteristics, and the surface should 

also include micro-nanostructures that roughen the surface.[14] These micro-nanostructures should 

be arranged so that a water droplet cannot penetrate the surface features because of the entrapped 

air in the cavities, a state called the Cassie-Baxter regime. Otherwise, the water droplet penetrates 

into the surface features and the Wenzel regime dominates.[15] The abovementioned 

microfabrication techniques are appealing for mass producing superhydrophobic surfaces.[16-18] 

The produced superhydrophobic surfaces can potentially delay ice formation (anti-icing) and 

reduce the formed ice adhesion strength (de-icing).  

The increased probability of a coupling reaction between two macromolecules—produced from 

radical-radical recombination and macroradical addition—can create a “crosslinked” network 

structure.[19,20] The crosslink density (CD) is defined as the number of crosslinked points per unit 

volume, expressed in mol·cm-3
.
[21] The vulcanization reaction (crosslinking) respects the classical 

law of chemical reaction kinetics, and hence it is dominated by the process temperature.[22] By 

increasing curing temperature or curing time, the physical and mechanical properties may 

deteriorate due to the overcuring.[22] Therefore, the CD can affect the demolding quality, physical 

properties, and mechanical properties of the cured rubber. 
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The principal objective of this study is to evaluate the effect of processing parameters on the 

superhydrophobic and icephobic properties and the replication quality of silicone rubber materials 

produced using micro-compression molding. We selected molding pressure, mold temperature, 

curing time, and part thickness to evaluate the optimal combination of parameters via a DoE 

method. The produced output response surface maps allow the results to be used in decision-

making for fabricating superhydrophobic/icephobic silicone rubber surfaces. 

Materials and methods 

High-temperature vulcanized (HTV) silicone rubber (SR) was used as the process material. A wet-

chemical-etching method produced the aluminum (A6061) templates. The aluminum sheets were 

cut into intended size and cleaned in acetone and distilled water for 20 min ultrasonically. After 

drying at 70 °C for 1 h, they were chemically etched using a 15 wt.% hydrochloric acid solution 

for 2 h. Then, the templates were cleaned ultrasonically with distilled water for 30 min and dried 

at 70 °C for 1 h. We used a micro-compression molding machine (Carver Inc. USA) having two 

temperature-adjustable platens. The hydraulic press system is capable of controlling precisely an 

applied force of 3 to 194 kN. Three-piece flat molds, all having a right rectangular prism cavity of 

25 × 25 mm2 with various thicknesses (3 mm, 6 mm, 9 mm), cast the rubber materials. The template 

was placed on the lower part of the mold into the cavity, and the rubber material was placed onto 

the template. The top the mold was then closed. The mold was set in the press machine to begin 

the process. To determine an appropriate process window, we undertook an initial familiarization 

set of experiments. For this, we determined the most extreme levels at which an acceptable result 

could be attained. DoE then selected those processing parameters to be assessed for the 

experimental runs. After the process, the mold was opened, and the cured SR was detached from 

the aluminum template. Fig. 1 schematically represents the direct replication process to create 

micro-nanostructures on the SR through a micro-compression molding system using a three-piece 

flat mold. It is worth noting that we used a fluorochemical-based release agent to ensure a flawless 

demolding for acquiring a high-quality micro-nanostructured surface. 
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Fig. 1. Schema of the direct replication process: (a1) material placement, (a2) molding under heat and pressure, (a3) demolding, 

and (a4) the replicated micro-nanostructured silicone rubber superhydrophobic behavior; photographs of the (b) micro-

compression molding system; (c) three-piece mold; (d) micro-nanostructured aluminum template; and (e) replicated 

superhydrophobic silicone rubber surface. 

We used a D-optimal method to optimize the combination of the multi-level factors. The curing 

time (tc) is 4-level factor varying from 1.5 min to 9 min. For the molding pressure (P), four levels, 

from 5 MPa to 50 MPa with a 15-MPa interval, were selected. The mold temperature (Tw) is 3-

level factor varying from 120 °C to 180 °C. Three thicknesses of 3 mm, 6 mm, and 9 mm were 

selected as the part thickness (d) (Table 1). In running the design, the number of experimental runs 

decreased from 144 (4 × 4 × 3 × 3) to 53 runs. The processing parameters of each of the 53 

experimental runs are provided in Table S1. 

Table 1. Different levels of the processing parameters. 

Factor  Level 

tc (min) 1.5 3 6 9 

P (MPa) 5 20 35 50 

Tw (°C) 120 150 180 - 

d (mm) 3 6 9 - 
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The water CA was measured using a goniometer (KrussTM DSA100) at 25 °C ± 0.5 °C based on 

the Young-Laplace approximation. The used deionized water droplet had a volume of 4 µL. We 

used a tilting plate capable to adjust the angle from 0° to 90° to determine the SA. We recorded 

the SA when the droplet began to slide or roll off the surface. To ensure the accuracy and 

reproducibility of our results, all wettability measurements were conducted at five different points 

on each sample; we report the average for each sample. We observed the morphology of the 

fabricated SR surfaces using a scanning electron microscope (SEM, JSM-6480 LV by JEOL 

Japan). We evaluated the surface chemical compositions using Fourier transform infrared 

spectroscopy (FTIR) and the energy dispersive X-ray spectroscopy (EDS). The surface roughness 

of the molded SR samples was evaluated by the area surface roughness values, i.e., root mean 

square roughness (Sq), skewness (Ssk), and kurtosis (Sku) provided by a confocal laser microscopy 

profiler (Profil3D, Filmetrics, USA). The Sq is defined as the standard deviation of the distribution 

of surface heights.[23] The skewness coefficient shows the symmetry level of the surface height 

relative to the mean plane.[24,25] Therefore, a surface with a fully symmetrical height distribution 

has zero skewness, a surface having more peaks than valleys has positive skewness, and a surface 

possessing more valleys than peaks has negative skewness.[23,26] The sharpness of the probability 

density of the surface profile is described by the kurtosis coefficient. A jagged surface (high peaks 

and low valleys) usually has Sku >3, while a relatively flatter surface shows a Sku <3.[23] 

The CD of the cured SR samples was measured via a swelling experiment. The sample arrived at 

an equilibrium swollen state in toluene at room temperature for 72 h. The sample was weighed 

immediately after removing from the toluene (m1). The sample was then dried at 60 °C for 24 h 

and was weighed (m2). Given the density of rubber (ρr = 1.15 g/cm3) and the density of toluene (ρs 

= 0.866 g/cm3), the volume fraction of the SR in the swollen sample was calculated using the 

following equation[27]: 

𝜑 =
(
𝑚2
𝜌𝑟

)

(
𝑚2
𝜌𝑟

)+(
𝑚1−𝑚2

𝜌𝑠
)
. 

Therefore, the CD (ν) and Mc were calculated according to the Flory-Rehner theory[28]: 

𝜈 =
−(𝑙𝑛(1−𝜑)+𝜑+𝜒𝜑2)

𝑉(𝜑
1
3−

𝜑

2
)

, 
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𝑀𝐶 =
𝜌𝑟

𝜈
, 

where 𝜒 is the Flory-Hoggins polymer-solvent interaction coefficient, calculated as 𝜒 = 0.459 +

0.134𝜑 + 0.59𝜑2, and V is the molar volume of toluene (106.7 mL/mol). 

We measured the freezing delay time using the cold chamber of goniometer machine. The Peltier 

cooling controller (sample stage) is capable of reaching –30 °C with a control precision of 0.1 °C. 

The 4-µL water droplet, being filmed by the goniometer camera, was transparent upon its 

placement on the surface. With time, the droplet became non-transparent, representing the frozen 

state. The delay time of this state change was recorded as the freezing delay. Ice adhesion strength 

was determined using a push-off instrument. A thin cylindrical, 1-cm diameter plastic mold was 

placed on the sample and filled with deionized water. The ice formed after the mold was placed in 

a cold chamber at –10 °C for 24 h prior to testing. The de-icing process was conducted where the 

sample holder was pushed toward the force gauge at a rate of 0.05 mm·s-1 until the ice detached 

from the surface. The force was recorded at the moment of ice detachment. 

Results and discussion 

To evaluate the effect of processing parameters on the superhydrophobic and physical properties 

of the produced surface, we used CA, SA, and CD as the measured responses. The results for the 

produced surfaces are presented in Table 2. The CA, SA, and CD vary from 148.7° to 169.6°, 1.0° 

to 21.7°, and 2.89×10-4 mol/cm3 to 4.71×10-4 mol/cm3, respectively, throughout the experiments. 

The analysis of variance (ANOVA) is discussed in the supplementary. 
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Table 2. The contact angle (CA), sliding angle (SA), and crosslink density (CD) of the produced surfaces. 

 Responses  Responses 

Run 

no. 

CA (°) SA (°) CD × 104 

(mol/cm3) 

Run no. CA (°) SA (°) CD × 104 

(mol/cm3) 

1 160.2 5.3 3.94 28 166.0 3.3 3.73 

2 161.9 3.7 4.39 29 160.3 4.7 3.05 

3 160.2 4.7 4.41 30 161.9 3.7 4.28 

4 155.7 6.7 3.63 31 161.3 3.7 4.63 

5 163.5 3.3 4.18 32 164.0 2.0 4.52 

6 162.9 3.7 4.54 33 159.6 5.7 3.07 

7 163.1 3.7 3.42 34 148.7 21.7 4.02 

8 155.0 7.7 2.89 35 154.4 17.3 4.17 

9 158.4 7.3 4.09 36 150.1 18.7 4.42 

10 156.6 8.0 4.31 37 152.8 19.7 3.69 

11 159.6 4.0 4.71 38 151.1 15.0 2.94 

12 158.0 6.3 4.68 39 154.6 9.3 4.28 

13 161.9 3.0 3.77 40 155.3 7.7 4.29 

14 158.4 5.7 4.23 41 155.7 7.7 4.48 

15 162.8 4.7 4.29 42 156.6 7.0 4.56 

16 157.5 5.3 4.34 43 155.7 4.3 3.41 

17 155.0 7.7 3.18 44 154.9 12.7 3.35 

18 155.6 8.3 4.16 45 158.7 5.7 4.4 

19 159.5 15.3 4.49 46 156.6 2.3 4.49 

20 156.3 6.7 4.5 47 160.3 3.0 4.61 

21 157.7 11.0 3.25 48 159.8 3.3 3.47 

22 159.1 7.0 4.15 49 162.7 2.7 4.47 

23 159.5 7.3 4.16 50 161.2 2.0 4.53 

24 158.6 4.7 4.51 51 162.6 2.7 4.5 

25 157.2 3.0 3.96 52 160.3 3.7 4.16 

26 165.6 1.3 4.13 53 162.0 6.7 3.98 

27 169.6 1.0 4.26     

 

Effect of processing parameters on the CA, SA, and CD 

To better illustrate our results, we present the predicted models as 3D response surface plots. For 

the CA, molding pressure (hereinafter pressure), part thickness (hereinafter thickness), their 

interaction, and the interaction between thickness and curing time (hereinafter time) were 

significant model terms. The 3D response surface relationship between thickness and pressure for 

CA at the center level of time and mold temperature (hereinafter temperature), i.e., 5.3 min and 

150 °C, respectively, is presented in Fig. 2(a). Maximum CA was achieved in the upper half of the 
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pressure range and at the center level of thickness. By increasing thickness, the required pressure 

for achieving a higher CA increased. At higher thickness values, the CA monotonically increased 

with pressure. At lower thickness values, however, a maximum CA was produced at an optimal 

pressure. Therefore, increasing pressure does not necessarily lead to a higher CA for all 

thicknesses. This pattern can be ascribed to the destructive effect of high pressure on the template 

micro-nanostructures at the lower thickness. 

According to the interaction between thickness and time, the highest CA values were attained at a 

thickness of ≤6 mm and a time of ≤6 min. To obtain a high CA, therefore, both thickness and time 

should be selected from the lower values. We observed the same results for the interaction between 

thickness and time when pressure was altered. The 3D response surface relationships between 

thickness and time for CA at various pressure levels are presented in Fig. S1. 

As such, we can conclude that pressure has the greatest effect on the achievable CA; however, 

higher pressure does not necessarily lead to a higher CA. The optimal pressure level depends on 

part thickness. It is also recommended to select as low of a processing duration as possible from 

within the optimal range. 

The same parameters, i.e., thickness and pressure, their interactions, and the interaction between 

thickness and time are significant model factors for the SA. Our aim was to achieve as low a SA 

as possible. Fig. 2(b) illustrates that the lowest SAs were achieved at pressure values between ~14 

MPa and ~41 MPa for a thickness of 3 mm. By increasing the thickness, however, a higher pressure 

was required to maintain a low SA. The thickness-time graphs at various levels of pressure are 

presented in Fig. S2. We obtained the lowest SA when both thickness and time tended toward their 

minimal values, as observed for CA. The highest level of pressure led to ultra-low SAs, especially 

for the thicker samples. 

The modulus of rubber at small elongations is essentially proportional to rubber CD.[21] The 

relationship between Young’s modulus (E) and the average molecular mass of the crosslink points 

(Mc) at small strains is stated as[29]: 

E = 3νkT = 3ρRT/Mc, 
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where ν is the number of chains per unit volume, i.e., CD, k is Boltzmann’s constant, T is the 

absolute temperature, ρ is the density of rubber, and R is gas constant. As such, a lower Mc, which 

corresponds to a higher CD, leads to a greater Young’s modulus. 

We found that all processing parameters were significant terms for modeling the CD. However of 

these terms, time, temperature, and their interaction were most significant. The 3D response 

surface relationship between temperature and time on the CD at the center level of pressure and 

thickness demonstrates an optimal value for temperature for achieving the highest CD at a given 

time (Fig. 2(c)). Thus, by increasing temperature, the CD increased due to the increased 

crosslinking (vulcanization) reaction rate. A high curing temperature enhanced the decomposition 

rate of the vulcanizing agent to produce more free radicals[30]; this led in general to a higher CD. 

However, increasing the curing temperature beyond the optimal value caused the CD to be reduced 

due to the dominance of chain scission at higher temperatures. 
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Fig. 2. The 3D response surface relationship between (a) part thickness and molding pressure on the CA at the center level of 

mold temperature and curing time, (b) part thickness and molding pressure on the SA at the center level of mold temperature and 

curing time; and (c) mold temperature and curing time on the CD at the center level of molding pressure and part thickness. 

Surface characterization based on the optimal model 

Using the processing parameters obtained from the optimal model, i.e., curing time of 4.7 min, 

mold temperature of 149 °C, molding pressure of 49.7 MPa, and thickness of 7.4 mm, we produced 

a pristine and a superhydrophobic SR surface. Fig. 3 shows SEM images, EDS and FTIR spectra 

results of the produced surfaces. The produced surface roughness as required structures to create 

superhydrophobicity is evident. According to the model, the fabricated surface using the optimal 

parameters should possess a CA of 164.6° and a SA of 1.4°. We observed a CA of 165.1° ± 0.6° 

and a SA of 1.6° ± 0.2°. These results, therefore, confirmed the predicted optimal model. FTIR 

absorption spectra of Si(CH3)2, Si–O–Si, Si(CH3), and Si(OH) at positions 805–855 cm−1, 1000–

1110 cm−1, 1245–1275 cm−1, and 3500–3700 cm−1, respectively, were observed for pristine and 
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superhydrophobic SR surfaces.[31] Also, EDS spectra results showed the similar peaks, i.e., C, O, 

Al, and Si having an almost identical atomic percentage for pristine and superhydrophobic SR 

surfaces. Therefore, FTIR and EDS spectra results confirmed that the replication process did not 

altered the SR surface chemically.   

 

Fig. 3. SEM images of (a1) pristine, (a2) top view and (a3) cross view of superhydrophobic SR surfaces; EDS spectra results of 

(b1) pristine, (b2) superhydrophobic SR surfaces; and (c) FTIR spectra for (I) pristine, (II) superhydrophobic SR surfaces. 

Effect of the significant factors on replication quality (RQ) 

We investigated the effect of two significant factors controlling wettability, i.e., thickness and 

pressure, on RQ. Three levels were considered for each factor: pressures of 20, 35, and 50 MPa 

and thicknesses of 3, 6, and 9 mm. Table 3 shows the effect of pressure and thickness on the RQ 

and CA at a fixed time and temperature (4.7 min and 149.0 °C, respectively) based on the optimal 

model. RQ is expressed as the root mean square area roughness value (Sq) for each sample 

compared to that of an aluminum template. As the produced surfaces have a CA >150° and a SA 

<10°, the dominant wetting regime is Cassie-Baxter. Therefore, the area fraction of solid-liquid 

interface (f) was calculated according to the following equation[32]: 

𝑐𝑜𝑠𝜃𝐶 = 𝑓(1 + 𝑐𝑜𝑠𝜃𝑌) − 1, 
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where 𝜃𝐶  is the Cassie-Baxter apparent CA, and 𝜃𝑌 is the intrinsic CA (for pristine SR, 𝜃𝑌 is 116° 

± 2.0°). 

Table 3. The effect of molding pressure and part thickness on the replication quality (RQ) and surface wettability of the produced 

surfaces. 

 Processing parameter Surface roughness parameter Surface wettability 

Sample Molding 

pressure 

(MPa) 

Part 

thickness 

(mm) 

Sq (µm) Skewness Kurtosis RQ (%) CA (°) SA (°) f (%) 

Al 

template 

- - 10.450 0.235 2.997 - - - - 

S1 20 3 9.749 0.067 3.743 93.29 168.8 ± 

0.7 

3.0 ± 

0.6 

3.39 

S2 35 3 8.747 –0.137 2.510 83.70 167.8 ± 

0.8 

3.0 ± 

0.6 

4.02 

S3 50 3 7.444 –0.232 2.615 71.23 167.3 ± 

1.1  

5.3 ± 

1.3 

4.36 

S4 20 6 7.406 –0.428 3.008 70.87 163.8 ± 

1.2 

4.3 ± 

1.6 

7.07 

S5 35 6 10.020 0.067 3.795 95.89 169.3 ± 

0.9 

1.7 ± 

0.3 

3.10 

S6 50 6 8.317 0.097 3.743 79.59 166.3 ± 

1.6 

3.7 ± 

0.6 

5.07 

S7 20 9 7.150 –0.317 2.295 68.42 158.3 ± 

0.5 

9.3 ± 

0.9 

12.62 

S8 35 9 7.551 –0.267 3.134 72.26 159.6 ± 

0.6 

5.7 ± 

0.6 

11.17 

S9 50 9 9.403 –0.245 3.408 89.98 161.5 ± 

0.7 

3.3 ± 

0.3 

9.20 

 

RQs ranging from ~70% to ~96% were obtained by altering pressure and thickness. In terms of 

RQ and the associated wettability values, the higher the RQ, the greater the superhydrophobicity. 

A high-quality replication therefore led to higher CA and lower SA values due to the most 

appropriate roughness being created on the SR surface. For example, the highest CA (169.3°) and 

the lowest SA (1.7°) were obtained when RQ was 95.89% (S5). Fig. 4 presents the 3D surface 

profiles of all produced samples having different RQs. The 3D surface profile of the aluminum 

template can be found in the supplementary (Fig. S3). 

For 3-mm thickness, RQ decreased as pressure increased; therefore, the highest RQ was obtained 

at 20 MPa (Sample S1). This reduction in RQ stemmed from the destructive effect of the pressure 

on the template micro-nanostructures as the higher pressures caused the micro-nanostructures on 

the template surface to be compressed and result in a relatively flatter SR surface. For example, 
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Sample S3 had a kurtosis value of <3, whereas Sample S1 had near-zero skewness and a kurtosis 

>3. 

Optimal RQ for the 6-mm thick samples was attained at the moderate pressure values, i.e., 35 MPa. 

The 20-MPa pressure was not sufficient for the rubber material to fill the structures, while the 50-

MPa pressure (Sample S6) had a slight destructive effect on the micro-nanostructures. Sample S5 

had the highest CA and the lowest SA values among all samples due to its highest RQ (95.89%) 

and the most near-zero skewness values (0.067). 

For the 9-mm thick samples, CA increased as pressure increased, and higher pressures produced a 

higher RQ. The SR material did not successfully replicate the micro-nanostructures at the 20-MPa 

pressure (Sample S7). The kurtosis of Sample S7 was <3 reflecting a rather flat surface. Moreover, 

it also had the highest skewness, indicating a non-symmetrical surface. Thus, a proper pressure 

profile was not established in the cavity, resulting in a non-symmetrical surface at the silicone-

template interface that increased the probability of pinning a water droplet rolling across the 

surface. Hence, Sample S7 recorded the highest SA (9.3°).  
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Fig. 4. The 3D surface profiles of samples (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, (f) S6, (g) S7, (h) S8, and (i) S9 representing 

various replication qualities. See Table 3 for details of the molding pressure and part thickness of each sample. 

Icephobicity  

The fabrication of icephobic materials targets two main objectives: (i) preventing or decreasing 

the accumulation of ice on a substrate and (ii) reducing the ice adhesion strength.[33] To evaluate 

the first property, the freezing delay time can be used as a criterion, while the assessment of the 

second property relies on the ice adhesion strength test.  

Freezing delay 

For samples at -25 °C, freezing delay times were affected by the solid-liquid area fraction of the 

Cassie-Baxter equation (f) obtained from the CA (Fig. 5(a)). Surfaces having a lower solid-liquid 

interface, i.e., higher liquid-gas interface, showed longer freezing delays due to the lower heat 

dissipation along the surface derived from a higher CA. 

As there is a direct relationship between the volume of micro-air cavities that act as thermal 

insulation and the delay in droplet freezing[34], the trapped air volume in the micro-cavities was 

calculated using the profilometry technique. Fig. 5(a) shows the Vsuperhydrophobic / Vpristine value, i.e., 
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the ratio between the trapped air volume in the fabricated superhydrophobic surface to that of the 

pristine surface. A higher Vsuperhydrophobic / Vpristine resulted in the longer freezing delay due to less 

heat loss through the surface asperities. 

All superhydrophobic surfaces demonstrated an enhanced anti-icing behavior compared to that of 

the pristine surface. A 2.24×–3.91× enhancement was observed for the various superhydrophobic 

surfaces. The high volume of entrapped air (representing the liquid-gas interface) acts in concert 

with the low solid-liquid area fraction (f) to delay ice formation. Samples S5, S6, and S1, having 

the lowest f values, highest kurtosis, and highest Vsuperhydrophobic / Vpristine values, demonstrated the 

best anti-icing capabilities. Sample S7, characterized by a high f and a low Vsuperhydrophobic / Vpristine 

value, produced the slowest freezing time among the superhydrophobic surfaces. This result 

demonstrated the importance of replication quality when comparing the 74% increase in the 

freezing delay of the Sample S5 (RQ = ~96%) with Sample S7 (RQ = 68%). 

Ice adhesion strength 

The icephobic enhancement percentage was determined as the reduced ice adhesion strength 

compared to that of the pristine surface. As shown in Fig. 5(b), the icephobic enhancement 

percentage of superhydrophobic surfaces was significant (35% to 62%). However, among the 

superhydrophobic samples, Sample S2 showed the lowest ice adhesion strength (69.3 kPa) and the 

highest de-icing enhancement percentage (62%). 

Ice adhesion strength was influenced by the kurtosis and the solid-liquid area fraction (f), but not 

in a straight-forward manner. The mechanical interlocking between the ice and the surface 

structures plays a vital role in ice adhesion.[25,35] Therefore, for surfaces having relatively higher 

peaks and lower valleys, i.e., higher kurtosis, the probability of this mechanical interlocking is 

greater. On the other hand, a lower solid-liquid area fraction leads to less contact area between 

surface and the water, thereby reducing the interlocked area. Sample S2, having relatively low 

kurtosis and f values, produced the highest de-icing enhancement percentage. Although a surface 

having lower kurtosis is normally more favorable for producing de-icing properties, this is 

contingent on a low f value. For example, Sample S7 that had a low kurtosis value (2.295) also 

showed a relatively high ice adhesion strength, which was attributed to its high f value. In such a 

case, although the surface is relatively flatter and the probability of mechanical interlocking is less 
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due to the lower kurtosis, the higher f value led to a higher contact area and thus a higher ice 

adhesion strength. 

 

Fig. 5. (a) Freezing delay and the increased entrapped air pockets ratios for the samples at -25 °C. Inset images represent the 

droplets at the moment of complete freezing for the pristine surface, Sample S5, and Sample S7. (b) Ice adhesion strength and de-

icing enhancement percentage of the various samples. 
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Conclusion 

The fabrication of SR having micro-nanostructures to achieve superhydrophobic and icephobic 

properties via a micro-compression molding technique is highly susceptible to the processing 

parameters. Various combinations of processing parameters had a decisive effect on the created 

superhydrophobicity, crosslink density (CD), replication quality (RQ), and the icephobic 

properties of the produced surfaces. Therefore, to evaluate the effect of processing parameters on 

these properties of the micro compression–molded SR surfaces, we used response surface 

methodology. Part thickness, molding pressure, and their interaction were the significant 

processing parameters affecting the CA. However, for different part thicknesses, increasing the 

pressure produced divergent effects. For the 3-mm and 6-mm thicknesses, an optimal pressure was 

observed to achieve the highest CA, whereas at 9-mm thickness, the greater the pressure, the higher 

the CA. The same parameters were determined as the significant factors affecting SA. Although 

there was an optimal pressure for parts being 3-mm thick to achieve the lowest SA, a greater 

thickness required a higher pressure to attain a low SA. All parameters for CD were significant; 

however, curing time, mold temperature, and their interaction were the most significant factors. 

An optimal temperature achieved the highest CD as increasing the temperature also increased in 

decomposition rate. The highest RQs were obtained at lower, middle, and higher pressures for 3-

mm, 6-mm, and 9-mm thicknesses, respectively. Surfaces having relatively lower solid-liquid area 

fraction (f) showed a longer freezing delay due to the air pockets acting as thermal barriers and a 

lower water-surface contact area. Surfaces having lower kurtosis were most favorable for 

icephobic properties; however, this icephobicity is contingent on a low f value. 
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