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ABSTRACT: Ice accumulation causes great risks in fields such as aircraft, electric power lines, and wind-turbine 

blades. For the ice accumulation on structural surfaces, ice adhesion force is a crucial factor, which generally has 

two main sources, e.g., electrostatic force and mechanical interlocking. Herein, we present that surface acoustic 

waves (SAWs) can be applied to minimize ice adhesion by simultaneously reducing electrostatic force and 

mechanical interlocking, and generating interface heating effect. A theoretical model of ice adhesion considering 

the effect of SAWs is firstly established. Experimental studies proved that the combination of nanoscale vibration 

and interface heating effects lead to the reduction of ice adhesion on the substrate. With the increase of SAW 

power, the electrostatic force decreases due to the increase of dipole spacings, which is mainly attributed to the 

SAW induced nanoscale surface vibration. The interface heating effect leads to the transition of the locally 

interfacial contact phase from solid-solid to solid-liquid, hence reducing the mechanical interlocking of ice. This 



study presents a strategy of using SAWs device for ice adhesion reduction, and results show a considerable 

potential for application in de-icing.   

1. INTRODUCTION  

Ice accumulation on structural surfaces impacts a broad spectrum of industries ranging from aircrafts1-2, power 

transmission lines3-4, and wind turbine blade5. Reduction of ice accumulation is highly crucial and ice adhesion 

force is one of the critical parameters. If ice adhesion is weak enough and the externally applied shear forces can 

separate the ice from the interface, deicing or anti-icing can be easily achieved6-7. Over the past several decades, 

extensive investigations have been carried out to search for sustainable solutions for anti-/de-icing8-11, which can 

be grouped into two categories, e.g., active and passive ones. Active anti-/de-icing methods disrupt the ice-

structure interface in order to achieve deicing effects, using methods such as resistance heating, hot air, radiation, 

de-icing fluids, electro-impulsive/expulsive, and ultrasonic techniques12-14. These methods often require 

significant energy or chemical consumption, along with complex systems with low efficiencies. Passive anti-/de-

icing methods decrease ice accumulation through changing wetting characteristics or applying special surface 

morphologies such as super-hydrophobic surface, slippery liquid infused porous surface (SLIPS), magnetic 

slippery surface, candle soot coating, and amphiphilic organogel15-20. Nevertheless, they are limited in durability 

and effectiveness in complex environments. New methods for anti-/de-icing functions which can be achieved 

economically and safely are still critically needed21.   

This paper presents a fundamental strategy for reducing the ice adhesion and provides first insight in deicing 

mechanisms using the surface acoustic waves (SAWs)22-23 (as illustrated in Figure 1). SAW generates high-

frequency surface vibrations exhibiting nanoscale ‘earthquakes’24 during its propagation on the structural surface, 

which causes the surface vibration and is able to concentrate propagating wave energy into a depth of one or two 

wavelengths on the SAW device surface. The propagation characteristics of SAWs not only cause nanoscale 



vibration25, but also produce heating effect (which is often called acousto-thermal effect)26-27 on the wave-

propagating surface. However, performance of reduction of ice adhesion induced by SAWs has not been 

thoroughly investigated before, and it still remains a question on how nano-vibration and heating effects influence 

the ice adhesion on the substrate. 

 

Figure 1. Schematic illustrations of the icing adhesion measurement under the action of SAW. (a) Icing adhesion 

force measurement system. (b) A schematic diagram of the nano vibration effect of SAW between ice contact 

surfaces. (c) A schematic diagram of the interface heating effect of SAW between ice contact surfaces. 

2. THEORETICAL ANALYSIS  

To study the effect of SAW on ice adhesion, forces which are contributed to ice adhesion need to be analyzed. 

For ice adhesion on a rough surface28-29, there are four types of interfacial forces (as show in Figure 2) on the ice-

solid interface: e.g., van der Waals force, chemical bonding, electrostatic force30 and mechanical locking31. Van 

der Waals force and chemical bonding are generally not considered as the major forces in the case of ice adhesion 

mechanism28, 32-35. Taking into account the charged carriers generated by the crystal defects36-37 in the freezing 

process of the droplet and the Cassie-Wenzel state38-40 (see the supplementary material section 1) of the droplet 

before ice formation on the surface, electrostatic force and mechanical locking force are considered as the two 

major forces in the case of ice adhesion mechanisms.  



 

Figure 2. Four types of interfacial forces at the ice-solid interface. (a) Schematic diagrams of the different action 

forces between ice and a rough surface; (b) Electrostatic force between ice and solid interface; (c) Mechanical 

locking force between ice and rough surface; (d) Chemical bonding between ice and solid interface; (e) Force 

between ice molecules and solid interface ZnO molecules. 

 

Firstly, we assume that the interface between ice and its contact surface is smooth and one of the main forces 

of the ice adhesion, namely, the electrostatic force, can be calculated using the Coulomb force equation. Then on 

a rough structure surface, the main force of the ice adhesion is constructed by combining the Coulomb force, 

surface tension and work of adhesion of droplet on the surface. The ice adhesion on a rough surface due to the 

electrostatic force41and mechanical locking42-43 can be expressed as: 
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where  
𝑇𝑓𝑟𝑒𝑒𝑧𝑒−𝑇

𝑇𝑓𝑟𝑒𝑒𝑧𝑒−𝑇𝑟𝑒𝑓
 is the compensation coefficient for the influence of temperature change on ice adhesion, 𝛼𝑖𝑐𝑒 

is compensation coefficient for the difference in electrostatic force between water and ice, 𝛿𝑖𝑐𝑒 is the average 

distance between the ice and the substrate interface. 𝜃 is water static contact angle for a smooth surface, 𝜃𝐶−𝑅𝑀𝑆 

is the static contact angle on a rough surface.  𝛾𝐿𝐺 is the surface tensions of liquid-vapor interface, 𝑓(𝑘) is the 

relationship between the droplet contact angle and Root Mean Square (RMS) roughness of droplet/substrate 

interface. 𝑓𝑅𝑀𝑆  is the contact rate between ice and substrate surface and  𝑘  is the RMS roughness height, 

𝑓𝑐𝑟𝑎𝑚𝑝 is mechanical locking factor between ice and substrate, taking values between 0 and 1.  𝜏𝑐𝑜ℎ  is the 

cohesive strength of ice. 𝑇𝑟𝑒𝑓 is the reference temperature -10℃44. T is the temperature of the surface with surface 

acoustic waves, and 𝑇𝑓𝑟𝑒𝑒𝑧𝑒  is the freezing point temperature of ice. Derivation of the corresponding formulas and 

meanings of each parameter can be found in the supplementary material section 2. 

 

Figure 3. Two main forces of ice adhesion force on a rough surface. Electrostatic force can be divided into two 

parts: electrostatic force Felec1 between ice and the top of substrate, and electrostatic force Felec2 between ice layer 

and the gap of substrate. Mechanical locking force Fcramp is the force coming from the roughness of the substrate. 

There are three types of forces corresponding to the three terms in Eq. (1), as shown in Figure 3. The first term 

is the electrostatic force Felec1 between ice and the top of substrate. The second term is the electrostatic force Felec2 

between ice layer and the gap of substrate. The third term is the mechanical locking force Fcramp of the ice on the 

structure. As mentioned above, nanoscale vibration and heating effect are the two main factors caused by SAWs. 

After introducing these two factors into Eq. (1), the ice adhesion reduced by the SAWs can be expressed as: 
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where 𝑇𝑅 is the ambient temperature of the natural icing experiment, ∆𝑇 is the change in the surface temperature 

of SAW device surface under the action of SAW, ∆𝜹𝒊𝒄𝒆 is the dipole spacing of electrostatic interaction between 

ice and substrate. It should be emphasized that after the surface structure is established, the parameters such as 

𝛾𝐿𝐺 , 𝑘,  𝑓𝑅𝑀𝑆 and 𝑓𝑐𝑟𝑎𝑚𝑝 are fixed values, and the only variables are ∆𝛿𝑖𝑐𝑒 and ∆𝑇. 

3. EXPERIMENTAL METHODS 

3.1. Preparation of SAW device: The SAW devices were made using the conventional photolithography. A 

0.5 cm thick Al film was used as the substrate for the SAW device. This material was selected for its good ductility 

and wide-range applications. Zinc oxide (ZnO) piezoelectric film with a thickness of approximately 5 𝜇m was 

deposited on the surface of Al by a direct-current (DC) magnetron sputter (NS3750. Nordiko) with a DC power 

of 420 W. The final process was the fabrication of aluminum (Al) interdigital transducer on ZnO piezoelectric 

film. The interdigital transducer (IDT) has a wavelength of λ = 400 𝜇m and an aperture of 1 cm. 

3.2. Ice adhesion force testing: To evaluate the theoretical model established above, the ice adhesion was 

measured through a self-developed testing instrument which has been reported in Ref45. A photograph of ice 

adhesion force testing is shown in Figure 4. Ice was formed with a droplet volume of 25 𝜇𝐿 on the SAW device 

surface in a cold chamber (temperature -10 ℃, and relative humidity 5- 10%). When the droplet was completely 

frozen (i.e., a spike was appeared on the top of the droplet), a sinusoidal signal was generated and then amplified 

using a power amplifier (Power Amplifier 2718, Denmark). The SAW power was applied for 10 s (see the 

supplementary material, Section 3 for the SAW duration test). Then the ice was melted and a liquid film was 

generated at the contact surface. With the continuous action of SAW, the ice was completely melted into a droplet, 

and the droplet was easily removed by SAW actuator. The ice adhesion force was recorded. Experiments were 



repeated at different powers of 0 W, 1 W, 1.5 W and 2 W, and each test was performed five times, then the average 

values were obtained for further analysis. The ice adhesion strength 𝜏𝑖𝑐𝑒 can be approximated by 

𝜏𝑖𝑐𝑒 =
𝐹

𝑆
 ,                        (3) 

in which F and S represent the ice adhesion force and contact area of ice particles (see the supplementary material, 

Section 2: Calculation of ice contact area), respectively.  

 

Figure 4. Photograph of the icing adhesion force measurement. 

 

4. REASULTS AND DISCUSSION  

4.1. Measurements of the ice adhesion strength. The experimental results of ice adhesion strength as a 

function of SAW input power are shown in Figure 5. When there was no SAW signal input, the average ice 

adhesion strength was about 895.70 kPa. Comparably, as the SAW excitation power was increased to 0.5 W and 

then 1 W, the average ice adhesion strength was significantly decreased to 597.13 kPa and 252.39 kPa, 

respectively. When the SAW power was 2 W, the ice adhesion strength was decreased to 0. The ice was fully 

melted and a liquid film was generated at the contact surface. Then the ice block was pushed away under the 

actuation of SAWs. From the experimental result, we find that the ice adhesion is gradually reduced with the 

increased SAW power. This negative correlation between the ice adhesion and input power revealed by 

experimental results agrees well with the theoretical predictions. 



 

Figure 5.Results of the ice adhesion strength between the ice and the interface with different excitation powers 

For further evaluation of the influences of nanoscale vibration and heating on the ice adhesion strength under 

the action of SAWs, two sets of experiments were performed to separate these two factors. For the SAW device, 

at a given input signal, both nanoscale vibration and heating effect are produced on the SAW device’s surface. In 

the first experiment, SAW device was put in a low temperature environment (-10℃). After droplets were naturally 

cooled down and frozen, the excitation RF signal was directly applied to the SAW device. In this case, both the 

nanoscale vibration and heating effects from the SAW are applied on the icing interface simultaneously. In the 

second experiment, the SAW device was placed on a semiconductor-based Peltier platform to create a cold 

environment (with the surface temperature of platform of -20℃). Heat was quickly absorbed by the cold plate, 

thus achieving the heat-isolating effect (see the supplementary material section 3). In this case, only the nanoscale 

vibration effect is dominantly applied on the ice contact interface. 

Comparison of ice adhesion reduction results for “the combined heating and nanoscale vibration effects” 

experiment (condition A) and "thermal isolation" experiment (condition B) has been done and the results are 

illustrated in Figure 6. At the same input power, both the nanoscale vibration and heating effects induced by the 

SAWs reduce the ice adhesion. The de-icing capabilities of both these effects were further evaluated and 

compared separately. When the SAW powers were 0.5 W, 1 W, 1.5 W and 2 W, the results of ice adhesion 

strengths induced by the nanoscale vibration effect were 169.18 KPa, 254.78 KPa, 365.4 KPa and 399.6 KPa, 



whereas those due to the interface heating effect were 131.78 KPa, 390.92 KPa, 414.81 KPa and 495.70KPa 

(values in condition A minus values in condition B), respectively. Therefore, we can confirm that under a low 

power condition (P=0.5W), the de-icing capability due to the nanoscale vibration effect was much higher than 

that due to the interface heating effect. However, when the power was further increased above 0.5 W, the de-icing 

capability due to the interface heating effect became enhanced significantly. 

 

Figure 6.Histogram of the degrees of reduction in ice adhesion strengths under different SAW powers. 

4.2. Effect of nano vibration on average dipole spacing ∆𝜹𝒊𝒄𝒆: SAWs propagating on the substrate causes 

the vibration of the surface and interfacial molecules/atoms46-47, which leads to the electrostatic interaction 

between the ice and interface. Assuming that the contact surface between ice and substrate is a circle with a radius 

of 𝑟0 as shown in Figure 7(a), and the distance between the center of the circle and the sound source (e.g., the 

end of the interdigital electrode) is 𝑥0. The change of average distance on the surface caused by the SAW can be 

expressed as: 

�̅� =
𝐴𝑖 ∫ 2𝑟0 sin𝛼 𝑒𝑥𝑝{𝑗[𝜔𝑡−𝛽𝑙1(𝑥0+𝑟0 cos𝛼)]}𝑑𝛼

𝜋
0

𝜋𝑟0
2 ,                                                  (4) 

where α is the angle between the direction of SAW propagation and ro the radius of the circle projected by the ice 

particles on the surface. 𝜔 = 2𝜋𝑓 is the angular frequency. β = 2π/λ is the wave number. λ is the wavelength. 

𝐴𝑖 is the amplitude of the wave. (see the supplementary material Section 2: Calculation of average dipole spacing) 



SAW device used in this study has an Al film electrode, which is equivalent to a series connection of an ideal 

electrode with an equivalent resistance RE
48-49. The electrical model of SAWs is illustrated in Figure 7(b) and 

Figure 7(c). 𝑅𝐸 = 2𝑟𝑠𝑊 3𝑎𝑁𝑡⁄ , where 𝑟𝑠  is the electrode surface resistance (𝑟𝑠 ≈ 0.04/ℎm ),   ℎm is the 

thickness of the Al film electrode (with a range of 0.05-0.3 µm, beyond which it cannot be assumed as a pure 

resistance), 𝑎, 𝑊 and 𝑁𝑡  are the width, aperture and pitch of IDT, respectively. When the input excitation signal 

power 𝑃𝑎 is increased, voltage 𝑉 = √𝑃𝑎𝑅𝐸 between interdigital of IDT is also increased. We assume that the 

correlation coefficient between the voltage and amplitude of the SAW 𝐴𝑖 is equal to μ, and the particle migration 

displacement u and the distance between the molecules of the ice contact interface has a correlation coefficient 

of ζ. Therefore, average distance change of interface between the ice and substrate can be expressed as:  

∆𝜹𝒊𝒄𝒆 = 𝜁𝜇√𝑃𝑎𝑅𝐸
2𝐴𝑖𝑒𝑥𝑝{𝑗[𝑤𝑡−𝛽𝑙1(𝑥0+𝑟0)]}−2𝑒𝑥𝑝{𝑗[𝑤𝑡−𝛽𝑙1(𝑥0−𝑟0)]}

𝜋𝑟0
.                                   (5) 

 

Figure 7. (a) Schematic illustration of the projection of the contact surface between the ice and the SAW device 

at the vibration equilibrium position during the propagation of the SAW. (b) The excitation signal excited by the 

power meter and the power management system on the SAW device to generate the SAW. (c) Equivalent circuit 

diagram of SAW device. 



From equations (5), we can see that the relationship between the average distance change of ice/ substrate 

interface molecules and the input excitation power of the surface acoustic wave is proportional to √𝑃𝑎, namely, 

∆𝜹𝒊𝒄𝒆 ∝ √𝑃𝑎. This means that as the excitation signal power 𝑃𝑎 increases, the distance between the ice and the 

interface also increases. 

4.3. Effect of heating effect on the change of temperature ∆𝑻: The temperature rise of the contact surface 

depends not only on the thermal vibration of the lattice during the SAW propagation, but also on the energy 

absorbance due to ice as the SAW passes through the ice. The temperature rise of the contact surface can be 

determined from the following equations: 

{
 
 

 
 
𝑄𝑇 = 𝐶1𝑚1∆𝑇 + 𝐶2𝑚2∆𝑇

𝑃ℎ = 𝑃𝑠 + 𝑃𝑝 + 𝑃𝑣

𝑃ℎ = 1/2𝜖|𝑉|2𝐺𝑎(𝑤)

𝑉 = √𝑃𝑎𝑅𝐸

,                                                             (6) 

where 𝑄𝑇 is the total heat converted into surface acoustic wave energy. 𝐶1 is the specific heat capacity of the 

material on the SAW device surface, 𝐶2 is the specific heat capacity of the ice. 𝑚1 is the mass of SAW device, 

and 𝑚2 is the ice mass. 𝐺𝑎(𝑤) is the radiant conductance of the IDT50. 𝑃ℎ is the total sound energy. 𝑃𝑝 is the 

energy lost by scattering into the air during the propagation process of SAWs. 𝑃𝑠 is the energy that converted 

into heat energy. 𝑃𝑣 is the energy that converted into kinetic energy of the molecules. ϵ is transfer coefficient51 of 

electric energy converted into sound energy. The energy conversion of SAWs is illustrated in Figure 8. By using 

Eq. (6), The temperature rise of the contact surface can then be expressed as: 

∆𝑇 =
1

2
𝜖𝑃𝑎𝑅𝐸𝐺𝑎(𝑤)−𝑃𝑝−𝑃𝑣

𝐶1𝑚1+𝐶2𝑚2
 .                                                                 (7) 



 

Figure 8. Schematic diagram of energy conversion of SAW for deicing. The total input energy Pa is converted 

into three parts: scattering into the air Pp, heat energy Ps, and kinetic energy of the molecules Pv. 

From the equation (7), the change of temperature of the contact surface ∆𝑻 is proportional to the input power, 

i.e., ∆𝑇 ∝ 𝑃𝑎, which means that with the increment of excitation signal power 𝑃𝑎, the temperature of the contact 

surface is increased.  

In brief, based on the functional relationship between ice adhesion and applied SAW input power, we can obtain 

that ∆𝛿𝑖𝑐𝑒  is proportional to √𝑃𝑎 , and ∆𝑻 is proportional to 𝑃𝑎 . From a qualitative point of view, the ice 

adhesion strength 𝜏𝑠𝑎𝑤−𝑖𝑐𝑒 is negatively related to the input power of SAW, which is fully consistent with the 

experimental results. 

5. CONCLUSIONS  

In this study, a strategy of deicing using SAW device was presented, and a theoretical model was firstly 

established to clarify the reduction mechanism of ice adhesion due to the SAW and revealed the effects of 

nanoscale vibration and interface heating. Ice adhesion force on a rough surface was mainly a combination of 

electrostatic force and mechanical interlocking force. Ice adhesion force under different input excitation signal 

powers   𝑃𝑎  induced by SAW was measured via a self-developed equipment, and the results showed good 

agreements with the established model, proving the effectiveness of deicing by applying SAWs. With the increase 

of the SAW power, the electrostatic force decreases since the dipole spacing ∆𝜹𝒊𝒄𝒆 increases due to the nano 

vibration. The heating effect leads to the transition of the interfacial contact phase from solid-solid to solid-liquid, 



hence reducing the mechanical interlocking. Further experiments indicated that nanoscale vibration and interface 

heating effect both   contributes to the reduction of ice adhesion. The strategy of using SAWs device for ice 

adhesion reduction shows a considerable potential for application in de-icing. 
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