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Abstract

Air source heat pumps (ASHPs), the most widely used heat pump type in residential buildings across Europe, 
suffer efficiency losses in cold, humid conditions due to frost accumulation on their evaporator surfaces. Frost 
forms in stages: humid air first condenses into water droplets, which then freeze and accumulate into an 
insulating frost layer that reduces heat transfer, increases pressure drop, and necessitates defrosting. These 
effects lower the system’s coefficient of performance (COP).
This work explores both passive and active strategies to mitigate frost formation and improve frost 
management. Passive approaches include surface functionalization through laser structuring and coatings, 
aiming to reduce condensation, water accumulation and control frost distribution under mild conditions. In 
harsher conditions, where frost formation is unavoidable, reducing ice adhesion strength becomes more 
critical—potentially allowing mechanical methods such as piezoelectrically induced elastic waves to dislodge 
ice with minimal thermal input.
An experimental setup has been developed to observe frost formation in situ on various surfaces under defined 
conditions. The tests presented in this article include bio-inspired microstructure such as superhydrophobic 
surfaces and topographies found on Arctic scallop shells, assessed for its potential to influence frost thickness
and ice adhesion. Surface properties such as laser structure, contact angle and contact angle hysteresis are 
being correlated with observed icing behavior. In parallel, we investigate piezoelectric detection strategies for 
water and ice to enable predictable, demand-specific defrosting. Conventional time- or temperature-based 
control often leads to premature or delayed defrost cycles. By using sensors, defrosting can be triggered more 
efficiently, reducing unnecessary energy consumption. The combined approach of detecting and reducing frost 
formation offers promising insights into smarter anti-ice strategies for next-generation ASHP systems.
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1. Introduction

After industry, transportation, and the energy sector, heating in buildings is the fourth largest source of 
greenhouse gas emissions in Germany. In order to achieve the climate targets, the share of heat generators 
based on renewable energies must be significantly increased from the current level of around 22 %. Heat 
pumps, especially when powered by renewable electricity, cause significantly fewer greenhouse gas emissions 
than the oil and gas heating systems that are still most commonly used today [1]. Heat pumps are usually 
categorized according to their heat source, including groundwater, ground-source and air-sourced heat pumps. 
Due to their lower installation costs compared to water-sourced heat pumps, air-sourced heat pumps (ASHPs) 

* Corresponding author. Tel.: +49 351 463 34895  
E-mail address: sabine.apelt@tu-dresden.de

15th IEA Heat Pump Conference 2026 - ICO1.2 - https://doi.org/10.23697/2fh0-7f41

https://doi.org/10.23697/2fh0-7f41


2

15th IEA Heat Pump Conference 2026 000–000

are the most widely used, especially when retrofitting existing buildings. However, one disadvantage of this 
technology is that its efficiency is highly dependent on climatic conditions. Air temperatures below 7 °C 
combined with high humidity can lead to frost forming on the evaporator, reducing heat transfer and causing 
a significant increase in pressure loss [2,3]. In this work, ASHP refers exclusively to air-to-water heat pumps 
(outdoor-air source with a water-based heating system for space heating and, where applicable, domestic hot 
water); air-to-air systems are out of scope.

This paper reports on ongoing research in a project aimed at increasing energy efficiency in ASHPs by 
combining active and passive anti-icing strategies. At the time of writing this manuscript, tests on the 
combination of active and passive de-icing strategies on a real heat pump had not yet been completed. A final 
evaluation of the results will be provided in the project final report.

1.1. Active anti-ice strategies for evaporators

So-called active strategies against unwanted ice and frost adhesion include heating, mechanical removal, or 
the use of de-icing chemicals. Chemical de-icing agents are used on car windows and aircrafts as well as in 
large-scale industrial cooling and air conditioning systems, but are viewed as problematic in ASHPs due to 
cost and environmental toxicity concerns. Electro-thermal heating is the most common strategy to remove ice 
and frost from ASHP evaporators by heating the surface above the melting temperature. However, this either 
consumes electrical energy for heat generation, which reduces the coefficient of performance (COP) of the 
heat pump, or uses the heat from the building via cycle reversal for defrosting, whereby no heating capacity is 
available during the defrosting process [4]. The primary focus of research in this area is currently on 
determining the optimal start time and duration of defrost cycles as function of the outdoor conditions [5]. The 
third option is to remove the ice mechanically without additional heat or chemical input. 

Different methods for de-icing a surface using piezoelectric transducers are suitable for use on evaporators. 
The first method uses the generation of eigenmodes of a structure for de-icing [6]. Eigenmodes are 
characteristic vibration patterns that occur at specific frequencies, reflecting distinct shapes and motions of the 
plate associated with its resonance behavior. The piezoelectric transducer must be selected in terms of shape 
and size so that its thickness resonance frequency matches the eigenfrequencies of the structure. A second 
approach relies on resonance vibrations of the piezoelectric transducer, but not on its thickness vibration, rather 
on its radial vibration. This radial resonance must be selected so that the induced vibration overcomes the 
tensile strength of an ice layer [7]. A third method involves the targeted generation of shear waves, whose 
displacement ultimately overcomes the shear strength of an ice layer and thus removes the ice [8-10].
Ramanathan et al. [8] specifies a shear force of 0.15 MPa to 1.6 MPa that must be overcome to detach ice from 
the surface of a steel plate.

The effectiveness of active defrosting strategies in air-source heat pumps critically depends on reliably 
detecting the presence of water and ice on the fin surfaces [11]. In current systems, such detection is achieved 
predominantly in an indirect manner [5]. Piezoelectric transducers are promising components for application 
in ASHPs because they can operate both as sensors for the detection of water and ice (piezoelectric effect) and 
as actuators for active de-icing (inverse piezoelectric effect). In the present work, the focus is initially placed 
on the detection of liquid water on the fins, while the detection of ice and its mechanical removal are defined 
as subsequent objectives of the ongoing project.

1.2. Passive anti-ice strategies for evaporators

Passive anti-icing strategies aim to minimize ice and frost formation through appropriate geometrical and 
surface design of the evaporator fins, without any additional expenditure of electrical energy or chemicals. 
Choosing a fin geometry that causes turbulent flow and optimized fin spacing can reduce frost formation. 
Structuring and coating of surfaces is used to delay the onset of ice formation and/or minimize the adhesion of 
ice layers that have already formed, while ensuring that the surface modification has the longest possible 
service life. Figure 1 shows the stages of water condensation from the surrounding humidity, growth and 
coalescence of the water droplets, freezing and frost layer growth. The amount of accumulated water and ice 
is not only determined by the humidity of the surrounding air but also by the adhesion of water and ice on to 
the surfaces. To minimize the accumulation of water and thick layers of frost on the evaporators, the surface 
should be designed to be both water- and ice-repellent.
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Figure 1. On freshly defrosted fins in ASHP or when the surface temperature of the evaporator is in the borderline region between 
condensation and frosting, a) tiny water droplets initially form from the surrounding moist air due to condensation. These droplets b) 

grow and coalesce with neighboring droplets. c) When the droplets reach a certain size, their weight causes some of them to run down 
the fins due to gravitational forces. d) If heterogeneous nucleation occurs, the first droplets freeze and the ice front spreads to 

neighboring droplets until all droplets are frozen. e) Now the moisture settles on the droplets as frost needles and f) the frost layer 
continues to grow, causing the flow paths through the evaporator to become increasingly narrow. Points of intervention are c) for water 

removal by gravitational force Fg and f) for ice removal by piezoelectric induced shear waves that overcome the ice adhesion Fa.

Many of the modifications already used for this purpose are inspired by naturally occurring surfaces [12], with 
the superhydrophobicity of lotus leaves being the most frequently studied to date, since superhydrophobic 
surfaces are known to improve the performance compared to e.g. hydrophilic surfaces [13]. On 
superhydrophobic surfaces, the hierarchical structures enable contact angles >150 °, thus minimizing the 
contact area between the water droplets and the evaporator surfaces [14]. The possibilities for changing the 
wettability of fin surfaces range from sodium hydroxide solution etching followed by fluorination [15] to 
coating fins with nano-protrusions with fluorinated resin [16]. Superhydrophobic surfaces can only be achieved 
through a combination of hierarchical structuring and chemical modification to reduce surface energy. Direct 
laser interference patterning (DLIP) is a promising method for applying periodic biomimetic structures with 
narrowly defined dimensions at industrially relevant speeds over large areas. The DLIP process is based on 
the principle of interference between overlapping laser beams, which results in a periodically modulated 
distribution of laser intensity [17]. Therefore, DLIP is a promising and reliable method for the rapid and large-
scale laser production of clearly defined periodic micro- and nanostructures on surfaces. Typically, the 
hierarchically structured surfaces are then coated with a thin layer of materials that have low surface energy. 
Due to severe ecological and physiological concerns, intensive research is currently being conducted into 
alternatives to the perfluorinated and polyfluorinated alkyl compounds (PFAS) commonly used for the 
chemical modification of structured surfaces, which are necessary to achieve superhydrophobic properties 
[18]. 

To date, it has not been possible to completely prevent evaporator surfaces from icing up in all possible 
temperature and humidity conditions using passive anti-icing strategies alone. Therefore, active and passive 
strategies should always be combined whenever possible [19]. The aim of this study is to investigate various 
PFAS-free surface modifications by DLIP and polydimethylsiloxane (PDMS) coating to determine whether, 
due to their hydrophobicity, they allow condensing water to run off more easily, while at the same time leading 
to thinner frost layers under moderate conditions and exhibiting low ice adhesion to already formed ice, making 
it easier in the future to remove the ice using piezoelectric transducers for mechanical de-icing.

2. Materials and Methods

2.1. Sample preparation

As a substrate material, cold-rolled aluminum sheets with a purity of 99 % (Güntner GmbH, Germany) and 
a thickness of 0.15 mm were used. The sheets were cut into samples of different sizes depending on the 
characterization method. For structuring the aluminum sheets with dot-like and pillar-like structure geometries, 
the DLIP optics CORErapid IR30.4 from Fusion Bionic and the laser system TruMicro 6020 from TRUMPF 
were used. The laser system operates at a wavelength of 1030 nm and a pulse duration of 3 ps and provides a 
maximum average power of 200 W. The spatial period of the interference maxima generated with the 
CORErapid IR 30.4 was set to 15 µm. The dot-like surface structure was obtained by setting the pulse spacing 
to an integer multiple of the spatial period and the resulting surface structure consists of regularly arranged 
individual dimples with a spacing of approx. 15 µm and a depth of 5 µm - 10 µm. The generation of the pillar-
like surface structure was conducted in two sequential steps. First, a line pattern was generated by employing 
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a pulse spacing smaller than the spatial period. Subsequently, the scanning direction was rotated by 90°, and 
the remaining peaks were selectively ablated. A depth of approximately 10 µm was also generated for the 
pillar-like structure. The coating solution was prepared with 89 wt-% isopropyl alcohol (VWR Chemicals), 10 
wt-% PDMS and 1wt-% sulfuric acid (VWR Chemicals). PDMS was purchased from Gelest Mitsubishi 
Chemical Group with a molecular weight of 9430 g/mol. The solution was stirred for 30 s and left to stand for 
30 min before being used for the dip-coating process. The aluminum samples were immersed in the coating 
solution for 10 s before being withdrawn with a constant speed of 0.5 cm/s. The samples were placed in an 
oven at 75 °C for 20 min for curing. The thickness of the coating produced is significantly smaller than the 
structural depth of the laser processing. After coating, the protrusions in the µm range remain, but the PDMS 
fills most of the nm-scale irregularities that were also created by the laser processing [12].

2.2. Static and dynamic contact angle

The static and dynamic contact angles were measured with the OCA15 (Dataphysics Instruments GmbH). 
At least 10 droplets of deionized water with a size of 2 µl were placed subsequently on different positions on 
the sample surface and the static contact angle was measured for each droplet using the dataphysics software 
SCA20 after a 10 s-waiting time. The dynamic contact angle was measured at least 10 times by injecting and 
withdrawn 2 µl of deionized water from a pre-existing 2 µl droplet at a rate of 0.2 µl/s. A 2 s-interval was 
maintained between the cycle that was repeated at least 10 times. The contact angle hysteresis was calculated 
by averaging the difference between the maximum and minimum contact angle in each cycle.

2.3. Ice adhesion

To measure the shear stress that must be overcome to remove ice from a surface, a pusher test inside a 
climate chamber (ESPEC) as described by Apelt and Bergmann [20] was used. A volume of 320 µl of 
deionized water was filled into an aluminum mold placed on top of the samples covering a surface area of 
78.54 mm2. The temperature inside the climate chamber was reduced to -10 °C at a rate of 1 K/min. After a 
holding time of at least 90 min to ensure freezing of the water and a homogenous temperature distribution 
throughout the sample, the aluminum mold was pushed horizontally at a rate of 2 mm/s. The required force 
and displacement were recorded with two different sensors and the ice adhesion was calculated from the force 
maximum measured during a sudden displacement of the aluminum mold for at least 6 independent samples 
per surface modification.

2.4. Frost layer thickness

A combined cooling and camera system was set up in a climate chamber (FDM) to analyze frost growth on 
the different samples. To simulate the conditions in an ASHP under icing conditions, the climate chamber was 
set to an air temperature of 7 °C and a relative humidity of 50-60 %. The flat samples were vertically attached 
to a controllable cooling plate (Linkam Scientific Instruments Ltd.) using self-adhesive thermos pads. The 
cooling plate were chosen to be slightly smaller than those of the sample in order to reduce the influence of 
non-uniform environmental conditions during frosting that can arise from incomplete contact between the 
sample edges and the cooling plate. The Linkam cooling plate was first set to a temperature slightly above the 
dew point and hold there for 30 min to ensure homogenous temperature distribution in the measurement setup. 
With a cooling rate of 5 K/min the temperature of the cooling plate was then set to -12 °C (cooling rate 5
K/min) and held there for 90 min before being heated again to 10 °C. During this time, the samples were 
simultaneously observed with a front camera, a macro camera, and an infrared camera. The macro camera was 
focused on the side of the sample. The videos from the macro camera were used afterwards to quantify the 
temporal progression of frost growth per measurement cycle using automated image analysis as shown in 
Figure 2. The frost thickness maximum was determined from the images at the end of the 90 min holding time 
at -12 °C. All frosting experiments were performed with only natural convection and no externally imposed 
air flow. To minimise radiative heat exchange from external light sources, the glass door of the climate 
chamber was shielded with a black cover. Illumination inside the chamber was provided only by a 5 W cold-
light ring lamp operated at its lowest intensity level. For frost-thickness measurements, we first calibrated the 
pixel-to-length scale using the sample before icing by recording the pixel length corresponding to a known 
sample thickness of 0.15 mm. At the time of maximum frosting, 15-20 measurement points were selected at 
approximately equal intervals across the field of view and extracted the pixel lengths of the local frost 
thickness, then these pixel values were converted to physical thickness using the calibration. Since the 
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measurement includes frost on both sides, the single-side thickness was computed as half of the two-sided 
value after subtracting the substrate thickness. At least four subsequent cycles were performed for each surface 
modification and the thickness values were averaged.

Figure 2. Determination of the average frost thickness on the sample surfaces after 90min frosting time as average value at multiple 
measurement points in the perpendicular macro image of the samples fixed with a blue thermopad on top of the cooling stage.

2.5. Piezoelectric water detection

Piezoelectric transducers can be used not only for mechanical de-icing, but also for detecting water and ice 
on the fins of heat exchangers, for example by means of electromechanical impedance analysis. As part of the 
electromechanical impedance analysis, the transducers are examined under small-signal alternating current 
load and the complex electrical resistance is measured. The results reveal a correlation between the electrical 
properties of the piezoceramics and the mechanical properties of the object (transducer + fin + water/ice). In 
order to obtain a measure of the subsequent water layer thickness, two signals from an impedance measurement 
on a transducer must be compared with each other. These are the so-called baseline, the measurement signal 
without water droplets, and the measurement signal of the condition with water droplets. It is known from the 
literature that the susceptance in particular is a suitable measurement variable for detecting deviations around 
and on a piezoelectric transducer in the context of impedance analysis [21].  For this reason, the correlation 
coefficient of the susceptance curves of the baseline and measurement signal with 75µl water droplets 
positioned on different positions in the surrounding of the transducer is used as an index (here called damage 
index) to determine a deposit.

Figure 3. Applied piezoelectric transducer on a heat exchanger fin. The positions for the impedance measurements are marked.

Figure 3 shows an example of a piezoelectric transducer applied to a heat exchanger fin in the laboratory. 
This is a DuraAct transducer of type SP1 from PI Ceramic GmbH, applied to the fin using two-component 
epoxy adhesive. Around the transducer, water droplets of varying sizes were applied to 14 positions in 
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succession. In order to compensate for random influences during the measurements, a series of 5 measurements 
was carried out for each of the 14 positions and the damage indices were averaged.

3. Results and Discussion

To investigate the influence of DLIP and PDMS coating of fins on icing behavior, thin sheets of pure 
aluminum were structured using DLIP with either dots or pillars. Some of the structured samples were then 
coated with PDMS, and the icing behavior was compared both with the reference aluminum samples and with 
aluminum samples that were only coated with PDMS. To test the mechanical stability of surface modifications,
some surface properties were determined again after three subsequent mechanical de-icing tests (referred to as 
“wear” in the figures).
                          

Figure 4. Median values for the static contact angle on bare Al, Al structured with dots and Al structured with pillars; with and without 
an additional PDMS coating, once measured directly after the manufacturing and once after three rounds of ice adhesion testing (wear)

The results of the static contact angle measurements are shown in Figure 4. DLIP structuring increases the 
hydrophobicity significantly compared to bare aluminum due to the micro- and nano-topography as result of 
the laser ablation. The dot and pillar structures exhibit the same periodicity of micro-structuring and similar 
nano-structuring, but in the dot structure, material is removed in the specified periodicity, whereas the pillar 
structure is the negative of the dot structure and material remains at specific points due to double structuring 
with lines. Overall, more material is removed in the pillar structure and, despite the same periodicity, higher 
static contact angles are achieved. After repeated de-icing, it can be seen that the dot structure is more resistant, 
with the contact angles remaining comparably high, while the pillar structure shows a slight decrease in 
hydrophobicity.

For bare aluminum, a subsequent PDMS coating leads to higher contact angles due to the reduced surface 
energy. In contrast, the PDMS coating reduces the contact angles on DLIP surfaces. The thin PDMS layer fills 
some of the grooves in the structured surface, but does not completely cover the hierarchical structure as was 
also shown in [12]. After multiple mechanical de-icing cycles, the PDMS-coated dot structures again exhibit 
contact angles that are just as high as those of uncoated dot structures. In the case of pillar structures, the 
contact angles of the PDMS-coated pillars remain the same even after multiple de-icing cycles.

In addition to the static contact angle, contact angle hysteresis (CAH) is also an important parameter for 
characterizing the wettability of surfaces. CAH describes how the contact angles differ between the wetting of 
previously unwet areas and the de-wetting of previously wet areas when the contact line between the water 
drop, the surface, and the surrounding air moves. On surfaces with smaller CAH, less force is required to move 
water droplets across the surface. The results of the CAH measurement are shown in Figure 5. Pure aluminum 
exhibits comparatively high CAH values, which means that water cannot be removed from the surface as 
easily. Coating with PDMS and, in particular, repeated mechanical de-icing of this PDMS coating further 
increases the CAH. It is likely that repeated de-icing has caused defects in the coating, leading to pinning of 
the water droplets and thus to high CAH.

Hierarchical structures generated by DLIP lead to significantly reduced CAHs. In dot structures, multiple 
mechanical de-icing leads to deterioration, whereas in pillar structures, multiple mechanical de-icing actually 
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reduces CAHs even further. Coating with PDMS does not initially lead to any significant deterioration in CAH,
but repeated mechanical de-icing causes defects on the surface that promote water adhesion. This behavior is 
independent of whether the surfaces were structured with dots or pillars prior to PDMS coating.

                             

Figure 5. Median values for the static contact angle hysteresis (CAH) on bare Al, Al structured with dots and Al structured with pillars 
with and without an additional PDMS coating, measured directly after manufacturing and after three rounds of ice adhesion tests (wear)

Figure 6 shows the results of the frost thickness measurement on the different samples. The conditions (air 
temperature, relative humidity, surface temperature of the samples) were selected so that they could be kept 
stable in the existing FDM climate chamber for the entire measurement period and also corresponded to 
conditions that approximate those found in real ASHPs. At outside air temperatures between +7 °C and -5 °C, 
the necessary defrost cycles cause the greatest efficiency losses in ASHPs. At even lower temperatures, the 
energy required for defrosting increases further, but the absolute humidity of the outside air is then so low that 
frost formation on the evaporator is virtually eliminated. The conditions in the present experiments were also 
chosen so that the surface is located in the boundary area between the condensation region and the frosting 
region of the condensation frosting performance maps [22].

Figure 6. Frost thickness on bare Al, Al structured with dots and Al structured with pillars with and without an additional PDMS 
coating after 90 min in frosting conditions (7°C air temperature, 45-60% relative humidity, -12°C cooling plate temperature) 

After a constant period of 90 minutes and under identical frost conditions, significantly less frost formed 
on the DLIP surfaces compared to the bare Al samples. The pillar structure even exhibits lower frost layer 
thicknesses than the dot structure. This phenomenon is usually explained by the fact that water is more easily 
removed from the surface during the condensation phase [13], resulting in a smaller overall frost thickness, 
even though wettability no longer influences the behavior of the droplets and frost formation once freezing has 
occurred on the surface (Figure 1). The individual surface properties, such as contact angle and CAH, show 
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different trends in their influence on the icing behavior of ASHP evaporators (Figure 7). The correlation of the 
frost thickness with the static contact angle seems more pronounced compared to the correlation of the frost 
thickness with CAH.

Figure 7. Possible correlations between the frost thickness and the surface properties of the different samples.

The lateral adhesion force Fl required to slide a water droplet over a surface follows equation (1) where w
is the width of the contact area of the drop, γL is the surface tension of water and k ~ 1 is a geometrical factor, 
which depends on the shape of the drop [23]. Consequently, in addition to a minimized contact angle hysteresis 
CAH (Θa-Θr), a high contact angle is also necessary to minimize the width of the contact area w to achieve low 
lateral adhesion forces. Then, the gravitational force 𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔= 𝑚𝑚𝑚𝑚 ∙ 𝑔𝑔𝑔𝑔 is enough to remove even small water droplets 
with low mass m from the evaporator surface (Figure 1).

𝐹𝐹𝐹𝐹𝑙𝑙𝑙𝑙  = 𝑤𝑤𝑤𝑤 ∙ 𝛾𝛾𝛾𝛾𝐿𝐿𝐿𝐿 ∙ 𝑘𝑘𝑘𝑘 ∙ (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃𝑟𝑟𝑟𝑟 - 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃𝑎𝑎𝑎𝑎) (1)

Compared to the pillar structure, the dot structure has a slightly higher contact angle and comparable CAH 
resulting in an overall thinner frost layer thickness after 90 minutes. However, in addition to the contact angle 
and CAH, there must be other influencing factors that have not yet been identified here. The PDMS-coated 
dots and pillars structures also continue to exhibit increased contact angles and small CAH, but the resulting 
frost layer thickness settles at comparable values, regardless of whether the PDMS layer was applied to bare 
aluminum or aluminum sheets with DLIP structures as shown in Figure 6.

Figure 8. Median values for the ice adhesion strength on bare Al, Al structured with dots and Al structured with pillars with and without 
an additional PDMS coating, measured directly after the manufacturing and after three rounds of ice adhesion testing (wear)
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Under frosting conditions in ASHPs, water remains in its liquid form for only a fraction of the time before 
it freezes and forms layers of frost. To prevent the associated pressure loss, the ice must either be thawed or 
removed using mechanical force, e.g., by piezoelectrically induced shear waves. The greater the ice adhesion, 
the greater the shear forces required and thus also the energy required to excite the piezo transducers. Laser 
structuring of aluminum with dot and pillar structures reduces water adhesion, but the micro- and 
nanostructures significantly increase the shear force required to remove ice once it has formed on the surface 
(Figure 8). Subsequently coating the structured surfaces with PDMS and similar silicone coatings is known to
reduce ice adhesion, but the often highly elastic layers are subject to severe abrasion. Ice adhesion on PDMS-
coated surfaces increases with repeated mechanical de-icing, most likely caused by partial destruction of the 
coating. By combining laser structuring with a thin PDMS coating, surfaces can be created that exhibit both 
low water and low ice adhesion (Figure 8) even after multiple de-icing cycles. In addition, the force required 
to remove adhering ice is even reduced after multiple mechanical de-icing cycles. Here, the dot structures show 
the most promising behavior. Even after multiple mechanical de-icing, the shear stress to overcome ice 
adhesion remains at similarly low levels to those found for PDMS coatings on unstructured aluminum.

Figure 9. Calculated damage indices based on the correlation coefficient of the susceptance curves. A higher value corresponds to a 
higher deviation between the signal without water droplets and the signal of the condition with water droplets.

In addition to the anti-ice properties of fin surfaces, the detection of ice and water also plays a crucial role 
in the challenge of improving the energy efficiency of ASHPs through demand-based defrosting. Figure 9
shows calculated damage indices for measurements at an attached piezoelectric sensor as it was shown in 
Figure 3 when applying water droplets with 75µl at different positions. Taking the diagram into account, it can 
be concluded that even a very small amount of water can be detected in the surrounding area of a transducer 
using impedance analysis. The surrounding area is defined as positions 0 to 12. The highest damage indices, 
and thus the largest deviation in susceptance between a fin without water droplets and a fin with water droplets, 
are obtained when there are neither corrugations nor holes for tube passages between the transducer and the 
droplet position (Figure 3). However, no linear relationship can be observed between the distance of the droplet 
from the transducer and the magnitude of the damage index. Nevertheless, it can clearly be concluded that the 
detection is most sensitive to water droplets located in the immediate vicinity of the transducer.

4. Conclusion

Hierarchical superhydrophobic surfaces were successfully produced by DLIP and were shown to reduce 
water deposition on the fins under condensation- and frost-promoting climate conditions, leading to 
significantly smaller frost-layer thicknesses after 90 min compared to non-structured aluminum fins used as 
reference material. However, the structured surfaces cause the ice layer to adhere much more strongly, which 
will make mechanical removal very difficult. Dot structures produced by DLIP exhibit increased durability 
compared to pillar structures and can be applied to fin surfaces at higher processing speeds. Further 
investigations are necessary to identify the optimal surface modification and de-icing mechanism from the 
multitude of options and partly conflicting trends, aiming for solutions that provide beneficial effects over the 
widest possible range of operating conditions.
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Coatings such as PDMS can be used to create surfaces that reduce ice adhesion, but these flexible coatings 
exhibit a deteriorating effect on the frosting behavior. Further tests on real heat pumps are required to determine 
which aspects of icing behavior have a decisive influence on the efficiency (COP) of an ASHP. The thermal 
conductivity of the resulting layers will also play a crucial role, but has not yet been considered in this work.

In addition, laboratory experiments demonstrated that water droplets can be successfully detected on fins 
by means of electromechanical impedance analysis. 
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