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ABSTRACT 

In this paper, flexible ZnO/Al Lamb wave device was 
used to detect and eliminate surface condensations, 
commonly occurring in chemical process, agriculture, 
automobile and pipelines. The flexible and smart patch 
based on acoustic wave devices can identify dew formation 
through the change of frequency spectrum and then actuate 
to remove the condensation through acousto-thermal 
effect. To distinguish the differences between 
environmental interference (temperature and humidity) and 
the real condensation, a specified 3D space was built to 
quantify the degree of distortion of the transmission 
spectra. For droplets uniformly distributed on the surface 
of the device with an input power of ~0.6 W, the 
evaporation time was significantly reduced to ~1/13 of the 
natural evaporation time.  
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INTRODUCTION 

Condensation is a ubiquitous phenomenon in 
industrial production, scientific research and daily life [1, 
2]. It can be utilized in the sensing of respiration [3], 
humidity [4] and dew point [5], where small droplets are 
condensed on the surface, which changes the mass loading 
and electrical characteristics. Nevertheless, it sometimes 
can become problematic and even harmful in applications 
such as agriculture [5], automobile [6] and coal-fired power 
plants [7]. Various detection methodologies have been 
developed in recent years, including surface plasmon 
resonance (SPR) [8], surface acoustic wave (SAW) [9], 
micro galvanic-coupled arrays [10] and quartz crystal 
resonator (QCR) [5]. However, attention has not been paid 
for the fast detection and elimination of condensation using 
an effective method. 

In this paper, we report a flexible and smart patch 
which can detect and then eliminate condensation using 
acoustic wave technique based on piezoelectric ZnO thin 
film coated onto flexible aluminum (Al) substrate. The 
working principle can be explained as follows. The small 
droplets formed onto the device due to the condensation 
lead to the energy dissipation of acoustic waves, which can 
be monitored from the amplitude changes of their 
transmission spectra (S21). Excited by an alternating 
current (AC), the acoustic wave device can generate local 
heating due to the acousto-thermal effect [11]. Owing to 

the excellent thermal conductivity of the Al substrate, the 
surface temperature of the whole device will rise, which 
effectively eliminate or prevent the condensation. 

In this study, we will explore using the ZnO/Al 
flexible acoustic wave device to detect and eliminate the 
dew condensation. Temperature and humidity are two main 
interferences for the condensation detection. We have 
conducted experiments where only temperature or 
humidity is changed, and the results are compared with 
those of condensation experiments which can distinguish 
the variations of transmission spectra caused by the 
condensation and its interferences (e.g., temperature and 
humidity). For elimination of the condensation, the SAW 
device takes ~1/13 of the time for the small droplets to 
evaporate completely compared to natural evaporation if an 
acoustic wave power of ~0.6 W (24.9 MHz) is applied. In 
addition, if there is no dew formation, we show that the 
condensation can be effectively prevented using the same 
amount of input power. 
 
EXPERIMENTAL SETUP 

The flexible device was fabricated by depositing ZnO 
thin film (~5 μm thick) onto commercially available Al foil 
(50 μm thick). With a wavelength of 100 μm, the Al 
interdigital transducers (IDTs) were fabricated onto ZnO 
using a standard lithography and lift-off process. The 
device can excite Lamb waves including A0, S0, A1, S1 
modes. The A0 mode was adopted in the experiments 
owing to its relatively low noise. 

 
Figure 1: Experimental setup used for the temperature, 
humidity and condensation control tests. The flexible device 
can be switched to sensing mode by connecting to a network 
analyzer, and to heating mode by connecting to a power 
amplifier and a waveform generator. 



As shown in Fig. 1, the flexible ZnO/Al device and a 
thermometer (PT 100) were taped on a printed circuit board 
 (PCB), which was placed in a closed chamber. To generate 
condensation, a thermoelectric cooler at the bottom of the 
chamber was used to control the substrate temperature, and 
a pump with a gas-washing bottle was used to generate 
moist airflow (~100 RH%). By connecting the flexible 
ZnO/Al device to a network analyzer (sensing mode) or a 
power amplifier (heating mode), both the functions of 
detection and elimination of condensation can be realized. 
In the sensing mode, the vector network analyzer (Agilent 
E5061B) and a data acquisition module were used to 
measure the S parameters of the ZnO/Al device and the 
resistance of the thermometer respectively, which were 
then synchronously recorded using a LabVIEW program. 
In the heating mode, sinusoidal signals with a frequency of 
24.9 MHz were generated by a waveform generator 
(Agilent 33522A), amplified by a power amplifier 
(MWPA100K) and then fed into the IDTs. 

In order to distinguish condensation and other 
interferences (i.e., temperature and humidity), three groups 
of experiments were conducted, including temperature 
control test, humidity control test and condensation control 
test. In the humidity control test, the pump was turned on 
and the cooler was turned off so that only humidity has 
been changed while the other parameters were remained 
the similar values. On the contrary, in the temperature 
control test, the gas pump was turned off and the cooler was 
turned on so that only the temperature was changed. The 
condensation control test was carried out keeping both the 
gas pump and cooler on to generate dew condensation. 
 
RESULTS AND DISCUSSION 
Detection of condensation 

Fig. 2(a) shows the resonant frequencies (A0 mode) 
and temperature variations in the cooling and condensation 

tests. In the cooling (temperature) tests, with the decrease 
of temperature (up to 8 oC), the resonant frequency 
increases gradually (up to 79 kHz) until reaching a plateau. 
In the subsequent condensation test, the temperature 
increases slightly (~2.6 oC) because the airflow accelerates 
the heat exchange, thus resulting in a slightly higher 
equilibrium temperature. At the same time, the resonant 
frequency decreases (540 kHz) due to the condensation on 
the surface in the early stage (stage I). With the increase of 
condensed droplets accumulated on the surface, the 
amplitude of resonance peak gradually decreases and 
eventually disappear. At this stage, the monitoring of 
resonant frequency is meaningless (stage II). Figs. 2(b) to 
2(d) show the transmission spectra of A0 mode in the 
humidity control, temperature control and condensation 
control tests, respectively. The humidity change (46 RH% 
to ~100 RH%) does not induce significant changes of the 
transmission spectra. The decrease of temperature (~6 oC) 
results in changes of the resonant frequency, while the 
condensation process causes significant changes of both 
the resonant frequency and amplitude of the transmission 
spectra. 

However, it’s difficult to determine whether the 
generation of condensation simply using shifts of resonant 
frequency. To further distinguish the condensation and 
their interferences, the transmission spectra (amplitude-
frequency) in a frequency range (23.5 MHz to 25.5 MHz), 
which consists of 1601 points, are taken for the analysis. 
However, the 1601 amplitudes compose a 1601-
dimensional vector which is inconvenient for data 
processing. Three amplitude-related features are selected to 
reduce the dimension of the high-dimensional vectors, 
including maximum amplitude, peak-to-peak amplitude 
and “distance”. Here the “distance” is defined as the 
Euclidean distance between a certain vector and reference 
vector after the alignment of their resonant peaks, 
indicating the accumulated distortion of transmission 

 
Figure 2: (a) Real-time resonant frequencies of A0 mode and temperatures recorded in the temperature and condensation 
control tests. The transmission spectra of A0 mode in the (b) humidity, (c) temperature and (d) condensation control tests. 



spectrum. The reference vector is recorded at room 
temperature (~14 oC) and humidity (46 RH%) which is 
regarded as the origin of the 1601-dimensional space. 

As shown in Fig. 3(a), the three axes are the maximum 
amplitude, the peak-to-peak amplitude and the “distance”, 
respectively. Every point in this 3D space corresponds to a 
1601-dimensional vector recorded in the temperature 
control, humidity control, or condensation control test. 
Intuitively, we can distinguish the condensation process 
from other disturbances (temperature and humidity). To 
further investigate the effectiveness of the 3 features, K-
means clustering algorithm [12] was adopted with cluster 
numbers of 2, 3, 4 and 5, and the results are shown in Figs. 
3(b) to 3(e). With a cluster number larger than 3, the data 
points obtained in the condensation tests can be divided 
into a separate cluster (blue), indicating their significant 
differences in spatial coordinates. The centroid is defined 
as the weighted average of the coordinates of all points in 
a cluster. Here the weight of each point is equal. In the 
actual measurement, we only need to read the S21 
spectrum, reduce its dimension to obtain the values of three 
features which are regarded as the coordinates of a new 
point, and finally calculate the Euclidean distance between 
the new point and the several (e.g., 4) known centroids. The 
closer to a centroid, the more likely the new point belongs 
to the corresponding cluster. As a result, we can accurately 
determine whether condensation occurs. 
Elimination and prevention of condensation 

The heating mode is investigated for the elimination 
and prevention of condensation. Figs. 4(a) and 4(b) show 
the photos of the evaporation process of condensations 
with and without input of power (~0.6 W, 24.9 MHz). The 
room temperature and humidity are ~18 oC and ~46 RH%, 
respectively. It takes ~50 s for the condensations generated 
in the condensation control tests fully removed under the 
heating mode, which is only ~1/13 of that in the natural 
condition (~640 s). As shown in Fig. 4(c), the experiments 
were conducted with both the pump and cooler on for ~200 
s. The heating mode can effectively prevent the 
condensation, which can be verified from the image of the 
dry surface of the sample and the S21 spectrum (red curve). 

On the other hand, without the power input, there are dense 
small droplets on the surface, and the intensity of S21 
spectrum reduces (green curve). 

CONCLUSION 
In summary, we present a flexible ZnO/Al acoustic 

wave device for detecting and eliminating the dew 
condensation on its surface. We also proposed a new 
methodology of building a specified 3D space to identify 

 
Figure 4: Photos of the evaporation process of the 
condensation on the surface of the flexible ZnO/Al device 
(a) with power input (~0.6 W) and (b) without power input. 
(c) After turning on the gas pump and cooler for ~200 s, 
the S21 spectra and photos of the ZnO/Al device with and 
without power input (~0.6 W). 

 
Figure 3: (a) After dimensionality reduction, the transfer spectra of A0 mode recorded in the temperature, humidity and 
condensation control tests are mapped to the specifically defined 3-dimensional space. Classification for the points in (a) 
using K-means algorithm with (b) 2 clusters, (c) 3 clusters, (d) 4 clusters and (e) 5 clusters. 



the condensation by analyzing the degree of distortion of 
the transmission spectra. With an input power of ~0.6 W, 
the evaporation time of droplets is dramatically reduced 
from ~640 s to ~50 s owing to the acousto-thermal effect. 
Furthermore, the condensation can be effectively prevented 
with the same input power. The flexible smart patch is 
promising in various applications where curved surfaces 
are involved, e.g., leaves and branches of plants to monitor 
their growth environment, pipeline walls which are prone 
to corrosion by condensation, windshields of automobiles 
where condensation may obscure driver’s vision. 
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