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Research highlights 

 

 Integration of two different sensors results in reliable recognition of six conditions. 

 Different orders of resonance frequencies are evaluated for film thickness measurement. 

 Optical power estimation model is constructed to study the optical property of ice, water and snow. 

 A classification table is generated on the basis of the data distribution and proved in an outdoor test. 

 

Abstract 

With the booming development of road network and intelligent transportation systems, road surface condition information becomes 

more and more valuable in traffic accident prevention and route optimization. Although some existing embedded detectors have been 

providing road condition data in some regions, they are not functional enough in either complex condition recognition or film thickness 

measurement. This paper introduces a dual-sensor based road condition detector for six surface conditions with ice and water film 

measurement capability. The reflection type optical sensor and the piezoelectric sensor utilizing resonance technology are integrated in the 

detector. The finite element analysis was carried out to study the amplitude frequency response characteristics of the piezoelectric sensor 

and the optical power calculation model based on Fresnel Reflection was built to evaluate the output voltage of the optical sensor in 

different conditions. Several experiments were done to calibrate the detector and validate its performance. The results indicated that all of 

the 353 validation data points were correctly sorted and the measurement upper limit of the ice and water film was above 5 mm with 

accuracy better than 0.5 mm.  

 

Keywords: Ice detection, optical sensor, resonance frequency, road surface condition, water film measurement 
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Introduction  

dverse road surface conditions have bad impacts on traffic safety, mobility and transportation efficiency [1]. 

Slippery road conditions caused by water, ice and snow have led to fatal accidents around the world every 

year [2]. To reduce the potential injuries and traffic congestion, road surface condition detector has become one 

of the most significant infrastructures for road maintenance departments due to its indispensable role in providing 

timely road condition information and optimizing maintenance strategy. For instance, about 225445 tons of salt 

were used with 1610000 km driven while removing snow and ice on national and state roads during 2014 to 2015 

winter in Norway and resulted in nearly 900 tons CO2eq emissions [3]. Maintenance work on this scale 

consumed huge amount of manpower and financial resources and caused wide range of pollution on account of 

gas emissions and overused deicing salt [4]. A road surface condition information network with enough detectors 

can help to plan a more environmentally friendly maintenance solution and thus reduce the consumption of 

deicing salt as well as manpower.  

On the other hand, along with the rapid implementation of intelligent transportation concept, more and more 

detectors are needed on the roads and higher requests have been brought forward for advanced road condition 

detection. At present, diverse technologies are employed to detect road conditions. Non-contact detectors based 

on multispectral [5-7], polarization optics [8, 9] and combination of visual image and weather data [10] have 

been proposed. These detectors are designed to be installed on the automobiles or on the poles beside the roads. 

Most of them are accurate enough to distinguish icy, snowy, wet and dry surfaces, and some are able to cover a 

relatively larger area. Casselgren and his colleagues [5] proposed a road condition analysis system based on an 

infrared camera and a multispectral illumination module. Three different wavelengths of infrared light 

illuminated on the road surface with an incident angle of 45 degrees, and the camera was aimed at 30 degrees 

vertical angle. The system can classify dry, wet, icy and snowy asphalt with promising accuracy and is immune to 

the ambient light due to proper compensation. Jonsson [10] developed a model utilizing camera images as well as 

road weather variables to achieve a more accurate and relatively cost-effective non-contact road condition 

classification. Partial least squares and neural network were applied in the method, the model had a high 

percentage of correct recognition and the potential for optimization. 

Casselgren’s system and Jonsson’s method are typical among non-contact road condition detectors, however, 

there are still problems to be solved. For instance, non-contact detectors can hardly measure the thickness of ice 

or water film which indicates that they can’t assess the severity of icy and flooded road condition. Meanwhile, if 

black ice is covered with snow, the detectors will be unable to recognize the icy condition. And the accuracy of 

non-contact methods is more likely to suffer from foggy, rainy weather as well as the deviation of installation 

angle and height. Furthermore, the price of such commercial systems is unaffordable for widespread use. 

To a certain extent, embedded measurement method is complementary to non-contact detectors. Sensors 

based on conductivity and capacitance measurement have already been applied to the road [11-13]. Tabatabai and 

Aljuboori [11] implemented a novel concrete-based conductivity sensor for ice and water detection. The sensor is 

compact and the output is an effective basis for the classification of ice, wet and dry conditions. Troiano and his 

team [12] made an integrated capacitance sensor, driven at different frequencies and capable of distinguishing the 

three basic conditions. Nevertheless, the capacitance and conductivity of water, ice and snow can be affected by 

many factors. For example, deicing salt has great impact on the electrical properties of ice and water. 

Additionally, the change in temperature, film thickness and duration of freezing can result in a drift of the output. 

Taking long-term freezing ice layer as an example, it’s hard for the sensors to tell this condition apart from dry 

condition. In conclusion, conductivity and capacitance sensors meet the basic needs of road condition detection, 

but for further progress, such as film thickness measurement and additional condition recognition, new methods 
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must be applied.  

For ice detection and thickness measurement, resonance sensor and optical sensor have been successfully 

applied in the field of aerospace. BF Goodrich Model 871 is an aviation ice sensor [14]. The probe is driven by 

the electromagnetic vibration system and can detect ice with high sensitivity, which is good for thickness 

measurement. However, the probe is too long to be installed on roads. Meanwhile, Ikiades and his team [15, 16] 

have investigated the optical methods for aviation ice detection. The reflected and scattered lights were utilized to 

measure the thickness and type of ice, which is very inspiring. Moreover, the similar principle can also be used 

for snow recognition. However, the complex road surface condition detection requires a more targeted approach, 

and the combination of these two technologies has great potential. 

Under such circumstances, this paper introduces an embedded detector composed of piezoelectric and 

optical sensors. It integrates the advantages of both sensors and achieves a more efficient function via the 

complementation of their different recognition capabilities. Thus, the detector achieves the goal of classifying six 

road conditions (including dry, water, dry snow, slush, ice, ice covered with snow) and measuring ice and water 

film thickness with the upper limit higher than 5 mm.  

 

Methods  

A. Piezoelectric sensor 

The detector consists of the piezoelectric sensor and the optical sensor. The piezoelectric sensor is designed 

for water and ice film measurement. According to the definition of natural vibration frequency, the ratio of 

stiffness and mass decides the value of resonance frequency, and the stiffness can be indicated by equivalent 

bending modulus in certain mechanical model. The ice film increases both the equivalent bending modulus and 

the mass of the sensor, whereas the water film only increases the mass. Consequently, it turns out that the ice film 

significantly increases the resonance frequency of the sensor, the water film decreases it and dry snow slightly 

decreases it. 

Based on this theory, Roy et al. [17] implemented an ice sensor utilizing the vibration characteristic of a 

metal plate. Piezoelectric transducer (PZT) was attached to the metal plate as the actuator and sensing element. 

Direct piezoelectric as well as adverse piezoelectric effects were utilized to measure the 1st order resonance 

frequency of the sensor. With one piece of piezoceramic driving the metal plate to vibrate and the other 

measuring the vibration amplitude through adverse piezoelectric effect, the sensor is able to collect the resonance 

frequency data. Thus, it is capable of measuring the thickness of ice and water films. However, the measurement 

range is from 0 mm to 0.5 mm, which is too small for road application. Li et al. [18] enlarged the measurement 

range by redesigning the sensor and extending the diameter of the vibration part from 15 mm to 45 mm, the upper 

limit of the measurement range increased to 1.4 mm for the ice film and 8 mm for the water film. But this 

structure leads to another problem. The thickness of the sensor’s vibration part is only 0.0127 mm, and the 

diameter thickness ratio is so small that the sensor can be heavily damaged when automobiles run over. Roy’s and 

Li’s research offers a new strategy to measure ice and water on the road. In fact, this kind of piezoelectric sensor 

can achieve larger and more reliable measurement by optimizing the measurement method.  
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(a) (b) 

 
 

(c) (d) 

Figure 1. (a) The sketch map of piezoelectric sensor’s vibration part, and the screw thread of the alloy part has 

been omitted. (b) The bottom view of simulated no-load mode shapes from the 1st order to the 6th. The 

displacement of the dark blue part is zero, and the dark red part represents the maximal displacement region. (c) 

The cross section view of the sensor’s vibration part. (d) The normalized amplitude frequency response curves in 

log coordinates from FEA. 

 

Roy and Li used the 1st order resonance frequency of the sensor to calculate the thickness of ice and water 

films. This method restricts the measurement range on account of the increasing damping when ice grows thicker. 

On this occasion, the amplitudes of some peaks decrease rapidly and eventually lead to the failure of locating 

peak position and the instability of sensor reading. To overcome this limitation, finite element analysis (FEA) 

based on COMSOL Multi-physics has been done to figure out the amplitude frequency response characteristic of 

the piezoelectric sensor in the previous study [19].  

On the basis of the previous work, the structure of the sensor is optimized. The sketch map of optimized 

piezoelectric sensor’s vibration part developed in this paper is shown in Fig. 1(a). The metal plate is made of 

constant elasticity alloy and serves as the upper shell of the piezoelectric sensor. To protect the sensor from being 

crushed, the plate is designed to be rather thick and small.  

In this case, the thickness and the diameter of the vibration part have been set as 0.45 mm and 16.9 mm 

respectively. The diameter of the sensor itself is 25.4 mm, and more than 5.5 mm depth screw thread as well as 

conductive adhesive are used to firmly fix the sensor on a much larger metal shell. 

On the other hand, the alloy plate is connected to the ground of the sensor circuit so that the electric current 

on driving and sensing electrodes can each form a loop. The sensor is driven with frequency scanning signal and 

the amplitude frequency response curve is collected via sensing electrode.  

The simulated no-load mode shapes from the 1st order to the 6th order are shown in Fig. 1(b), with the 

vibration part locating in the center of the sensor. A piezoelectric disk polarized in the thickness direction has 

been used in the sensor, and the excitation electric field is applied in the thickness direction. Thus, the vibration 
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propagates along the radial direction due to the basic properties of the elastomer. Under these circumstances, 

according to the knowledge of vibration excitation, and in the absence of nodal lines (namely n = 0 in the Bessel 

equation), the 2nd order to 5th order vibration modes from FEA shown in Fig. 1(b) won’t be generated. So, the 1st 

order and 6th order modes are important for the measurement in the limited excitation frequency band. 

In general, these two modes are axisymmetric, and the maximum displacement is at the center of the plate. 

Based on piezoelectric effect, the maximum displacement generates the maximum amount of charge, and thus the 

sensing electrode should occupy this area for the increasing of sensitivity. However, the driving electrode and 

sensing electrode need to be connected to the printed circuit board by wires, and the mass and bending modulus 

brought by solder joints will affect the vibration. To solve this problem, in the electrode shape design, the solder 

joints are set at the edge of the piezoelectric disk, as is shown in Fig. 1(a). Enough space has been reserved in the 

sensing electrode area for the soldering operation.  

The size of the piezoelectric disk should be within a reasonable range. If the diameter is too large, it will 

make the disk easy to break. Additionally, the radius of the 6th order mode’s inner nodal circle is about 0.38R 

based on elastic mechanics principles. Hence, large disk will result in the attenuation of the corresponding 

resonance peak. On the other hand, a small diameter will lead to weak piezoelectric effect. Meanwhile, the disk 

shouldn’t be thick, because the mass and the bending modulus will affect the vibration. Under the guidance of 

these principles, the piezoelectric disk is designed for the proof-of-principle study in this paper. After the 

comparison of different sizes of disks, the dimensions of the piezoelectric disk are set as Φ12*0.2 (mm). 

Different conditions have been simulated in COMSOL. As is shown in Fig. 1(d), amplitude frequency 

response curves of dry surface, 4 mm water film and 2 mm ice film from FEA are plotted. The average 

displacement values of the sensor’s upper surface are normalized in log coordinates for a clear view. The 

frequency scanning ranges from 7 kHz to 200 kHz with a step length of 50 Hz, and it’s obvious that the peaks of 

the curves shift to a lower frequency section with water accretion and move to higher frequency section with ice 

growing. The 1st and the 6th order peaks are remarkably high, whereas the other four peaks are not detected, 

which confirms the inference above.  

 

B. Optical sensor 

In addition to dry, water and ice, there are three snow conditions to be recognized. When snow falls on a dry 

surface, it’s called dry snow condition (abbreviated as snow). If the snow partly melts into ice-water mixture, it’s 

stated as slush condition. And if the snow layer covers an ice film, it’s stated as ice covered with snow condition 

(abbreviate as covered). 

The optical sensor is designed for snow detection. It consists of an infrared LED, a phototransistor array, a 

glass plate and a metal shell, as is shown in Fig. 2(a). The curvature of the water film and ice layer does appear 

occasionally. According to Snell’s Law and Fresnel’s Formula, the curvature may affect the light intensity 

reflected back to the phototransistor array. However, in the theoretical analysis stage, this effect will be ignored 

for its limited influence and model simplification, and optimization measures will be taken during the 

implementation.  
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(a) (b) 

(c) 

 

(d) 

 
Figure 2. (a) The schematic view of the optical sensor consists of an infrared LED and a phototransistor array. (b) 

A typical beam path of the optical sensor, and multiple reflections in the same optical medium are omitted. (c) 

The calculated single beam reflected optical power factor in log coordinates of each incident angle from 0 degree 

to 90 degrees, and six different surface conditions are considered. (d) The estimated total reflected optical power 

factor in different thickness conditions. 

 

Inside the sensor, the LED has a narrow beam angle of 30 degrees and emits modulated light of 1 kHz, so 

that most of the light energy is concentrated at a small incident angle. And the phototransistor has a wide field 

angle of 120 degrees and the array further extends the field of view. Generally, the light received by the array is 

from three sources: the modulated light which travels from the LED into the array directly, the ambient light from 

the environment and the modulated light reflected (including scattered light) from the glass and the loads. The 

LED is fixed next to the phototransistor array, and a narrow beam angle will help reduce the power of light which 

travels from the LED into the array directly. 

In the meantime, the modulated light which travels directly into the phototransistor array has been measured 

and filtered in the signal processing circuit, and the ambient light from the environment is perfectly filtered 

through demodulation. Thus, the reflected optical power is collected as an indicator of load type.  
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Fig. 2(b) shows a typical beam path of a random angle incident light I1i in the glass plate and load medium. 

Multiple reflections in the same optical medium are omitted for simplification. Specifically, when the light beam 

propagates through the ice layer or water film, it will be refracted, reflected, partly absorbed, and scattered, as is 

shown in Fig. 2(b). According to Snell's Law, the main propagation path of the beam in the optical medium is 

predictable, and the optical power on the path can be estimated through Fresnel's Formula, Beer-Lambert's Law 

and Mie Scattering Theory. 

Snell’s Law and Fresnel’s Formula are utilized to calculate the optical energy flow reflectivity and 

transmissivity on the beam path. The S polarized light and P polarized light are calculated separately through 

equation (1), where θi is the incident angle from the medium with the refractive index ni, and θt is the refraction 

angle into the medium with the refractive index nt, RS and TS are the reflectivity and the transmissivity of S 

polarized light, and RP and TP are the reflectivity and the transmissivity of P polarized light. 

{
 
 
 
 

 
 
 
 

𝑛𝑖 sin𝜃𝑖 =𝑛𝑡 sin𝜃𝑡

𝑅𝑆 =
sin2(𝜃𝑖 − 𝜃𝑡)

sin2(𝜃𝑖 + 𝜃𝑡)

𝑅𝑃 =
tan2(𝜃𝑖 − 𝜃𝑡)

tan2(𝜃𝑖 + 𝜃𝑡)

𝑇𝑆 =
sin 2𝜃𝑖 sin2𝜃𝑡
sin2(𝜃𝑖 + 𝜃𝑡)

𝑇𝑃 =
sin2𝜃𝑖 sin 2𝜃𝑡

sin2(𝜃𝑖 + 𝜃𝑡)cos
2(𝜃𝑖 − 𝜃𝑡)

 (1) 

Then, in accordance with Beer-Lambert's Law, the absorption of the optical energy flow is described in an 

exponential form. Equation (2) shows the relationship between incident light intensity Ii and transmissivity light 

intensity It from the perspective of absorption, where h is the thickness of the ice layer or water film, x is the 

distance light that travels in it, and a stands for the absorption coefficient. This relationship is still applicable in 

the optical energy flow. 

{

𝐼𝑡 = 𝐼𝑖𝑒
−𝑎𝑥

𝑥 =
2ℎ

cos 𝜃𝑡

 (2) 

On the other hand, scatter effects must be considered. Mie Scattering Theory can be used to describe the 

forward scatter attenuation of the energy flow. The optical power at any position of the beam path can be 

estimated by calculating the incident optical power decay at an infinitesimal distance ∆x. In equation (3), Qs is the 

scattering efficiency factor, which shows the proportion of energy loss due to scattering effects. K is the spatial 

density of the particles and bubbles of radius r. Pi is the incident optical power at any angle, and Pi(x) is the 

optical power at distance x. 

{
𝑃𝑖(∆𝑥) = 𝑃𝑖(𝑥) − 𝑃𝑖(𝑥 + ∆𝑥) = 𝑃𝑖(𝑥)𝑄𝑆𝜋𝑟

2𝐾∆𝑥

𝑃𝑖(𝑥) = 𝑃𝑖𝑒
−𝑄𝑆𝜋𝑟

2𝐾𝑥
 (3) 

Obviously, the form of the forward scatter attenuation is similar to that of the absorption effect. Thus, in 

equation (4), the optical power decay in glass plate is denoted as ηg and in water/ice is denoted as ηl, where a is 

the absorption coefficient and b is the scattering coefficient. There are six refractions in Fig. 2(b) labeled from 

one to six, and in total three beams contribute to the reflected light intensity Ir, denoted as I1r, I3t and I6t. The 

upper surface of the load layer is parallel to the glass plate’s upper surface, and the LED emits non-polarized 

light. Under such circumstance, S and P polarized lights are assumed to contribute the same intensity during the 

detection. Equation (4) describes the relationship between incident and reflected optical power in six different 

conditions, where Pi is the incident optical power at any angle, and Ps is the corresponding reflected optical 

power.  
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{
 
 
 
 
 
 

 
 
 
 
 
 

𝑃𝑠_𝑑𝑟𝑦 = 𝑃𝑖(𝑅𝐾1 + 𝑇𝐾1𝑅𝐾2𝑇𝐾3𝜂𝑔)

𝑃𝑠_𝑠𝑛𝑜𝑤 = 𝑃𝑖(𝑅𝐾1 + 𝑇𝐾1𝑅𝑠𝑛𝑜𝑤𝑇𝐾3𝜂𝑔)

𝑃𝑠_𝑤𝑎𝑡𝑒𝑟 = 𝑃𝑖(𝑅𝐾1 + 𝑇𝐾1𝑅𝐾2𝑇𝐾3𝜂𝑔 + 𝑇𝐾1𝑇𝐾2𝑅𝐾4𝑇𝐾5𝑇𝐾6𝜂𝑔𝜂𝑙)

𝑃𝑠_𝑖𝑐𝑒 = 𝑃𝑖(𝑅𝐾1 + 𝑇𝐾1𝑅𝐾2𝑇𝐾3𝜂𝑔 + 𝑇𝐾1𝑇𝐾2𝑅𝐾4𝑇𝐾5𝑇𝐾6𝜂𝑔𝜂𝑙)

𝑃𝑠_𝑐𝑜𝑣𝑒𝑟𝑒𝑑 = 𝑃𝑖(𝑅𝐾1 + 𝑇𝐾1𝑅𝐾2𝑇𝐾3𝜂𝑔 + 𝑇𝐾1𝑇𝐾2𝑅𝑠𝑛𝑜𝑤𝑇𝐾5𝑇𝐾6𝜂𝑔𝜂𝑙)

𝑃𝑠_𝑠𝑙𝑢𝑠ℎ = 𝑃𝑖{𝑅𝐾1 + 𝑇𝐾1[𝛾𝑇𝐾3𝜂𝑔 + (1 − 𝛾)(𝑅𝐾2𝑇𝐾3𝜂𝑔 + 𝑇𝐾2𝑅𝐾4𝑇𝐾5𝑇𝐾6𝜂𝑔𝜂𝑙)]}

𝜂𝑔 = 𝑒
−(𝑎𝑔+𝑏𝑔)𝑥𝑔

𝜂𝑙 = 𝑒
−(𝑎𝑙+𝑏𝑙)𝑥𝑙

𝑅𝐾 = (𝑅𝑆 + 𝑅𝑃) 2⁄
𝑇𝐾 = 1 − 𝑅𝐾

 (4) 

In snow condition, the reflectivity Rsnow is set as 90% according to snow’s spectral reflectance data from 

United States Geological Survey. And in slush condition, the model is considered as a combination of snow and 

ice, part of the light being reflected directly by the loose structure and other light beam traveling through slush. 

The proportion of reflected light is denoted as γ, and it is set as 30% to describe a typical situation.  

 

Table 1.  

Related parameters of the single beam reflected optical power factor model. 

 Air Glass Water Ice Slush 

Refractive index 1.000 1.490 1.333 1.309 1.309 

Absorption coefficient (cm-1) 0.00001 0.1 0.3 0.1 0.1 

Scattering coefficient (cm-1) - 0.01 0.01 0.1 0.1 

 

Thus, given a certain incident angle, the single beam reflected optical power factor in different conditions 

can be calculated, as is shown in Fig. 2(c). The single beam reflected optical power factor in the figure is the ratio 

of the corresponding reflected optical power Ps and the incident optical power Pi, and the related parameters are 

listed in Table 1. The calculation results show that ice and water films will decrease the power of the light 

received by the phototransistor array, whereas snow layer will significantly increase it. And the difference 

between the conditions with and without a snow layer is very obvious when the incident angle is beneath 60 

degrees. Apparently, the optical sensor can distinguish snow related conditions and water/ice conditions. And the 

total reflected optical power factor can be obtained by integration.  

As for the backscattering effect, it will increase the reflected optical power, and consequently the difference 

between the dry condition and water/ice conditions will be reduced. The backscattering intensity is affected by 

the volume and spatial density of the particles and bubbles, which are difficult to quantify. According to the Mie 

Scattering Theory, the backscattering intensity varies greatly with particle size and illumination wavelength. 

Thus, the meaning of solving the scattering intensity distribution is limited in the case where the particle size and 

position distribution of the scattering particles cannot be accurately described. Meanwhile, a tilt mounting 

structure has been designed in the prototype of the detector. This structure will reduce the reflected optical power 

in water/ice conditions through the angle between glass plate and upper surface of water/ice films.  

Assuming all the incident beams of different angles have the same light intensity, the total reflected optical 

power factor P can be calculated through: 

𝑃 = ∫ 𝑃𝑠(𝜃𝑖) (𝑃𝑖 × 90)⁄ 𝑑𝜃𝑖

90

0

≈∑ 𝑃𝑠(𝜃𝑖) (𝑃𝑖 × 90)⁄
𝜃𝑖=90

𝜃𝑖=0
 (5) 

Fig. 2(d) lists the estimated total reflected optical power factor in different thickness conditions. With the 

film thickness growing in a certain range, the estimated total reflected optical power factor doesn’t drift much. 
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Therefore, there will be a very large upper limit once the size and spatial density of micro bubbles and micro 

cracks stay in a reasonable range. According to the results, the thickness can influence the reflected optical power, 

but can’t change the fact that a wide difference exists between the conditions with a snow layer and those without 

a snow layer. Besides, taking the narrow beam angle of the LED into consideration, most of the energy will 

concentrate in the incident beams with an incident angle lower than 15 degrees, which will increase the difference 

between these conditions. 

 

Experiment  

 

Figure 3. The experiment set up of road condition detector. A photo of the road condition detector is presented 

and the locations of the optical sensors are indicated with red circles. The calibration of the digital microscope is 

done with a given height screw nut. 

 

Experiments were conducted in a temperature chamber with a compact road condition detector and a digital 

microscope, as is shown in Fig.3. The prototype detector consists of a piezoelectric sensor and two optical 

sensors, and the dimensions are Φ95×50 (mm). The silvery piezoelectric sensor is embedded in the center of the 

upper surface shell, and the optical sensors are embedded in the hemispherical structure to protect the sensors 

from rolling compaction.  

A tilt mounting structure has been designed to reduce the adverse effects of load film curvature and increase 

the difference between dry condition and water/ice conditions. As is shown in the figure, in general, the upper 

surface of the water film and ice layer will not be parallel to the glass if the sensor is mounted at a small angle. To 

be more specific, the water film and ice layer will adhere to the glass because of the water tension. In accordance 

with the principle of geometrical optics, more light will be reflected to other directions instead of being received 

by the phototransistor array. And if there is too much water or ice drowning the glass, the light will still be 

reflected to elsewhere due to the horizontal upper surface of the water film or ice layer. Meanwhile, snow can 

easily cover the glass when it falls. In this way, the optical signals of ice and water conditions are lower than 

those of the theoretical model. The tilt mounting structure enhances the recognition ability of the optical sensor. 
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Also, tilted glass is good for self-cleaning in rainy days. 

A printed circuit board with a microprogrammed control unit is installed in the metal shell of the detector to 

activate the sensors and collect data. In the embedded program, the frequency scanning range is from 7kHz to 

200kHz with a step length of 50Hz. The 1st and 6th order frequencies are measured. On the other hand, the 

photoelectric signals from the phototransistor array are processed with a digital averaging filter and added up as 

another key feature. All these procedures are smoothly done within seconds, which means the data processing 

requirements are reasonably low.  

A digital microscope was used to measure the thickness of the ice and water films on the upper surface of the 

piezoelectric sensor, Fig. 3 shows an image of the microscope calibration phase captured by it in the top left 

corner. The real height of the screw nut is 2.401 mm, and the measured result from the microscope is 2.403 mm. 

A laptop was used to display and restore the data from the detector and the images captured by the microscope.  

All the six road conditions, including dry, water, dry snow, slush, ice, and ice covered with snow were tested 

during the experiment. The dry condition was tested at -10 degrees centigrade and 20 degrees centigrade with no-

load on the detector’s upper surface. The water condition was tested at 20 degrees centigrade with a uniform 

water film on the detector. The slush condition was tested at 0 degrees centigrade with melting snow layer on the 

detector. The snow, ice and ice covered with snow conditions were all tested at -10 degrees centigrade with 

corresponding loads on the detector. The thickness of all the films ranged from 0.2 mm to 8.0 mm. The 1st and the 

6th order resonance frequencies of the piezoelectric sensor and the output voltages of the optical sensors were 

recorded. The test results were used to create a classification table to decide the surface condition of the detector, 

and then an outdoor validation test was conducted to prove the performance of the detector. The validation test 

was done at random ambient temperature and in various surface conditions. 

Results and discussion  

 
 

(a) (b) 

Figure 4. (a) The amplitude frequency response curves of four typical conditions. (b) The simulated and 

measured calibration curves of the piezoelectric sensor.  

 

The piezoelectric sensor works as an indicator of ice and water. The calibration work of it was done during 

the experiment, as is shown in Fig. 4. The amplitude frequency response curves in Fig. 4(a) present the shift 

process of the resonance frequency when ice and water films grew. The resonance peaks shifted to lower 

frequency section with water accretion and to higher frequency section with ice growing, which was consistent 

with the results of finite element analysis. Importantly, it’s obvious that the 1st order resonance peak decreased 
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rapidly with ice accumulating. Thus, it was hard to locate the 1st order resonance frequency when the ice film was 

thick. Fig. 4(b) shows the simulated as well as the measured resonance frequency curves collected during the 

experiment. In total 30 sets of data were recorded in different test conditions, and the 1st and the 6th order 

resonance frequencies were plotted in the figure. In general, the simulated results matched with the experimental 

data, but two glitches appeared in the measured 1st order resonance frequency curve where the ice film thickness 

was about 2 mm to 3 mm. They were caused by the failure of locating the resonance peak, which was submerged 

in noisy background.  

The curves in Fig. 4(b) suggest that the 1st order resonance frequency is hard to be detected when the ice 

film is thicker than 3.5 mm and the reading will hardly change with the growing of water when it’s thicker than 4 

mm. On the other hand, the 6th order resonance frequency performs larger dynamic range. In order to enhance the 

stability and extend the measurement range of the piezoelectric sensor, the 6th order resonance frequency is 

chosen as the indicator to measure the thickness of ice and water films. 

Seven sets of different experimental conditions were tested in the temperature chamber, including dry, water, 

ice, dry snow, slush, 0.5 mm ice film covered with snow and 3.0 mm ice film covered with snow. Fig. 5 shows 

the data collected in six sets of adverse conditions. The two optical sensors’ output voltages were added up for 

more accurate measurement. Photos of the six conditions show the typical surface condition of the detector 

during the experiment. Dry condition is included in the six subplots for its high stability and repeatability. The 

experiments were repeated for three times to obtain more comprehensive data and in total 1059 data points were 

collected. The average values are used in Fig. 5.  

 

Figure 5. Average data values in six sets of different experimental conditions. The 6th order resonance frequency 

of the piezoelectric sensor and the output voltage of the optical sensor are shown. Photos of the experiment are 

placed in the corresponding subplot. 

 

The curves in the figure illustrate the signal variation of the piezoelectric sensor’s resonance frequency and 

optical sensor’s output voltage. Compared with dry condition, optical voltage increased rapidly in snow related 

conditions (dry snow, slush, ice covered with snow), and decreased slightly in water and ice conditions. On the 

other hand, resonance frequency increased sharply in ice related conditions (ice, ice covered with snow), and 

decreased in water, snow and slush conditions.  

The dry condition was tested at -10 degrees centigrade and 20 degrees centigrade with no-load on the 

detector’s upper surface, and 100 data points were collected. The resonance frequency was stabilized around 57.5 
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kHz and the optical voltage was about 3.16 V during the whole test. The data suggest that the detector’s output in 

dry condition is very stable. 

The water condition was tested with 11 water films ranging from 0.5 mm to 8.0 mm, and 80 data points were 

collected. The resonance frequency decreased from 51.0 kHz to 38.0 kHz, and the optical voltage decreased from 

3.13 V to 2.89 V. The curves are monotonic and become flat when the film thickness is above 4.0 mm. 

The ice condition was tested with 21 ice films ranging from 0.2 mm to 8.0 mm, and 300 data points were 

collected. The resonance frequency monotonically increased from 63.2 kHz to 126.0 kHz overall, and the optical 

voltage decreased from 3.12 V to 2.32 V. The optical voltage rose again when the ice film grew to about 2 mm, 

which was caused by the irregular shape of the ice film. The ice formed on the glass plate of optical sensors 

always slightly bulged on account of the narrow semi-closed structure. As a result, more light was reflected to the 

phototransistor array when the thickness of the ice film was appropriate.  

The dry snow condition was tested with 8 snow layers ranging from 1.0 mm to 8.0 mm, and 302 data points 

were collected. The resonance frequency varied within 2 kHz and the optical voltage increased from 5.54 V to 

6.65 V. The reflection was very strong as expected, and the frequency shifted a little due to the mass added. 

The slush condition was tested with 8 slush layers ranging from 1.0 mm to 8.0 mm, and 63 data points were 

collected. The resonance frequency varied in the range of 44.3 kHz to 54.9 kHz, and the optical voltage trembled 

in the range of 3.41 V to 5.10 V. Slush is a very complicated condition, the color of which can be white or more 

crystal, so the optical voltage turned out to be unstable but always higher than dry condition. And once part of the 

slush freezes into solid ice, the equivalent bending modulus become unpredictable. However, most part of the 

slush is still liquated, so the resonance frequency was always lower than dry condition and changed randomly.  

The 0.5 mm ice film covered with snow condition was tested with 8 snow layers ranging from 1.0 mm to 8.0 

mm, and 112 data points were collected. The resonance frequency stabilized around 69.3 kHz, and the optical 

voltage ranged from 6.08 V to 6.45 V. The 3.0 mm ice film covered with snow condition was tested with 8 snow 

layers ranging from 1.0 mm to 8.0 mm, and 102 data points were collected. The resonance frequency stabilized 

around 112.7 kHz, and the optical voltage ranged from 4.71 V to 6.22 V. The piezoelectric sensor responded to 

the ice films as analyzed. On the other hand, the optical voltage indicates the power of light received by the 

phototransistor array, and the ice covered with snow condition can be regarded as the combination of ice layer 

and dry snow. Snow is a strong reflector of light, so the optical voltage of dry snow condition is up to 6.5V. 

However, in the covered condition, the light beam may be scattered to other directions by the ice layer, and thus 

the optical voltage decreases to about 5V. 

In summary, the data from the seven sets of experimental conditions are consistent with the notion of 

estimated reflected optical power in Fig. 2 and the finite element analysis results in Fig. 4. The light decay caused 

by scattering and refraction is successfully detected in ice and water conditions, whereas the light reflection turns 

out to be very strong in snow related conditions, which verifies that the method of utilizing optical sensors to 

distinguish snow from ice and water is working. And the piezoelectric sensor also performs well in detecting ice 

and water related conditions. The ice films greatly increase the equivalent bending modulus of the vibration 

system, so the resonance frequency rises quickly with the growing of ice. The slush and water mainly increase the 

mass of the vibration system, and thus the resonance frequency decreases with water and slush accretion.  

The combination of these two methods puts the data points of the seven conditions into a two-dimensional 

space, as is shown in Fig. 6(a). The points of the same experimental condition from different batches of tests 

gather together in a certain region, as is presented by the dashed rectangles. All the regions don’t overlap 

mutually, which makes it possible to recognize each condition in the plot with the coordinates of the collected 

data points. 
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(a) (b) 

Figure 6. (a) Data collected in seven sets of different experimental conditions. The data points of the same 

condition get together and stay in the same region. (b) The data ranges of the detector output from six surface 

conditions. The maximum and the minimum values are presented with error bars. 

 

Among all the conditions, the dry condition is the most stable, with all the data points staying in one narrow 

region, and the coordinate of this region is set as the reference value for road condition classification. The data 

range is shown in Fig. 6(b), as the error bars indicate the maximum and the minimum values of each condition. 

Overall, the data ranges of different conditions suggest that all the other five conditions can be recognized by 

comparing the coordinates with the dry condition. To this end, the reference values of the dry condition 

coordinate are set as 57.5 kHz and 3.16 V respectively. Moreover, a section of 3 kHz wide and 0.30 V long 

around the reference coordinate is selected as dry region, so that the condition recognition process of the detector 

will be more stable and reliable.  

 

Table 2.  

Classification table of the detector. 

 𝑓𝑟 < 56kHz 56kHz ≤ 𝑓𝑟 ≤ 59kHz 𝑓𝑟 > 59kHz 

𝑉𝑜𝑝𝑡 < 3.10V Water Unknown Ice 

3.10V ≤ 𝑉𝑜𝑝𝑡 ≤ 3.16V Water Dry Ice 

3.16V < 𝑉𝑜𝑝𝑡 ≤ 3.40V Unknown Dry Unknown 

𝑉𝑜𝑝𝑡 > 3.40V Slush Dry snow Ice covered with snow 

 

Table 3. 

Fitting functions and R-Squared values of the 6th order resonance frequency. 

Order Condition Fitting Function (kHz) R-Squared 

Sixth 

Ice 0.0000747832x3-0.018615x2+1.56228x-43.206 0.978315 

Water -0.00325644x3+0.50532x2-26.1039x+449.382 0.981480 

Dry 56 < x < 59 - 

 

As is shown in Table 2, the data field is divided into 12 regions based on the reference values and the dry 

section. The six road surface conditions are labeled in the nine regions and three remaining regions are labeled as 

unknown condition for no data points have been collected in such regions. As a result, 100% of the 1059 data 

points can be correctly classified into corresponding condition through Table 2, where fr stands for the 6th order 
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resonance frequency obtained by the piezoelectric sensor and Vopt stands for the total optical voltage of optical 

sensors.  

For the stability of the method, false signals must be considered. If the data falls into the unknown condition 

fields, the signals can be regard as false ones. More importantly, road surface conditions are relatively stable over 

a period of time, so in the embedded program of the detector, it will report the false signal situation if the 

condition changes rapidly or frequently.  

On the other hand, the resonance frequency performs good repeatability in ice and water film thickness 

measurement and dry snow detection. So the resonance frequency is used to calculate the thickness of ice and 

water films. The film thickness measurement function was implemented by fitting the resonance frequency 

curves in Fig. 5, based on least square method. The fitted functions are shown in Table 3. R-Squared values are 

listed in the table to indicate the degree of fitting and the dry condition frequency band acts as a barrier to divide 

the ice and water frequency range. The results show that most of the fit residuals are lower than 0.3 mm, which 

guarantees the precision of the film thickness measurement. 

An outdoor validation test was conducted with a concrete test road block to evaluate the performance of the 

classification table and the fitting curves, as is shown in Fig. 7. The test conditions were man-made and randomly 

chosen due to the warm weather of the city in which the test site located. In total 353 data points were collected. 

As is shown in Fig. 8(a), all the data points fit in the right sections divided on account of Table 2. The results 

validate the effectiveness of the classification table and prove the repeatability of the detector.  

 

Figure 7. The installation sketch of the detector. The detector is installed in the hole of the test road block, and the 

cable lies in sandy soil beneath the concrete layer. A photo of the installed detector is presented. 

 

Furthermore, the film thickness calculated through the fitted cubic functions is shown in Fig 8(b), and the 

film thickness measured by the digital microscope is set as the ground truth to evaluate the accuracy of the 

detector. All together 91 data points of ice and water test conditions were collected. The data suggest that within 5 

mm film thickness, the error of measurement is less than 0.5 mm, and the film thicker than 5 mm will suffer the 

error of about 1 mm.  

As a result, the detector is proved to be capable of identifying dry, water, ice, slush, snow and ice covered 

with snow conditions with promising accuracy, and the ice and water film measurement precision is better than 

0.5 mm when the thickness is within 5 mm. 

This test is an experiment before applying the detector on the road to a larger scale. It partially verifies the 

measuring ability of the detector in the range of predictable road conditions. The combination of sensors brings 

much more information about the road condition from two different perspective. Thus, it makes the output robust 

enough for accurate recognition.  

In the real application, generally, three or four detectors are installed at intervals of about ten meters, and 

these detectors are grouped for reliable detection of road surface condition on this very segment of road. This is 

an effective method to avoid false alarm and missed alarm for the embedded detector can only detect the 

condensation on its upper surface and the road conditions are not always the same in every parts of the road. The 
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detector groups are set in the most dangerous areas of the road and the interval is about a few kilometers. The 

data of the detectors are transferred over RS485 bus in Modbus protocol, every detector owns a unique address 

and the host polls the detectors. According to the application experience, this detector and similar embedded 

detectors can work for at least 3 years on the highway, and the service life depends on the traffic flow and the 

surface subsidence. Low hardware cost guarantees the advantage of widespread application.  

On the other hand, the application of non-contact detectors are always limited by cost and the installation 

interval is about dozens of kilometers or more. Even though non-contact detectors can measure a relatively large 

area, it’s hard to say that one non-contact detector is more reliable than a group of distributed embedded 

detectors. The price of four embedded detectors are even cheaper than the non-contact detector from the 

perspective of application. As for the functions, in fact, the relationship between non-contact detectors and 

embedded detectors is complementary. The detection area of the embedded detector, for instance, our detector, is 

limited to the upper surface of the detector. This disadvantage is hard to make up, and the best solution is to 

combine the non-contact detector with the embedded detector, so that the key areas can be closely monitored and 

the widest range of monitoring can be achieved.  

  

(a) (b) 

Figure 8. (a) Data collected in the validation test, the data points fit in the correct data fields divided through the 

classification table. (b) Measured film thickness based on the fitted cubic functions, and the ground truth was 

obtained with the digital microscope. 

 

Conclusion  

This research work has gone one step further based on the previous study of utilizing piezoelectric sensor for 

ice and water film thickness measurement. It is an innovation on the application of the piezoelectric sensor and 

the reflection type optical sensor. The combination of these two sensors extends the function of each other. The 

road condition detector achieves the goal of classifying six road conditions (dry, water, dry snow, slush, ice, ice 

covered with snow) and measuring ice and water film thickness with the upper limit higher than 5 mm. More 

importantly, the successful application of the sensor fusion method on the road condition detector suggests that 

more elements can be integrated into the detector for richer functionality such as road surface friction estimation.  

On the other hand, although the detector has survived the outdoor test and the results are promising, there 

still exist limitations. The classification table is generated on the basis of experimental data without unexpected 

conditions, and the threshold values show acute dependence on the border point of the data set. Thus, the iteration 

work will be testing more proper classification models for more data, such as clustering models and neural 

networks.  
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