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Abstract-Icing on aircraft skin brings a serious risk to aircraft 
safety. At present, removing ice is usually conducted by 
spraying deicing fluid. Even so, the ice on the skin cannot be 
eliminated completely. Therefore, it is needed to find a fast and 
accurate detection method to detect the location and area of 
the residual ice on the aircraft skin. Among numerous non-
destructive testing methods, optical fiber detection is an 
effective method. However, the impact of aircraft coatings has 
not been considered by the existing fiber detection methods. In 
fact, coatings have great influences on the icing detection result 
if optical sensors are used. To solve this problem, a fiber end-
face echo model based on the dual-flux theory is established, 
and the reflection characteristics of coatings on aircraft skin 
are studied in this article. The detection principle of aircraft 
residual icing based on optical fibers and the model are 
introduced. Characteristics of aircraft skin coatings and 
possible impacts on detection of residual ice are described. The 
reflection law of the fiber end face is discussed. The 
experiments are carried out and the obtained reflection law of 
different color painting is validated. The impact of aircraft 
skin coatings on the aircraft residual ice detection can be 
effectively eliminated, and the detection accuracy can be 
improved. 
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I. INTRODUCTION 
Civil aviation aircrafts are easy to be frozen in the winter. 

If a plane takes off with ice on its wings, the aircraft 
aerodynamic force will be affected seriously, causing the 
airplane stalled. So, the possible presence of residual ice on 
an aircraft wing is a great hazard to flight safety. According 
to the statistics provided by the US National Transportation 
Safety Board, 82% of accidents were caused by aircraft icing 
or frost when the aircraft took off, among which 70% are 
fatal disasters [1]. Therefore, deicing and residual icing 
detection are very important.  In the winter after preflight 
deicing operations, it is required to detect the residual ice 
before a plane takes off [2-5]. Currently, the widespread 
detection methods are still manual visual and tactile 
detection. Their detection efficiency is very low. The safety 
and efficient operation of the civil aviation in the winter 
cannot be ensured. As one of the important facilities of the 
civil aviation airport security in our country, the residual ice 
detection technology is needed to be improved, which is of 

great significance to promote the healthy development of 
China's civil aviation.  

A variety of methods have been studied for automated ice 
detection of aircraft de-icing, but most of them are at the 
experimental stage. A laser scanning method was developed 
by Aerospace Goodrich Company in the United States [6]. A 
linear polarized laser source was used to scan the surface of 
the plane, and the received reflection laser was used to 
determine the residual ice. The method can detect the 
residual ice, but it needs to be scanned point by point, and 
the detection efficiency is not high. MDA company 
developed the ROGIDS residual ice detection system, which 
is based on the infrared multi-spectral imaging principle [7]. 
It can detect the shape and thickness of the ice. Huazhong 
University of Science and Technology has successfully 
developed an optical fiber sensor and film sensors, one of 
which can also identify the ice type [8]. A residual ice 
detection method based on near infrared multi spectrum has 
been proposed by Tianjin University [9]. The thickness 
detection accuracy can reach to 0.5mm. Among numerous 
residual ice detection methods, the fiber optic icing sensor is 
more competitive because of its small size, anti- 
electroma1gnetic interference. Civil aviation aircraft skin 
surface is usually painted in various colors of the undercoat 
and the topcoat, to meet airworthiness requirements and 
aesthetic effects. The optical detection results are affected by 
these coating materials and colors, whose influence cannot 
be ignored. Current detection methods of the aircraft residual 
ice do not consider the impact of aircraft skin surface 
coatings. It will inevitably lead to false detection. Therefore, 
it is the key to improve the detection technology of residual 
ice and find out the influences of aircraft skin coating in 
advance. 

II. THE DETECTION PRINCIPLE OF RESIDUAL 
ICING  

A. The Basic Principle of Optical Fiber Sensor 
In this article, optical fiber sensors are used. Based on the 

principle of reflection and scattering of light, the light 
emitted by the light source is transmitted to the detected 
surface through an optical fiber. When the ice or snow is 
covered on the detected area, the receiving optical fiber 
sensor cannot receive the reflected light because all light is 
scattered into the air. If the detection surface is attached by 
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the residual ice, a series of optical effects occur in the ice, 
such as scattering, reflection and transmission. The light 
scattered in the ice and reflected at the interface can be 
collected by the receiving fiber, as shown in Fig. 1.  

 
Figure 1.  Schematic of an Optical fiber sensor. 

Surfaces in Fig.1 are all supposed to be smooth but are 
made of different materials. As materials have different 
reflecting and scattering abilities, the light intensities 
received by the receiving fiber are different. Through the 
photoelectric detector and the signal conditioning circuit, the 
strength of the output electrical signal corresponds to the 
intensity of the input optical signal. Then, the residual ice 
can be detected by processing the electric signal. 

B. Analysis of Rreflection Character for Optical Fiber End 
Face  
When the light is reflected from the airplane surface into 

the optical fiber end face, it comes from the air medium to 
the optical fiber medium. There are many problems. The 
propagation direction of the light changes, distribution of 
energy varies, and phase transitions and the polarization 
change too. The refractive index of air and fiber are 
supposed to be n1 and n2 respectively. When an incident 
beam of light comes from the natural air side, it is reflected 
or refracted before reaching the fiber end, as shown in Fig. 2. 

The plane which is composed of the optical fiber end 
face and the incident light is called the incident plane. The 
angle between the incident ray and the normal is the incident 
angle. Similarly, the angle between the reflected ray and the 
normal is the reflection angle. Also, the angle between the 
refraction ray and the normal is the refractive angle. If the 
amplitude of any electric vector in the natural light is E, the 
projection of all the electric vectors that paralleling to the 
incident plane EX and perpendicular to the incident plane EY 
are: 

  (1)
 

 

 

 
Figure 2.  Reflection and refraction model of the optical fiber end face. 

The intensity of incident light is:  

 I = Ix +Iy      (2) 

The amplitudes and intensities of the incident light, 
reflected light and refraction light consist of two components. 
One that parallels to the incident plane is represented by "p", 
and the other one that is perpendicular to the incident plane 
is represented by "s". Based on the Fresnel formula, the 
reflection and refraction amplitudes can be indicated by (3): 

  (3) 

In (3), each field component can be understood both as 
an instantaneous value and as a complex vibration value, 
because they have the same time frequency. The Fresnel 
formula shows that the p component of the reflected and 
refracted light is only associated with the p component in the 
incident light, and the s component is only related to the s 
component. That is, in the reflection and refraction process, p 
and s components of vibration are independent of each other. 
According to the Fresnel formula (3), the intensity 
components can be obtained: 
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  (4) 

 
Therefore, the light intensity can be got:  

 I1
’ = I1p

’ +I1s
’ .                                (5) 

The intensity component of parallel direction is the same 
to that of the vertical direction:  

 I1s = I1p，    I1 = I1p +I1s.                       (6) 

Then, (5) can be computed as: 

  (7) 

So the light intensity reflectivity R is: 

  (8) 

When the incident angle is small or close to 0, R can 
be simplified as:  

  (9) 

From the above analysis, the reflectivity of light at the 
end face of the optical fiber is obtained. It can be seen that 
the reflectivity of the end face of the fiber depends on the 
angle of the incident light, and is related to the refractivity 
the air and fiber material. In this article, the end face of the 
optical fiber sensor is perpendicular to the surface of the 
aircraft skin, the incident angles are the same. Only the 
refractivity of the material is discussed here. 

III. ANALYSIS OF COATING CHARACTERISTICS 
OF AIRCRAFT SKIN 

Aircraft skin coating can be used as the identification 
material of the aircraft outer surface, playing the role of anti-
corrosion, decoration and so on [13]. Even it has special 
functions of temperature mark, anti-skid, damping and 
absorbing. Civil aircraft skin coating has an important anti-
corrosion function, which makes the aircraft maintain good 
performance in high altitude harsh environmental conditions. 
Aircraft coating includes two materials: the undercoat and 
the topcoat. Polyurethane undercoat and polyurethane 
topcoat are mainly used for Airbus aircraft skin, while epoxy 
undercoat and polyurethane topcoat are mostly used for 
Boeing aircraft skin [14]. When there is residual ice on the 
aircraft surface, the ice directly contacts with the coating 
layer of the aircraft skin and then the base material. So, the 
reflection characteristic of the aircraft skin coating has a 
great influence and cannot be neglected.  

To solve this problem, the phenomenological theory is 
put forward to. This theory proposed that the coating layer of 
the aircraft skin surface can be regarded as a layer of film. 
The light energy is processed without considering the coating 
particles attributes. Applying the film's reflection, scattering 
and absorption principle, when the light is incident on an 
incomplete transparent surface, four cases will occur as 
shown in Fig. 3: 

(1) There is a specular reflection on the smooth surface, 
and a diffuse reflection at the rough surface at the same time;  

(2) The light is absorbed or scattered by particles in the 
film after it enters the film; 

 
Figure 3.  Propagation of light in a thin film layer. 

(3) Part of the light is reflected and others is transmitted 
through the film layer when the light reaches the bottom part 
of the film; 

(4) The light that does not leave the film continues the 
above cycle. 

The propagation of light in the thin-film layer is very 
complex, but the Kubelka-Munk dual-flux theory can well 
explain it. According to the theory, a fiber end-face echo 
model can be established. The aircraft skin coating is 
regarded as a layer of film, its reflectance ρ can be 
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characterized by color, representing the light absorption and 
reflection properties of coating materials. It can be expressed 
as:  

 

( )
( )

1 coth
coth

g

g

a b bSX
a b bSX

ρ
ρ

ρ
− −  =

− +
 (10) 

where a = 1 + (K+S), b = (a2 – 1)1/2
,Coth(bSX) is a 

hyperbolic cotangent function, K is the absorption coefficient, 
S is the scattering coefficient, X is the film thickness and ρg 
is the basal reflection ratio.  

Equation (10) is the basic equation of the Kubelka-Munk 
theory, from which we can see that the reflection ratio of 
semi-transparent or opaque medium is a function of K, S, X 
and ρg. It can be referred that the reflection ratio ρ is 
influenced by the absorption and scattering coefficients of 
the film as well as the reflection coefficient of the film and 
the substrate.  

Therefore, based on the model, the light absorption and 
reflection properties of coating vary according to its color 
and material. Usually, green corrosion-resistant undercoat is 
spayed on the aircraft. However, some parts of the aircraft 
have no undercoat. There are many kinds of topcoat used for 
the aircraft. They have different reflectivity. Therefore, 
experiments are carried out on a test block with green 
undercoat and a block without undercoat. 

IV. EXPERIMENTS  
Aluminum alloy material has been widely used as aircraft 

body materials, because it has the advantages of light weight, 
high speed, high effective load and strong corrosion 
resistance and so on. In the laboratory environment, an 
aluminum alloy board is supposed to be the aircraft skin, the 
light reflection of different colors of paint is converted into 
an electrical signal through the optical fiber sensor. Then, 
different color coating reflection characteristics are analyzed. 
In this experiment, aluminum alloy 2024 was used as the 
aircraft skin substrate. On one side of the substrate, five 
colors of topcoat BMS10-60I protective enamel were 
directly sprayed. The colors are red, black, white, gray and 
blue, as shown in Fig. 4 (a). On the other side, BMS10-11I 
green corrosion-resistant undercoat was sprayed, and then 
the above five colors of topcoat were sprayed, as shown in 
Fig. 4 (b). This is one of coating programs for Boeing 
aircrafts. It is carried out by special equipment for spraying 
operations in aircraft maintenance manufacturers, to ensure 
uniform coating and close to the actual aircraft skin coating 
state. 

The fiber optic sensor probe was placed to face different 
colors. Ans the light source was perpendicular to the sensor, 

which got the returned signals. The maximum and minimum 
values of each signal data are removed, and the rest of the 
data are averaged, as shown in Table 1. 

TABLE I.  AVERAGE AMPLITUDE VALUES OF RETURNED 
SIGNALS FOR DIFFERENT COLOR SURFACES 

Color Without Undercoat (V) With Undercoat 
(V) 

only green 
undercoat 

1.602 1.630 

Red 1.612 1.628 

Black 1.588 1.596 

Gray 1.600 1.612 

White 1.628 1.663 

Blue 1.592 1.618 

 
Based on Table 1, the relationship between the color of 

the paint and returned voltage signals are drawn in Fig. 5. 
The histogram is shown as Fig. 6. 

From the above experimental data, we can learn that the 
returned signal values from the board with undercoat are all 
larger than those from the board without undercoat. 
Furthermore, the return signal values of each color are not 
the same. Therefore, the influences of aircraft skin coating 
material and color on the detection result cannot be ignored. 
The return values of different coating color are listed in 
Table 2 in order.  

TABLE II.  RETURNED SIGNAL VALUES OF DIFFERENT 
COATING COLORS  

 Without Undercoat With Undercoat  
Return 
signal 
value 
From 
Small 

to 
Large 
Order 

Black Black 

Blue Gray 

Baseboard Blue 

Red Red 

Gray only primer 

White White 

 
From Table 2, a rule can be found from the values of 

different colors of coatings. The amplitude value of Black is 
the lowest whereas that of White is the highest. An initial 
judgement the coating color can be determined. In the actual 
residual ice detection, according to the above different 
reflection characteristics of the coating color, the returned 
signal values can be corrected. It can reduce the impact of 
coating color, and improve the detection efficiency of 
residual ice, which can greatly reduce the probability of false 
detection and missed detection. 
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(a).Five colors of topcoat sprayed on the aluminum board (b) Five colors of topcoat sprayed on the green undercoat 

 
Figure 4.  Double sides of an aluminum alloy board sprayed with coatings. 

 
Figure 5.  Schematic diagram of the relationship between the 

paint color and returned voltage signals 
 

 
Figure 6.  Histogram of the relationship between the paint 

color and returned voltage signals 
 

V. CONCLUSIONS 
In this article, the reflection characteristics of aircraft 

skin coating based on the end-echo are studied. The 
influence of the optical fiber sensor on the detection of the 
residual ice on is discussed. Experiments show that the 
impact of aircraft skin coating cannot be ignored, and a rule 
exists between the color of aircraft skin coating and the 
signal values of the fiber optic sensor. In the actual ice 
detection, no matter what the color of the plane surface 
coating is, we can advance the test to record signal values 
corresponding to the coating color, and to establish a 
database to preserve the detection results. In this way, when 

the inspection is conducted, the detected signal of residual 
ice can be corrected by the database, in order to improve the 
detection accuracy. 
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