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A B S T R A C T   

Many complex ocean conditions, such as low brightness and ultra-high-water pressure, hinder human explora-
tion of the underwater world. Underwater material recognition technology is the key to exploring the underwater 
world as support. This paper proposes a theory of underwater material recognition based on the thermoelectric 
effect. Based on the above theory, a prototype is designed, and its performance under common marine conditions 
is tested. The results show that the prototype can accurately recognize three different types of typical materials, 
which are thermostatic animals, non-metal materials and metal materials within 2 s. The prototype has the 
advantages of accurate recognition, low cost, and easy maintenance. While various materials have complex 
surface morphology in the application, a flexible thermal conductive material proposed by this paper can 
enhance recognition accuracy. Through the experimental verification, a recognition device with a flexible 
contact surface made of flexible thermal conductive material has been more effective.   

1. Introduction 

The ocean, which occupies 71% of the earth, is still covered with a 
mysterious veil today, and the reason is inseparable from the particu-
larity of the marine environment. Under the ocean, low brightness and 
ultra-high water pressure hinder human exploration of the underwater 
world. In order to explore the underwater world, it is extremely 
important to perform an accurate recognition of underwater materials. 
Material recognition is the key to exploring and utilizing the underwater 
world, which can be applied to underwater rescue, underwater 
salvaging, river bed analysis, underwater monitoring, underwater 
pipeline laying, waste disposal and building foundations analysis, etc. 
[1]. 

As shown in Fig. 1, material recognition technology has significant 
potential in ocean engineering applications. Similar to Fig. 1(a), the 
remote operated vehicle (ROV) and autonomous underwater vehicle 
(AUV) can get sensor information with a recognition device to recognize 
unknown objects. And the ideal recognition device is shown in Fig. 1(b). 
As shown in Fig. 1(c), the material recognition technology can be uti-
lized to detect the thickness of the hull paint coating, which means that 
the detection of hull paint coating can be completed by robots. As shown 

in Fig. 1(d)–(f), the material recognition technology can be utilized to 
recycle cultural relics, salvage wrecks, and capture marine organisms. 

At present, there are two kinds of mature technologies in the field of 
material recognition. One is acoustic spectrum formant recognition 
technology [2], the other is optical underwater material recognition 
technology based on polarization imaging [3]. Both of them enable 
rapid and secure material recognition. The optical underwater material 
recognition has the advantage of high sensitivity, especially in dis-
tinguishing between metals and non-metals. However, due to the 
complexity of the underwater environment, the difficulty of extracting 
feature parameters increases. Besides the complex databases and pro-
cedures of these recognition techniques, the equipment has the disad-
vantages of being expensive, difficult to operate and maintain. Clearly, a 
low-cost, easy-operation and easy-to-maintain technique is required in 
the field of underwater recognition. Nowadays, underwater material 
recognition is only well established in the field of optics and acoustics. 
Although there is a thermal tactile recognition technique in the field of 
thermodynamics based on heat conduction theory, it is rarely applied 
underwater [4]. 

Thermal tactile recognition technology was first proposed by Katz 
[5]. According to Katz, the sensory perception of cold and hot was the 
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key judgment factor in human’s recognition of the materials contacted. 
Many researchers have focused on the subject of material recognition by 
imitating human senses. For example, Havenith found that the thermal 
conductivity of materials could directly affect the cold and hot felt by a 
human in contact with materials [6]. The research of Mills showed that 
when two types of materials contact each other, the temperature of the 
contact surface only depended on the inherent properties of the material 
if the size remained unchanged [7]. Sarda found that the size of the 
contact object could affect the temperature curve by experiments [8]. 
With the development of the theory, the researchers have designed 
prototypes to verify the recognition effect under the guidance of the 
theory. 

Recently, factors such as pressure and thermal resistance have been 
considered by some researchers to improve recognition accuracy in the 
field of thermal tactile recognition [9]. Others have prioritized the 
design and data processing of the thermal tactile recognition device to 
improve recognition accuracy [10]. 

Based on the theory of thermal tactile technology and the previous 
research of our team in the field of Thermoelectric Generator (TEG) 
[11–17], a theoretical model for material recognition based on the 
thermoelectric effect of Micro Thermoelectric Generator (MTEG) is 
proposed in this paper. The theoretical model focuses on the MTEG 
voltage curves to realize material recognition. The MTEG voltage curves 
are easier to observe and have obvious characteristics. A prototype 
based on this theoretical model is proposed, which can recognize three 
typical material types underwater by comparing the voltage curves. The 

prototype has the characteristics of small volume, high sensitivity, easy 
maintenance, low cost, and good adaptability. Moreover, in combina-
tion with the flexible contact surface, the recognition effect of the pro-
totype is improved. 

2. Theoretical model and prototype design 

Fig. 2 shows the schematic diagram of heat transfer for the theo-
retical model. Based on the heat conduction theory, the thermal tactile 
recognition principle and MTEG functional principle, the heat conduc-
tion process of the theoretical model is shown in Fig. 2(a). 

In application, the Heat source unit can be a human or a common 
lithium battery pack. However, to get ideal and stable recognition re-
sults in the experiment, the Peltier unit (PU),which can control tem-
perature stably, is employed as the heat source unit. In order to maintain 
the stability of the PU temperature, the cooling unit is connected to the 
hot end of the PU to absorb the excess heat from it. The heat transfer 
power in the PU satisfies the following equation: 

Q = IπPN (1)  

πPN represents the Peltier coefficient of the material; I represents the 
current, and Q represents the exothermic power of the PU. 

Through a thermodynamically tight fit, the hot end temperature of 
the PU is the same as that of the MTEG as the PU operates steadily. The 
cold end temperature of PU is tP.cool and the hot end temperature of the 

Fig. 1. Application prospect of material recognition device in ocean engineering typical manipulator with recognition device (b) i) recognition device, ii) contact- 
side magnification of recognition device (c) detect bottom of the hull (d) recycle relics (e) salvage wreck (f)grab marine organism. 
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PU is tP.hot when the PU works stably. According to the second law of 
thermodynamics, the heat transfers from the hot end of the PU to the 
cold end of the PU, and the heat transfer power satisfies the equation: 

QP =
λPAP（tP.hot − tP.cool）

δP
(2) 

The subscript P represents PU, λ represents the thermal conductivity 
of the material, A represents the area of the thermal conductive layer, 
and δ represents the thickness of the thermal conductive layer. 

Similarly, according to the second law of thermodynamics, the heat 
transfer power from the hot end of the MTEG unit to the cold end of the 
MTEG unit satisfies the equation: 

QB =
λBAB（tB.hot − tB.cool）

δB
(3) 

The subscript B represents the MTEG unit. 
The cold end of the MTEG unit comes in contact with the object. Due 

to the volume difference between the MTEG unit and the object in 
application scenarios, it is assumed that the environment does not affect 
the heat transfer from the cold end of the MTEG unit to the contact 
surface. Once the heat is transferred to the contact surface, a part of the 
heat is transferred along the vertical direction of the contact surface as 
Fig. 2(b)shows. The other part is transferred along the parallel direction 
of the contact surface as shown in Fig. 2(c). 

As shown in Fig. 2(b), the thickness of the thermal conductive layer 
on the contact surface is defined as infinitesimal, and dδ is utilized to 
denote it. The heat transfer of dδ satisfies the equation: 

Qm =
λmА（tm1 − tm2）

dδ
(4) 

The subscript m represents the material of the object. 
The transferred heat leads to elevating the temperature of the contact 

surface which means the temperature of the space Adδ rises. Because of 
equation M = ρV and V = Adδ, the rising temperature satisfies the 
equation[18]: 

ΔTm =
Qm

ρmcmAdδ
=

λm(tm1 − tm2)

ρmcm(dδ)2 (5)  

ρ represents the density, c represents the specific heat capacity, and M 
represents the mass. 

As Fig. 2(b) shows, when the contact surface is heated, the heat is 
transferred along both the vertical direction and parallel direction of the 
contact surface inside the material. 

The heat transfer power equation of the infinitesimal heat conduc-
tion layer dδ perpendicular to the contact surface is similar to the Eq. (4). 
The temperature difference (tm1-tm2) in the equation can be replaced by 
△Tm: 

Qm1 =
λmАΔTm

dδ
(6) 

The rising temperature of Adδ is: 

ΔTm1 =
Qm1

ρmcmAdδ
=

λmΔTm

ρmcm(dδ)2 (7) 

The heat transfers in the parallel direction of the contact surface as 
shown in Fig. 2(c). The rectangular heat conduction layer is taken as the 
subject, with the length of L and the width of W. 

The heat transfer power equation along the vertical direction of L is: 

Fig. 2. Schematic diagram of heat transfer (a) heat conduction process (b) front view of MTEG Unit contacting Material (c) vertical view of MTEG Unit contacting 
Material (d) thermal resistance without flexible contact surface (e) thermal resistance with the flexible contact surface. 
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QmL =
λmALΔTm1

dδL
=

(λm)
2ALΔTm

ρmcmdδL(dδ)2 (8) 

AL = Ldδ, dδL is the thickness of the infinitesimal heat conduc-
tion layer along the vertical direction of L. 

The rising temperature of ALdδL is: 

ΔTmL =
QmL

ρmcmALdδL
=

(λm)
2ΔTm

(ρm)
2
(cm)

2
(dδL)

2
(dδ)2 (9) 

Similarly, the heat transfer power equation along the vertical di-
rection of W is: 

QmW =
(λm)

2AW ΔTm

ρmcmdδW(dδ)2 (10) 

AW = Wdδ, dδW is the thickness of the infinitesimal heat con-
duction layer along the vertical direction of W. 

The rising temperature of AWdδW is: 

ΔTmW =
(λm)

2ΔTm

(ρm)
2
(cm)

2
(dδW)

2
(dδ)2 (11) 

In the theoretical model, the heat continues to transfer along the 
above directions, and each subsequent infinitesimal heat conduction 
layer has the above three directions of heat conduction. However, 
considering there is a huge difference in volume between the material 
and the MTEG unit, the contact between the MTEG unit and the material 
can be equivalent to that between the MTEG unit and a semi-infinite 
plate. While in the contact of the semi-infinite plate, only a part of the 
material has a temperature change, and the rest remains unchanged 
[20]. The effect of subsequent heat conduction on the results can be 
ignored since the temperature is unchanged. Therefore, only the heat 
transfers through the three directions mentioned above are calculated. 

Therefore, the heat absorption power of the material is: 

Qsum = Qm +Qm1 +QmL +QmW (12) 

The Qsum comes from the cold end of the MTEG unit. According to the 

first law of thermodynamics, the cold end releases the same heat as Qsum. 
The cold end temperature drops as a result of the heat release, and the 
dropping temperature satisfies the equation: 

ΔTcool = −
Qsum − QB

ρcoolccoolAδcool
(13) 

The subscript cool represents the cold end of the MTEG unit. 
The variation of the cold end temperature changes the temperature 

difference of the MTEG unit. And through the MTEG unit, the temper-
ature difference is converted into a voltage, which satisfies the equation: 

V = S（Thot − Tcool） (14) 

S represents the Seebeck coefficient of MTEG, and the subscript hot 
represents the hot end of the MTEG unit. 

Finally, the relationship between thermal conductivity and voltage is 
obtained: 

ΔV =
S(λmδB（tm1 − tm2）(A(ρm)

2
(cm)

2dδLdδW(dδ)2
)

ρcoolccoolAδcool(ρm)
2
(cm)

2dδLdδW(dδ)3δB

+
SλmρmcmAdδLdδW

ρcoolccoolAδcool(ρm)
2
(cm)

2dδLdδW(dδ)3δB

+
SλBAB(tShot − tScool)((ρm)

2
(cm)

2dδLdδW(dδ)3δB)

ρcoolccoolAδcool(ρm)
2
(cm)

2dδLdδW(dδ)3δB

(15) 

In the Eq. (15), λB, AB, ρcool, ccool, A, δcool, δB, and S are all built-in 
parameters of the MTEG unit and the PU. tB.hot and tB.cool are the tem-
peratures of the MTEG unit’s hot end and cold end. After setting the 
experimental conditions, the above parameters are invariants. In addi-
tion, although the fact (tm1-tm2) gradually decreases after the device 
contacts the material, the variation can be ignored because of the short- 
term experiments. Therefore, the variables that affect △V are dδL, dδW, 
dδ, ρm, cm and λm. Because of the size difference, the influence between 
MTEG unit and material can balance each other. Hence dδL, dδW, dδ, ρm, 
cm can be ignored. Finally, △V is exclusively related to λm, which is the 
inherent property of the material itself. 

Therefore, it is feasible to distinguish different materials by the 
variation of voltage. Besides, according to the Eq. (15), the built-in 

Fig. 3. The prototype and working principles (a) thermoelectric effect (b)temperature difference-voltage diagram (c) explosive view of prototype (d) prototype 
model (e) real photograph of prototype (f) prototype in working. 
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parameter S of the MTEG unit can also affect △V. By optimizing the 
MTEG unit to improve S, the variation of voltage can be more obvious, 
and the effect of material recognition can be improved. 

Based on the above theoretical model, while the contact surface 
between the cold end of the MTEG unit and the material is non-ideal, the 
contact area A in Eq. (15) is no longer an invariant. Thus, the inde-
pendent variable for △ V increases to two independent variables, which 
are contact area A and material’s thermal conductivity λm. In practice, 
the contact surface is usually non-ideal. Hence, recognition errors may 
happen due to the variation of contact area A caused by non-ideal 
contact surface. This conclusion is also verified in the following exper-
imental studies. The flexible contact surface is employed to reduce the 
impact of contact area A on the recognition results. As seen in Fig. 2(d) 
and (e), the presence or absence of a flexible contact surface has a sig-
nificant effect on thermal resistance. 

The prototype and working principle are shown in Fig. 3. The pro-
totype can be divided into the temperature control module, the MTEG 
module, and the heat transfer enhancement module three parts respec-
tively. Among the three parts, the temperature control module corre-
sponds to the PU in the theoretical model and the MTEG module 
corresponds to the MTEG unit in the theoretical model. The MTEG 
module is produced as a function of the thermoelectric effect, as shown 
in Fig. 3(a). When there is a temperature difference between the n-type 
semiconductor and the p-type semiconductor, the electrons are acti-
vated to transfer. With the transfer of electrons, a difference of electric 

potential occurs between the cold end and hot end. As shown in Fig. 3 
(b), the sensitivity of the recognition module is approximately 72 mV/K. 

The schematic of the prototype is shown in Fig. 3(c) and (d). The real 
photograph of the prototype is shown in Fig. 3(e) and (f). From top to 
bottom, the prototype is composed of the temperature control module, 
the MTEG module, and the heat transfer enhancement module. The 
prototype is wrapped with nylon fiber, which is robust and waterproof 
for adapting to the underwater environment. The temperature control 
module is utilized to maintain the hot end temperature of the MTEG 
module constant, and the MTEG module is utilized to recognize the 
material by feeding back voltage curves to the monitoring terminal. The 
heat transfer enhancement module, composed of the flexible contact 
surface, is utilized to optimize the recognition accuracy. The flexible 
contact surface is made of a material with both thermal conductivity and 
flexibility. The thermal conductivity exceeds 7 W/(m⋅K), the elastic 
modulus is 0.52Mpa, and the maximum compression ratio is 0.37. The 
prototype size is smaller than 40 mm × 40 mm× 60 mm to ensure the 
easy installation of the prototype in the manipulators. 

3. Experiments and analysis 

A series of experiments are performed to verify the theoretical model 
and test the performance of the prototype. Considering the potential 
heat source of the device, the heat source temperatures are set at 309 K 
and 323 K. Among them, 309 K is set to simulate the temperature of 

Fig. 4. Experimental system 1. the DC power source, 2. the data acquisition device, 3. the monitoring terminal, 4. the prototype, 5. the heat transfer enhancement 
module 6. human body, 7. marine steel with paint coating, 8. reef, 9. marine steel, 10. manipulator. 
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humans as the heat source, 323 K is set to simulate the temperature of 
the lithium battery pack as the heat source. Moreover, experiments at 
different temperatures can also examine whether the recognition results 
are identical under different working conditions. Depending on the 
application of the prototype, the recognized materials can be divided 
into three typical categories: thermostatic animals, non-metal materials 
and metal materials. Among them, the reef and marine steel are widely 
distributed in underwater salvage and underwater monitoring applica-
tion, while the human is the focus of underwater rescue. Once these 
three types of materials can be recognized, it is enough to meet the 
demands of most underwater recognition scenarios. Besides, during the 
recognition marine steel, a group of experiments is added to detect 
whether the prototype can recognize the paint coating thickness of the 
marine steel surface. 

The experimental system is shown in Fig. 4. In the experiment, the 
DC power source is employed to provide energy for the temperature 
control module. The function of the data acquisition system is to monitor 
the hot end temperature of the MTEG module. Once the temperature 

displayed on the data acquisition system mismatches the set tempera-
ture, the DC power supply should be adjusted until the displayed tem-
perature is within ± 1 K, close to the temperature setting in the 
experiment. The function of the monitoring terminal is to record the 
voltage curves obtained from the MTEG module. The experiments are 
carried out in a flume filled with water, and the temperature of the water 
is adjusted according to the demand of the experiments. Ideally, the 
prototype should be installed in the manipulator. But during the ex-
periments, the prototype is moved manually to contact or separate from 
the object. The experimental process is shown in Video.1. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.sna.2022.113503. 

Considering the application scenario of the prototype is underwater 
and the annual average temperature of the Pacific, the largest and most 
important ocean, is 292.1 K. Moreover, the annual average water tem-
perature at a depth of 1000 m is 277–278 K and the seawater temper-
ature decreases with the depth. Assuming the prototype works at a depth 
of 100 m in the Pacific Ocean, the water temperature is set at about 

Fig. 5. The voltage curves under the condition of rigid contact with 309 K heat source temperature (a) voltage curves of different materials (b) voltage curves of the 
reef with different surface roughness (c) voltage curves of marine steel with different surface roughness (d) voltage curves of marine steel with different 
paint thickness. 
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283 K [19]. 
According to the existing research, a smooth or rough contact surface 

greatly affects the recognition effect of thermal tactile recognition [20]. 
The theoretical model proposed in this paper also makes it clear that the 
contact area can influence the recognition effect. Therefore, this paper 
also studies the influence of surface roughness on the recognition effect. 
When selecting the material, the same material with different surface 
roughness is selected. For example, when selecting marine steel, marine 
steel with surface roughness of Ra3.2, Ra6.3 and Ra12.5 is selected. The 
larger the Ra coefficient, the rougher the surface. Among them, the 
marine steel of Ra3.2 is utilized to represent the marine steel that has not 
been eroded by seawater. The marine steel of Ra6.3 is utilized to 
represent the marine steel eroded by seawater. The marine steel of 
Ra12.5 is clearly visible with various bulges and is utilized to represent 
the marine steel which has been eroded by seawater for a long time. In 
addition to materials selection, several groups of comparative experi-
ments are carried out, which can be divided into rigid contact groups 
and flexible contact groups. The difference between the two groups is 
whether the flexible contact surface is added to the prototype. The 
flexible contact surface can theoretically reduce the influence of rough 
contact surface on recognition. The purpose of these experiments is to 
study whether the flexible contact surface can optimize the recognition 
effect. Due to the flexibility of biological skin, the influence of biological 
skin surface roughness on recognition can be ignored, so no comparative 
experiment is conducted on humans. 

(1) Experimental data and analysis of heat source temperature sets at 
309 K: 

3.1. Rigid contact groups 

Fig. 5 is the voltage curves under rigid contact with the heat source 
temperature at 309 K. It can be seen from Fig. 5(a) that the voltage 

curves recorded by prototype after contacting the human, reef and 
marine steel have obvious characteristics respectively. Because the 
thermal conductivity of marine steel exceeds that of water, the heat 
transfer at the cold end of the MTEG unit is strengthened, resulting in the 
temperature drop of it. Therefore, the temperature difference between 
the cold and hot ends of the MTEG unit increases, and the voltage curves 
rise. While the cold end of the MTEG unit drops to a certain temperature, 
the heat transfer reaches an equilibrium, and the voltage curves tend to 
be parallel. The thermal conductivity of the reef is slightly inferior to 
that of water. Therefore, when the prototype just contacts the reef, 
though the water disturbance leads to a slight rise in the voltage curves, 
the voltage curves decline soon after the water disturbance subsides. As 
for human, though the thermal conductivity of human is not much 
different from that of water, human is a kind of constant temperature 
animal, and the temperature of the human body is almost the same as 
that of heat source. The temperature difference between the cold end 
and the hot end decreases rapidly, and the voltage curves also decline 
significantly. In the descending order of the voltage curves of three types 
of materials is marine steel > reef > human, and in the order of the 
voltage peak value is marine steel > reef > human. And it can be seen 
from Fig. 5(a) that when the time is at 2 s, the difference between the 
voltage curves of three types of materials is enough for recognition. 
Therefore, in the condition of heat source temperature at 309 K, the 
prototype can recognize different materials by comparing the voltage 
curves. 

As shown in Fig. 5(b) and (c), the voltage curves of marine steel with 
a different surface roughness all gradually rise to a certain limit value 
and then tend to be stable. The voltage curves of the reef with different 
surface roughness both first slightly rise due to water disturbance, and 
then show a downward trend. However, the voltage curve of the same 
material varies with changes in the surface roughness. The roughness of 
the material affects the voltage curves, and the higher the thermal 

Fig. 6. The voltage curves under the condition of flexible contact with 309 K heat source temperature (a) voltage curves of different materials (b) voltage curves of 
the reef with different surface roughness (c) voltage curves of marine steel with different surface roughness (d) voltage curves of marine steel with different 
paint thickness. 
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conductivity of the material, the more obvious the variation is. 
Evidently, the variation leads to the decline of recognition accuracy. 

It can be seen from Fig. 5(d) that the voltage curves reflect the 
thickness of the paint coating layer. Therefore, the thermal conductivity 
of the marine steel surface is affected after the paint coating is applied. 
Eventually, this causes the variation of the voltage curves. Once this 
phenomenon is regular and general, the voltage curves can be utilized to 
recognize the thickness of the marine steel surface paint coating. Spe-
cifically, it can be applied to the detection of ship paint. By applying this 
technology, robots can assist workers in doing hull detection. 

3.2. Flexible contact groups 

Fig. 6 is the voltage curves under flexible contact with heat source 
temperature at 309 K. It can be seen from Fig. 6(a) that the initial 
voltage value of voltage curves has increased compared to that in Fig. 5 
(a). The reason is that after installing the flexible contact surface at the 
cold end of the MTEG unit, the heat transfer at the cold end is improved, 
so the initial temperature difference between the cold end and the hot 

end of the MTEG unit is increased. With regard to marine steel and reefs, 
the difference in voltage value due to the difference in surface roughness 
is decreased. The reason is that the surface roughness has a positive 
correlation with the thermal resistance in the contact process. As for 
humans, the recognition voltage curves are slightly affected and are still 
in a rapid decline trend similar to those in Fig. 5(a). Although the three 
types of materials’ voltage curves are all affected by the flexible contact 
surface, in the descending order of voltage curves is still marine steel 
> reef > human, and in the descending order of the voltage peak value is 
still marine steel > reef > human. The difference of three voltage curves 
is also obvious at about 2 s. Therefore, the flexible contact surface does 
not degrade the material recognition effect. 

It can be seen from Fig. 6(b) and (c) that the variation among the 
voltage curves of the same material under different surface roughness 
conditions is significantly reduced. It indicates that the flexible contact 
surface can optimize the material recognition effect. 

According to Fig. 6(d), after the prototype is installed with the 
flexible contact surface, the voltage curves of marine steel with different 
paint coating thicknesses are still significantly different, and the trend is 

Fig. 7. The voltage curves under the condition of flexible contact with 323 K heat source temperature (a) voltage curves of different materials (b) voltage curves of 
the reef with different surface roughness (c) voltage curves of metals with different surface roughness (d) voltage curves of paint metals with different thickness. 
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similar to that with rigid contact. Therefore, the flexible contact surface 
does not affect the possibility of recognizing the paint coating thickness 
on the marine steel surface. 

3.3. Experimental data and analysis of heat source temperature sets at 
323 K 

Based on the optimization effect of the flexible contact surface on the 
prototype confirmed by the previous experimental results, the flexible 
contact surface is employed in the subsequent experiments. 

Fig. 7 is the voltage curves in flexible contact with heat source 
temperature at 323 K. It can be seen from Fig. 7(a) that the voltage 
curves of the three types of materials are similar to those in Fig. 6(a). The 
voltage curves of marine steel are still stable after rising to a certain 
limit; the voltage curves of reef material are still parallel after an initial 
slight rise; the voltage curves of humans are still rapidly declining. In the 
descending order of voltage curves is still marine steel > reef > human, 
and in the order of the peak voltage value is still marine steel > reef 
> human. Obviously, the material recognition ability of the prototype is 
not affected by the variation of heat source temperature. It can be seen 
from Fig. 7(b) and (c), that for the same material, the voltage curves of 
different surface roughness remain within the acceptable error range. It 
means that the flexible contact surface can play an important role in 
optimizing recognition even when the temperature difference increases. 

As shown in Fig. 7(d), the voltage curves of marine steel with 
different paint thicknesses are still different from each other, and the 
characteristics of the voltage curves are also significant. Therefore, this 
prototype is able to detect whether the bottom of the hull is rusty or 
attached by marine plants, which is a very promising application. 

4. Conclusions 

In this paper, a material recognition theoretical model based on the 
MTEG is proposed, and a prototype is designed to verify the theoretical 
model. The prototype can recognize thermostatic animals, non-metal 
materials and metal materials in approximately 2 s underwater. The 
prototype is compact in size, convenient in maintenance, and inexpen-
sive. Besides, by applying the flexible contact surface, the recognition 
accuracy of the prototype is improved. In addition, the voltage curves 
recorded by prototype have an application prospect of recognizing the 
paint coating thickness of the marine steel. With the optimization of the 
MTEG and the enhancement of algorithm function, the material recog-
nition device guided by this technology can not only recognize more 
types of materials, but also accurately recognize the proportion of 
different substances in materials. 
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