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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.
[11.

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

* Correspondence to: Department of Marine Engineering, Dalian Maritime University, Dalian, Liaoning Province, China.

E-mail address: liu_changxin@dlmu.edu.cn (C. Liu).

https://doi.org/10.1016/j.sna.2022.113503

Received 18 November 2021; Received in revised form 10 February 2022; Accepted 6 March 2022

Available online 11 March 2022
0924-4247/© 2022 Elsevier B.V. All rights reserved.


mailto:liu_changxin@dlmu.edu.cn
www.sciencedirect.com/science/journal/09244247
https://www.journals.elsevier.com/sensors-and-actuators-a-physical
https://doi.org/10.1016/j.sna.2022.113503
https://doi.org/10.1016/j.sna.2022.113503
https://doi.org/10.1016/j.sna.2022.113503
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2022.113503&domain=pdf

C. Liu et al.

(@)
((Byuidarvater imelligént

\ Material recognition sensorl

P v —— — — — — — —

Sensors and Actuators: A. Physical 339 (2022) 113503

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.

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:

0 = lnpy (€]

npy 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 oo and the hot end temperature of the
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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.

PU is tppor 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:

~ ApAp (tphor = tp.cool )

Or 5

(2)
The subscript P represents PU, 1 represents the thermal conductivity
of the material, A represents the area of the thermal conductive layer,
and 6 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:

_ 2848 (tBhor — tBcool )

o 5

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 dé is utilized to
denote it. The heat transfer of d§ satisfies the equation:

7/‘LmA ( Imi — I )

Q})‘l d 6

G

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 Ad6 rises. Because of
equation M = pV and V = AdS, the rising temperature satisfies the
equation[18]:

Qm /Im(lml - th)

AT, = =
PuCnAdS — p c,(d6)

)

p represents the density, ¢ 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 dé perpendicular to the contact surface is similar to the Eq. (4).
The temperature difference (t,;-tn2) in the equation can be replaced by
AT

_ 2.AAT,

le - T (6)

The rising temperature of Ads is:

le _ lmATm
PuCnAdS  p,,c,(d5)’

AT, = @)
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:
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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.

ImALAT, An) ALAT,,
0y = PrAAT ) AL : ®)
doy, PnCndd1.(dS)
A, = Ldé, ds; is the thickness of the infinitesimal heat conduc-

tion layer along the vertical direction of L.
The rising temperature of A, dé;, is:

Ot (4n)’AT,,

AT, = =
T pucnALddL (p, ) (cn)*(d6,)*(d0)’

©)

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

) AwAT,,
Qpuy = ) A AT, 10)
pmcmdéw(dé)
Ay = WA, déy is the thickness of the infinitesimal heat con-

duction layer along the vertical direction of W.
The rising temperature of Ay dSy is:

(AM)ZATW
(P)* (cn)*(dow)* (d5)’

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 = Om + Ot + Oz + Ouw
The Qgm comes from the cold end of the MTEG unit. According to the

ATy = (1)

(12)

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

qum - QB

AT, = — Lo = Q8
Peoot cwulA 5mul

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 ( Thol - 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:

 S(Andp (twr — tua ) (A(p,,)* (cn)*d5.dSw (dB)?)
C PeniCeooiABeont(p,) () dSLdBw (d5)’ 55
. SAmp pCmAdS dSy
' PeoniCeontABeont () (Cn ) dS, 5y (D) 5
| SABA(tshor — tscoot) (P )’ (cn)d5ddv (d8)*55)
‘ P cootCeoolABecool (pm )2 (Cm ) 2d‘sLdéW (dﬁ) ’ Op

In the Eq. (15), 4B, AB, Pcools Ccools A, Scools 98, and S are all built-in
parameters of the MTEG unit and the PU. tg o and tg o0 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 (tyi-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 AV are dog, dsw,
ds, pm, cm and A,. Because of the size difference, the influence between
MTEG unit and material can balance each other. Hence d&, dsw, d5, pm,
¢m can be ignored. Finally, AV is exclusively related to An, 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

AV

(15)
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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.

parameter S of the MTEG unit can also affect /AAV. 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 /\ Vincreases to two independent variables, which
are contact area A and material’s thermal conductivity A,. 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 x 40 mmx 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
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paint thickness.

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 + 1K, 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
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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 Ral2.5 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
Ral2.5 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
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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
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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
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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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