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ABSTRACT: Monitoring the crew of a ship can be performed by S e

combining sensors and ani@l intelligence methods to process | cmetiste ) g«;: —,}1 £ @
sensing data. In this study, we developed a deep learning (DL)- == i Vocation

assisted minimalist structure triboelectric smart mat system f
obtaining abundant crew information without the privacy concer

identification monitoring
i |

B g . g g o . of Things

of taking video. The smart mat system is fabricated using ;& -
conductive sponge with drient lling rates and auorinated ; =

ethylene propylene membrane. The proposed dual-chan ) @ @

measurement method improves the stability of the gener . _ .

. . q q A — o gathering No access without|

signal. Comprehensive crew and cargo monitoring, including 5 people only permission

personnel and status idecdtion, as well as positioning and

counting functions are realized by the DL-assisted triboelectric smart mat system according to the analysis of instant sensory

Real-time monitoring of crews througéd and mobile devices improves the ability acidrey of handling emergencies. The
smart mat system provides privacy concerns andctimeeway to build ship Internet of Things and ensure personnel safety.
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INTRODUCTION unique walking gait, and it is conceivable to obtain relevant

Shipping is an important and international industry. kae'jgformation of a person from human stepping using tactile/

; ; contact sensors.
on ships may encounter ideats and face dangerous ; X
situations. Thus, the foundation of maritime safety is personneIT”boeleCtrIC nanogenerators (TENGs) based on the

safety:” Seafarers often face many uncertain risk factors whg&gnjunction of contact electration and electrostatic

: o : Mduction have been proven to enable a broad range of
working on board, such as asphyxiation in aesrcabin, iensing applications including tactile/contact sénsihg.

sudden iliness, and ship security issues. As the coronavi Gs have been demonstrated to have a low cost. simple
epidemic is raging around the world, the issue of ship epide I L " L SIMp
stfucture, easy fabrication, good scalability, and diversi

prevention and control has attracted increasing attention; ; ; 25 , ‘
Improving the monitoring level of a ship caactively material choicé$.?® A mat, as a small piece of thick carpet or

X . trong material that is used to cover part aoa can be
improve the safety level c_)f the ship and the sa_lfety sense of gce% at the door of almost all cabins gn a sr?ia[:; and the crew
crew. The Internet of Things (IoT), characterized by overa '

X ) > : : -will step on it when entering the cabin. Thus, combining mats
perception, reliable transmission, and intelligent processingy " TENG-based tactile sensors or designing a mat-type

E%Smt?iﬁii n t\r,1v<|ed|3)|1¥ V\l/JitSheghims t?%?:arl?e ;i%?”%fgff”;; ENG tactile sensor to detect foot-stepping information is a
9 P P P olution to realize self-powered, low-cost, and large-scale crew

of a large number of sensors can achieve Comprehensﬁ(gnitoring. Furthermore, the relevant information can be

monitoring of crews to ensure the safety of the crew and Shc%tained without privacy and obstructive issues, which can be

in an epidemic environment. further used to prevent the gathering of crew, ectiwe
Camera-based surveillance systems are the most com ns to avoid the spread of the virus. It is also of great

means of identifying personnel information and personne
status on board. However, high cost, complicated maintenarice — _
work, and personnel privacy concerns are the main reasoseived: April 1, 2022
that restrict their applicatiéh.Optical equipment such as /Accepted: May 12, 2022
infrared and laser scanners provide solutions without infringing

on personnel privaty:' However, the detection target is

easily blocked by obstacles, resulting in the loss of information

and discontinuous monitoritigEach person has their own
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signi cance to count the number of crew and keep track
their identities in the cabin for safety records and issuir
reminders.

Currently, most tactile/contact sensors can only recogni:

Living

for more complex personnel information recognition, thi
elementary perception function cannot be applied. To obta
personnel identtation and status information from sensor
data, advanced adial intelligence (Al) technologies based
on deep learning (DL)-assisted data analytics can be applie r 8 Conductive sponge

a personnel monitoring systéni’ As the fusion of Al and Smart mats ve S k
0T, an Al of things (AIoT% system can intelligently process SHEE (@ Conductive sponge
data obtained by senstts? By applying DL data analytics
to the sensory information, personalized authentication ai
object status can be ideet. A convolutional neural network
(CNN) can learn to extract vital features from the origina
sensing signals, which provides a way d@rgly analyze
audio, video, and image and provide a fast respons
Introducing Al technology into a mat-based crew monitorin
system is a way to realize personnel idatitin, personnel
status monitoring, and locating. AloT is a promising
technology to promote intelligent levels of crew monitoring

ship security, epidemic prevention systems, and maritir Crew People Abnormal state
safety identification counting monitoring

In this study, a DL-assisted smart mat system is developef e 1.pL-assisted triboelectric smart mat systems for seafarer
and investigated to monitor crew, and unauthorized persopnitoring and its applications. (a) Potential conceptual application
and to count the number of people in a cabin. This smart mat smart mats in the maritime industry. Enlarged views of (b) living
system is composed of several triboelectric-based smart mdin and (c) enclosed cabin where crews should be monitored for
units. Each smart mat unit is made of a conductive sponge amidemic prevention and personal safety. (d) Assembled triboelectric
a uorinated ethylene propylene (FEP) membrane. Consmart mats with ax32 arrangement, where the enlarged views show
ductive sponge electrodes withedint lling rates are the triboelectric layer fabricated by conductive sponge and FEP. (e)
designed by referencing the quick response (QR) code systefprking mechanism of the triboelectric smart mat unit. (f)
When a person steps on the parallel connected smart maté\PR/ications based on the AloT sensing system.
distinguishable and stable signal can be generated. By judging

the characteristics of the signal crest, the statistics of thggs 5 long conductive validity period, and the conductive
number of people in the cabin can be realized. The 5i9”|9érformance is not ected by temperature and humidity.
generated from a smart mat corresponds to a certain cab#f]ce the conductive sponge can be compressed, the
enabling location mapping on board. More importantlygeformation produced by eient people is dirent. This
identity and status information associated with walking gaisyits in a smart mat with a larger dynamic response range
patterns can be extracted from the generated signals using ihg higher sensitivity.Every smart mat unit is a contact
CNN model. Moreover, acquiring data from smart mats fogensor. The distinguished signals can be generated when a
analysis can save large amounts of computing resourg@$son steps on the three pairs of mats wiedit lling
compared to traditional camera-based idatitin processing rates. From a practical point of view, flieg rates of the
systems, and fast data analytics for real-time monitoring fHtee pairs of mats are 50, 70, and 90%.IMgrates of the

board can be achieved. conductive sponge are changed by punching holes%.5
mn?) in it. A photograph of the smart mats is shoviginre
RESULTS AND DISCUSSION S2a and the surface morphology images of the conductive
Structure and Working Mechanism of the Smart Mat. sponge and FEP membrane are showigime S2b

Whether a crew member is in a living cabin of the When a person steps on the smart mat unit, as shown in
accommodation decki¢ure b) or an enclosed cabiRifure Figure &, a triboelectric signal is generated by the contact of
1c) of the engine room, the personnel state needs to ke FEP and the conductive sponge according to the
monitored for safety reasofigjure & shows the application triboelectric contact-sepaon mechanism. The detailed
scenario of the smart mat system. The proposed smart mats¢barge generation process is showigime S3In the initial

crew comprehensive monitoring are shotigime @, where state, the sponge isu y. The conductive sponge is

the enlarged views show a schematic of the conductive spongmpressed when a person steps on the smart mat unit. The
and the triboelectric layer of the smart mat, which is composedntact area between the FEP and conductive sponge is
of a conductive sponge and FEP membrane. The dimensidnsreased; thus, an electric signal is generated. The triboelectric
of the mat unit with derent lling rates are shownfingure contact sensor (smart mat unit) can be treated as a variable
S1 The mat is encapsulated in a polyvinyl chloride membramapacitor model, in which the open-circuit voltage can be
for waterproong and cleaning. Aexible and elastic expressed a5.= Q/C, whereQ is the charge generated by
conductive sponge is used as the substrate and electrocientact electrcation, andC is the equivalent capacitance of
This makes the smart mat have the same cushioning capatlity smart mat unit. The parallel-connected smart mat units
as an ordinary door mat. Meanwhile, the conductive spongbare the same equivalent capacitance in the output generation.

B https://doi.org/10.1021/acsami.2c05734
ACS Appl. Mater. InterfacEXXX, XXX, XXXXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05734/suppl_file/am2c05734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05734/suppl_file/am2c05734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05734/suppl_file/am2c05734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05734/suppl_file/am2c05734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05734/suppl_file/am2c05734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05734/suppl_file/am2c05734_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c05734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces WWW.acsami.org

Q150 b 150 C1s0
—— 50% filling rate —— 70% filling rate . _SL";.&"?(")“OT“ Right foot
—~120 Left foot Right foot —~120 Left foot Right foot —~120{ E S W N E g N
S s S
@ 90 ® 99{ E S W N E S W N @ 90
g g g
= 60 = 60 = 60
5 ESWNESWN/|TJ 5
> 30 > 30 ’ > 30
OMIMMMMIM ol oL
10 20 30 40 50 60 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s) Time (s)
d —— e 20 f 16
ith shoes e
100 [ With cotton socks Walk 144~ ll:; /
—_ [ Barefoot < — ——U3 ed
s 80 > 10 Sl -uw /‘//1
) i
@ 60 o . 3
.QSP g0 EF 10 — /f/
S 40 ° S8l
> > 10 > -
20 50% 70% 90% 50% 70% 90% 6{ ¥
0 -20 4
50% 70% 90% 0 10 20 30 40 50 50% 70% 90%
Filling rate Time (s) Filling rate

Figure 2.Characteristics of the smart mat unit. The voltage signals generated by repeatedly stepping on the smart mat unit (from four directi
with left and right foot) with electrodiéing rates of (a) 50, (b) 70, and (c) 90%. (deEt of dierent step materials worn by the same user on

the average output voltage. (eg& of a user walking and running on the output of the voltage of the smart mat urérevithliig rates. (f)

E ect of dierent users on the output voltage of a smart mat unit.
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Figure 3.Output characteristics of the mat unit series and parallel. (a) Schematic diagram of six smart mat units connected in series and t
output characteristics. (b) Schematic diagram of six smart mat units connected in parallel and their output characteristics. (c)@faracteristics c
generated signals byetient users walking forward and backward.

In this regard, derent magnitude signals can be generated bgnvironmental factors. The output voltage signal frererti
di erent lling rate mat units. The highdling rates of the lling rates of the smart mat unit is measured by stepping on
conductive sponge correspond to a larger contact area wheth@ mat repeatedly by both the right and left feet in four
person is stepping on the smart mat, which results in mocdirections. The output voltage signals are shdviguire 2
charge being generated. By integrating a CNN, counting which represent that highdling rates result in higher
module, location module, and communicating module, theutputs. Experiments on a user withemint stepping
smart mat system can be applied on board for personmelaterials are conducted. As showhignre @, the output
comprehensive monitoring and epidemic prevention functionsmltage shows a similar increment trend and average
as shown irigure 1. magnitude. This indicates that if a person steps on the mat,
Characteristics of the Smart Mat Output and the mat sends out a signal without beiagtad and restricted
Connection Method. The stability of the output signal is by the stepping material. People walking or running across the
an important parameter of the smart mat. Theoretically, thmat apply dierent accelerations to the mat. Accordlng to the
output of the smart mat will not beeated by external results of Pang et®4land Chen et al’ there is a linearly

C https://doi.org/10.1021/acsami.2c05734
ACS Appl. Mater. InterfacEXXX, XXX, XXXXX


https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05734?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c05734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces WWw.acsami.org Research Article

N0 0
dats | MCU signal Fixed-end
analysis monnovlng monitoring
20 % Mobile
a ; i Traini Personnel

5 Step L2 o e e '"°"'*°""9
S
;10 | \ 2channels 32fiters 64 filters 1zsmers 256 filters
& s | \ 25 Thes. g Flatten °
= "\ ‘\ %’ 8 )
) B e e A e R N 3 bt 0]
=10 (ii) (iii) \/ '"”“' e o

-5 2ave \ Leave R 7Y

10 L2 Conv_1 Max- CONV_2 pay. Conv_3 o Conv_4 Max- - ©

0 1 2 3 4 5 6 7 Pooling_1 Pooling_2 Pooling_3 Pooling_4
Time (s)
d e
100 — 100
alim —F

— 801 — 80

> 60 > 60

o [}

e e

S 40 S 40

Q o

o o
< 20 < 20

01+ v 0 . 6% | 1% 129%| 67% | 12% 152%
1 2 3 4 5 6 2 5 7 9
. . UT U2 U3 U4 US U6 U7 U8 U9
Randomly selected in 9 groups Group size (Users) Predicted class

Figure 4.Smart mats integrated with a DL module for data analytics. (a) Real-time trajectory tracing and position sensing. (b) Schematic diag
of the smart mat monitoring system for personnel ickgian. (c) Detailed structure of the CNN training model. (d) Glatish accuracy of

six groups withve randomly selected users. (e) Cleet#hn accuracy of four data sets with group size increasing from 2 to 5, 7, and 9 users. (f)
Confusion matrix for personnel ideg#tion of nine users.

proportional relationship between the acceleration and thehown inFigure B. A positive pulse is generated from
output voltage. As shownFigure 2, running on the smart stepping on smart mat unit R1, while a negative pulse is
mat unit shows a higher output and frequency than walking @enerated when stepping out of R1, as depidtégLie B.

it. Smart mats can also be adopted to monitor the activity of@imilarly, the same signal waveform can be produced in the
person as derent activities have distinguishable output signaktepping motion on L2 and R3. A more stable voltage signal
on the overall magnitude and frequency. Due to the unstabtan be generated by utilizing the parallel dual channel
output of the smart mat, a regulating circuit is applied taneasurement method, which is conducive to subsequent signal
stabilize the output voltage of the mat. A stable and cleanalysis and processing. This measurement method is used in
electrical signal is more conducive to subsequent processsudpsequent experiments. Each pensaiking gait is dérent,

and DL module training. Detailed information on theand the signal generated by each person stepping on the mat is
regulating circuit is shown kfgure S4 Four persons of also dierent. As shown iRigure 8, the output signals from

di erent weights and genders are selected as test subjetiteee persons walking forward and backward on the smart mats
Their weights are 50, 65, 70, and 75 kg. When each user staps obviously dérent. Identity information associated with

on mat units with derent lling rates, the mat outputs a signal walking gait patterns can be extracted from the output signals

with obvious discrimination, as depictedrigure 2 A using the CNN. Simultaneously, according to the increment
distinguishable and stable signal can be generateerégtdi  decrement trend of the waveform, people entering or leaving a
users stepping on the mat. cabin can be idenéid to realize the function of counting the

Six smart mat units with thrdéng rates are used to make number of people in the cabin. The dimension of the smart
up a smart mat array. As showhigure &, the six mat units mat unit is small, making it impossible for two people to step
are numbered, and the shade of the color is used to indicair it simultaneously. Even if two people step on the smart mats
the lling rate. With the series connection of the six fabricateat the same time, as long as they walk through one by one, they
smart mats (50, 70, and 90%) to form a minimalist outputan be counted by the smart mat by analyzing the
channel, the output from the smart mat arragtidested by  characteristics of the generated signal.
walking across the smart mats with two cases, that is, right fooDL-Based Data Analytics.Al has made great progress

rst and left foot rst. Since stepping on two mats with two thus far. The AloT broadens the concept of the IoT at the
feet at the same time may cancel out the charges generateagpplication level. It also gives the loT the ability to make
the mats and overlap the voltage signal, the signal beconmslligent decisions and automatic control at the sant& time.
unstable, as shownFigure a. It is not reasonable to use a As a pillar industry of global trade, the shipping industry
series connection method here. However, it can be seen fraombined with Al will inevitably bring leap-forward progress to
the signal graph that the signals generated by the mats with the traditional industry. A smart mat system integrated with a
same lling rate are roughly the same. CNN can achieve the goal of personnel icetibn. As

To promote the output signal of the smart mats, the parallehentioned above, each person has a unique walking gait
dual-channel measurement is utilized and investigated, pdtern. A signal with a unique feature can be generated by
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Figure 5.Application of the smart mat system on board. (a) Schematic of the functions of the smart mat system on board. (b) Demonstrations
di erent users in real-time positioning, personnel imin, and state monitoring. € Demonstration of the trajectory tracking, people
counting, and personnel idecdition of the smart mat system in a virtual display.

stepping on the mat for individual recognition. As shown idetailed classiation results of the selected users for each
Figure 4, when a person steps on smart mat unit R1, a positigeoup are shown ffigure SSData sets with dérent numbers
waveform is generated. When they step on L2 and leave Riusers (i.e., 2, 5, 7, and 9) are explored as the training inputs
there is a second positive waveform and a negative wavefdomthe 1D CNN model. The resultant clasgion accuracy
generated. There is a third positive waveform and a negatfee each data set size is summarizedjine €, with average
waveform generated when they step on R3 and leave L2. szuracies of 91.33, 89.00, 84.67, and 94.44% for increasing the
mentioned above, according to the signal characteristics, thamber of users. After the CNN training process with 50
personnel identtation and people counting as well as thetraining epochs, the average recognition accuracy can reach
trajectory tracing of the person is collected and analyzed by #94.44% [tigure 4), which ensures the high accuracy
smart mat system, as showRigure 4. requirements of the recognition system based on DL in the
The output signals from walking through the smart maspplication process.
array are acquired by the digital oscilloscope TBS 1072B-EDUDemonstration of the Smart Mat System. With the
The length of the measured data is 2500 data points with tvassistance of the CNN, the idergtion, status, and location
channels, and 100 samples are collected for each user (70%0fothe seafarer can be monitored in real time, as shown in
training and 30% for testing). A whole data set is built fronrigure &. To demonstrate the functions of the smart mat
nine users, with a total number of 900 samples. The CNN &/stemMovie SlandFigure b show the working process of
created to eciently extract the features and identify them withthe smart mat system in two simulated scenariosadtend
high accuracy, as shownFigure 4 andTable S1 The and mobile monitoring devices. A usst walks across the
classication accuracy of six groups randomly selected in nirsenart mats, and the corresponding signal waveform is shown in
users is shown Figure 4, with average accuracies of 92.26,Figure B(iii). Simultaneously, the signal is processed and
96.56, 96.68, 93.34, 95.56, and 93.12%. Meanwhile, thealyzed by the CNN model, and his name (Mr. Hu), state,
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and photograph are shown on the monitor screen. Whenaaray of mats with DL-based data analytics, which has the
crew member enters a closed cabin (such as the fore pedakctions of personnel idewttion, state monitoring, and
tank), they may encounter an accident; for example, they mggople counting. A CNN model is used to accurately extract
su ocate and fall due to the low oxygen content. Therefore, thRe identity information related to walking gait patterns from
identi cation, state, and location of the crew are also necessgiy output signal, which shows an accuracy of 94.44% by
for the implem_ent_ation of rescue work after the accident. 'Qnalyzing 900 data samples from nine users. Analyzing the
such a scenario, if a crew member (Mr. Wang) falls on the,\hjete walking signal through the CNN model can predict

Smart mats, an emergency alert s issued by the smart rﬂ% identication of the person and walking status, as well as

system, as shownHigure B(vi), to alert the watchman that : ) .
Mr. Wang needs timely physical aid. The demonstratioﬁoummg the people in the cabin. Moreover, when the smart
t is arranged in the cargo hold, accidents involving falling

experiment shows that the smart mat system has a potenﬁ%ﬁ‘ ! X
application value in ship security and safe operation. cargo can also be monitored. Compared with camera-bgsed

Avoiding gatherings of people and prohibiting unvaccinatéd/rveillance systems, smart mat systems provide a video-
people from participating in social activities @etiee ways  Privacy-protected minimalist structure and a high-accuracy
to prevent the spread of the virus. If the epidemic preventidigcognition approach. The smart mat system ShO\_NS major
measures of a ship are that one cabin cannot accommodatvantages in cost, struetuiscalability, and privacy
more than ve people, unauthorized personnel are prohibite@rotection. It has a promising application on ensuring maritime
from entering, as depicted figure @. Hence, personnel and manufacturing safety, as well as constructing ship and
ide_nti cation and _counting are Qf great sign_ice to ship “smart building 10T in the future.
epidemic prevention. The principle of counting is shown in
Figure S6While realizing the counting function, it can also

. R METHODS

track the movement trajectory of the personnel, which is also =~ o
of great signcance for realizing more precise positioning of Fabrication of the Smart Mat Monitoring System. The '
the personnel in the future. To demonstrate practical usa goposed smart mats consist of six parallel connected smart mat units.
scenarios, a virtual corridor environment mimicking the regfiCh smart mat unit is made of a conductive sponge inside and an
corridor is built to resct the real-time state of a person FEP membrane (100m thickness) outside. The QR code-like
stepping on smart mats, including position sensing, countirfgnductive sponge is used as the electrode of the smart mat unit,
and personnel identiation through DL prediction. As shown Wnose dimension is 385305 x 4 mm. The conductive sponge

in Figure & andMovie S2when a person walks across theelectrodes are evenly divided into 100 pieces and numbered by a 3D
mats, the smart mat system shows the (srtemtity printing mold. By generating random numbers, the conductive sponge

. . elactrodes are cut out of 10, 30, and 50 pieces. All material surface
according to the _generated signal, aIIO\.NS them t_o enter, arrrllorphology images were taken using LEXT OLS4000 3D. The
records the real-time number of people in the cabin. Once t@

b f le in th bi hes th limit. wh fectrodes with dérent ling rates can ensure that a distinguished
number of people In the cabin reaches the upper imit, WNeiy .yjc4) signal can be generated when a person steps on the mats.
someone intends to enter the room, the system will issue

. #He distinguished signals can be used to identify people entering and
alarm to remind the person, as shoviiginre 8. However, if g 9 ¥y peop J

N e . . leaving the cabin and to identify personnel information in the CNN.
the persois information is not included in the CNN model,  Ejectrical Output Measurements. The voltage signals from

when they intend to enter the room, the smart mat system Wij| erent directions are measured using a Keithley 6514 electrometer.
issue a security alert for the security watchman, as shownrg voltage signals processed by the regulating circuit are measured
Figure &. Overall, the demonstration experiments show thgsing a digital oscilloscope TBS 1072B-EDU to illustrate the change
feasibility of the smart mat system in #ie of ship epidemic  in the waveform.
prevention. Data Processing and CNN ModelThe signals acquired by an

It is also necessary to monitor the condition of the cargarduino Mega 2560 microcontroller are used for CNN training. The
because the falling of the cargo will threaten the safe navigatitmacture of the CNN model is as follows. The form of the loss
of the ship. When the smart mat is arranged in the cargo hofdpction is the categorical cross-entropy function. Adaptive moment
it can be used to monitor the falling of the cargo, as depicted éstimation (Adam) is used as the update rule, and prediction accuracy
Figure S7aDi erent signals can be generated bgretit is used to evaluate the model training. The CNN model is developed
falling shape items. Spherical, cylindrical, square, cylindridal MATLAB. The feature-based model is trained on a standard
and hemispherical cargo generate corresponding signals wegitsumer-grade computer. Each time the epe20 epochs pass,
they fall on the mat, as showrFigure S7bThe generated the learning rate will be reduced by 10 times.
output signals from the two channels in the time domain are Application of DL-Based Smart Mats. The two-channel
presented, which are used to identify the shape. The averérgtpelectrlc gene_rated_ S|gnals by_people steppmg are transmitted to
recognition accuracy reached 95FRui(e S7c According a voltag‘e-regulatlng cwcgut to deliver a stable signal for sub§equent
to the characteristics of the generated signal, it can also gcessing. The output signals are transmitted to the analog input of

; ; ; ; Arduino MEGA 2560 microcontroller. The received signals are
judged which cargo hold has a cargo falling accident : . e

; P processed in MATLAB for peak detection and igatibn. When
di erent forms of cargo are stored iredint cargo holds. the rst wave peak is generated, the signal is sent to MATLAB

through a unique communication protocol. Unity 3D and LabVIEW
CONCLUSIONS obtain the signal to determine thst triggered smart mat unit and

In this StUdy, a DL-assisted triboelectric smart mat system Wasitrol the door accessgfantety “denied). Meanwhile, the
developed and investigated for comprehensive person@etailed information of the person, number of people indoors, or
monitoring on board. The smart mat units withereint alarm signals is sent to the mobile monitoring applications. The signal

lling rates composed of FEP and conductive sponge exhibitthe smart mats is transmitted to the computer through the wireless
stable output performance and distinguishable output signat®dule (XBee), and then, host computer software (MATLAB)
A smart mat system is constructed by integrating»®h2 3 transmits the result to the mobile phone through the network.
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