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71 (warmth) 2k frAFSEAl, 2309] 9] 5-(skin)oll A E& SAAA
properties)ol] 71x3}e], BAE A3 4 Yur}. 25 Al
AABH] f8l olgd ¢ An. =SS =Ho 54 BT A= Ao
=% (insulating materials)¥} &olail 22 4 Slvh. webr, &% Aol A|Age 2 WstE fx]shal
ase] ddEged Vzee] 2AE 2T A

FIF
il
W
=
o Lo
rlo o

25 Ao gl AFS Yel, &2 =X (material properties), ¥W e (surface morphology), % &
= (e}

=
Z = (contact pressure)d o] AALEE] JAS A= gt 22 (factors)S Aelsto]of s, A
t] =}l AMZ, A% 99 (contact area)S LA A e 4 Ak, E3, 2% A F A4=H/F AA

el g Al (multimodal sensors)i F71H4Q HARE AT 4 A3 EA
T Atk 2y, "HE RS s B3 2o Az 7EE Zder £

UEg 2% AlX(unimodal temperature sensors)T S
learning) #} 22 JiHE dudHFS EH (features) S FE3haL, W|7Fg AlA dlo]H (raw sensor data) ZF-F
FR31 F83 WE EH(rich and useful internal representations)S &g 4= Qtl. o]F Fa, 2#7]
2] (garbage sorting) 9} o] theFsh kel EAE Ask= slo] 7hssitt.
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Aek7t, &7F 1A Z2 A ~(tactile recognition process)$t 217 % (neural network)S HWH3Fo 24 <1719
s o F oy, tekd AW 7)wke] mYlE Fo A CNN(Convolutional Neural Network, A+ 4l

|9k 2= golEe 2 FZ(dimensional structure)E THSET 159 THF3I EAE(unique

features) S FEI & Art. X AA dHolE & Algtd wpe} ®lFgtt. CN-7]9F RS S|4, 53] 1D-CNN
L uAgE Aol A 7k-718F dlolE (fixed-length time-based data) 2HE] EAS F=3l7|o] HAs 4= Q).
AAE, ID-CNW Hdd =S AWrA S (atrial fibrillation)®] ZA|e] o] €& vt 22}, & wio] 3
F B TR Fx ATE= AL ofun, Ao whal (NNe| ofd thE AAW RdS o] &8 F 9o
H, CNN Bge] 2 9A| beFstAl WA o] 71a3itt.

B odgo A EAl= Alcksles % MM BES o835t WAl #Yd(machine learning)oll 7]%sle] /= 4
ATH. & 12 FH 37 (environment) ‘j‘/“‘:‘“ axﬂoﬂ 3k ARE E58s 4AHS Adslr] 93 AdzolT).
E3], Aa"e ZHo ag]H(robotic grlpper)oﬂ neEH Ay E F7 FE(silicone finger cot) ol
F¥ 4% TED(thermoelectric device, 9d Az T dd 2= Py=E 4 9&)¢ RID(resistance

BE
temperature detector, *&=L7]) AAME E?}f}%}—‘z REZ A9 5 ).

gSoz, g deyd BdE oA, (N, 53] ID-CNWNS ¢laxs 2dz Y& & Jdut. 2=+ AALE

tlolE (time series data)elil 1o xdol7] wiitoltt. AlStets Al=ES 43 Ao g 9 AR

(thermal information)E& AHFH o2 F 53t RID AAE o8&t 5% dolHe EX9 BE Ao 2%

Z}o] (temperature difference)oll <3 AA(heat transfer)ol & AAHHATE. ZES HE|o| T (Peltier
]

effect)E o] &3l Yl oA A& AX 8= TEDE o]&3te] wg] 7144
Structure of SFD

SFD(Smart Finger Device, A|¢t3}= Ax|o] AR ZH =ZHO AA (F2) T2 HWHHE F 9JS)+= Ay 3
A FEC] FaE TED(FAES 7H  dom, ARS 98 & IHoA = Tegway Co., Ltd. Abe] Al%F& A
&3 A RID(SE AA, @ AR 35 44 Sow Wye F 9gon 23S 9 2 Iy DI-504,
PT1000, LABFACILITY Co., Ltd. AF& AFE3H) AAME Fujst REZ FA4E F AHE 29 (a) 3F=x). <A
Ao, AZE TED AA(EH 2AE ud 4 glg)e RID AA (L2 AME oue 5 dF)9 A7= 72t
10mm>< 10mm(width < length) 2} 1mm><3mm(widthx length)o]t}.
RTD AAM+=, 94 k& (thermal values) & ZAA|To2M | TEDoA 2] 2% W3} (temperature variation)E
o)

7] el o] &Hh. RTD AlAE (PET(polyethylene terephthalate) EH|o]ZE o]g3}o]) TEDe] ¥2t= & ¢
(&= 29 (b) #=x). ulg}d, RID AlA = TEDY =2 7HA S 4= 9},

_\Z By

Al 7 ZEE TEDRID ®ES S8 Azt = Aok, A8 37 ZEE 93 ==(old) = FH=gx
AZEY O] (Solidworks software, Dassault Systems Solidworks Co.)ZE o|g&3le] t]x}el=]ar, CNC(computer
numeric control) AE (cutter)®} U=& WAl(milling machine, DNM-500, Hyundai Doosan Infracore Co.,
Ltd.)S o]&3sle] AZE 4= Aot WAL 717 & EoJu=(stretchable) A& &N (Dragon Skin 10 A/B,
Smooth-On, Inc.)o], 50wt%e] W] &= E3 o] A&d = qUvt. £3% A &R ETo Fojxi, AdAE
3A %7 (natural convection oven, HQ-D084, CORETECH) wHellA, 80CelA 1.5 AlZF&<t A3l=E (cured) & A
th. ggor, AEE FA ZEE B AAEC. TED-RID EELS AAE IA ZEJ AAE & Jl (=
29] (¢) #x). A=, TEDE =23 1899 FA e A5t 289 aEH7E 24 ANE 9, 34 87
EA Alololl 9xe 4= 2}, olwl, TEDE EA|¢t FPHor HES 4= Q).

Operation of the system

AA A2 (EA Q4 A= WHE S5 9d8)e =X SH(robot arm), :Lalfﬂ(KINOVA JACO KG-3, KINOVA,
Inc.), A% s} SFD, ¥ AW tl= B E (embedded board) 2 TAE & ATHE 3 Hx).

SFDE 22]3 (gripper) o] BAE F o= shte] PG AAA & vk, 7IA, % 39l 3 Aol BABe] =
Awo] gloit, B wwe] ole] AFEE AL ohirh. Aol wel, 27) ol4kel SFp7h FEE & Utk ol
A%, SEDE ZH7he BAE F ol shibel A AAPoRA, SF7F AXH Holw 2 ] SFDsE o] §3he]

=AE AL F du.

4 AAde] =", (dHts=) BREE nlo]I 2 AEE2] (ATMEGA328P-AU, Microchip Technology, Inc.)<}
TED-RTD 2ZES 9% =¥ =)o (VNH2SP30, two channels, Pololu Corp.)& 3E&38 4 glt}.
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vlo] AR AEFH (A7 Al 2 BHd S d)E 239 A FF FA, A0 gF-ole Zed )
Elg] (lithium-ion polymer battery)el o3 HAUS FFES 4 Avk. 2evd, & Be] oo AdH = A2
ofut}.

wE] =gtolE Ao W T 4A, od < DC 9] A E2ke] (MK3003P, MKPOWER Co., Ltd.)E ©]-&3t
o] T2 F vk, zEu, B Wgo] oo AgEE RAE vtk e, REH Edelwe BF R 7EdE
T slern, 7z EH%Elt TED Al 12 TES] A (P Ass A /EE AT ot uE o=,

st wE =eo

> =
N
)
id
—
m
[ﬁ_{‘
>
il
2
2
3ﬂ
rir
sl
H
N
N
ofr
3ﬂ
:L

ufo] A2 A EE A, RID AAMES A& W3} (resistance variations)E FA3F7] $18F4], ADC(analog-to-
digital converter, oPdZI-tIXd ZWE)7} ¢ FHE F Jdu. AHF HIles 2=-AZY HolE
(temperature-resistance table)= ©]83dle] &% oz WHIE 4 it}

TED Ao &%+, nfo|aZAEEZ ] 2oa|A, PID Ao (proportional-integral-differential control)E %
A= = Jrt. ZE =gl E P 719 (pulse-width-modulation method)S ©] 838t TEDE Ao 3},
AA AN2="e AFHEE HAFY FX)E ol8std e 4 rh. &, 2% 47 ag¥s 24 B4l 1
2], olZid] HDX(half-duplex) Alg]d W2 A8 B3l Aloj=a, AA Z9 dolEv 249 54 W2,
O o] ZAEEHZHE Y FDX(full-duplex) A12]d W& BA1& Ba AFE 5 dth. Hom Z2AA
(processor) H/EE W R (memory)S X33 AFH AXE= PC(Personal Computer), AW (server), @
AFH, 5% PC, ~vfEE(smart phone) T X33}, 7|4, A A|2="2 B4 A FX=2 @yd 5
ATH. O 2, A A2y Hojk dF 4, d7Ad, AFYE A, we|ARAEEY, AC, BH =2k
W, RTD A4, @ TED AA = Hojx dXRulo]

O

B

A4 4 Ao FH wyely EAl U2l WHol ddstE AlxEle] FAL, 2% 1A (Temperature
sensing), <X Ao (Temperature control), % EA F7] ¥ &% ZH(Object grasping & temperature
measurement )] TAIER o]Fo] o}, ©AE FAAHQ My oS 2.

1) &% ZFX|(Temperature sensing): RTD Al Eo] %7] A(initial room temperature)< ZA|3c}. Htu}
Aoz, RID AlAo] 3] AdE #HEL (ADCE AfF8t) vlolAZAEEHZE HAEHa, vlo|AZANEEY =
(e}
(¢}
[e]

o (ADCE 7+

2]

AR gEo dSste =% @S A4t ¢ 249 #ES HFE X2 A5 5 U
g

2) &% Ao}(Temperature control): 25 FAE ¥ (tips)el -ﬁ’/]i]ff 7} TED®] %7} Aerth, Ayzo=
= Adr. ddidez sriEls A2 g2 v gdz FANE B g Fad eevd =5
oulg 4= g}, By} FAFOR, wlo|ARUEEFE = (PID xﬂﬂ—% F3l) TEDS] 2&7F ARy 52 &EE
ZrL 2 o] AFE 8, R =golHE nlo]a 2 AHEEZYY Ao] Alsd h$EHE PWM AEE TED AlA
2 FYgoay, TED A9 &xve vE Azl 22744 45 4 vk, PID AldE &3, HE 571X
TED AlA el =7t s 249, TED MM =8 FA5t7] 918 #Aoj7F =342 4= ).

3) A4 #H7] 2 &% =A(Object grasping & temperature measurement): =3 1g]H7} EAZ FHr| Aol
AFE = O]HﬂE]E Eo} 22 F BFoA UNEASR) (A9]) 2sE AFert. dub= RE(HT 74
OoRE no|mRAEEYH)E HEFH EFA AlZ(trigger signal)S TED & %9 FA AojEs ©HO X3}, =
TED &= disk 'r7]' A Aol FHHA Ferh. (FA) 2HR(EY FAXORE EX HoR HEE E
A Az wg, 22X agdeE 2AE FAe sFS Fddr. 2R agde Ao ZRIas(d7d],
Microsoft Visual Studio 2019, Microsoft Co.)S o]&3}o] Aoj=E 4= glr}.

RID AMEL, BAZ A9ss 42 st W8k TED AAM e &= Wals F4%t. 53], 7b el W%
¥ TEDsS Exle} AEsla, TEDse W g8 A2 Agdr. 2 F Tt vg g Agte] 4ad F
2x a9 E BAE AT (S, EAd g H7] T2E A, o

J@el =, RID A4 ols) 57
HEE (ACE ARste]) vlolazAESH2 A3, volazAEge: 548 gEd ugss Lx gE
2 PFY P2 45T 5 Ak
oF, AFY AL FAH Lx gE WHE ol§stel WY BAZ AWsAY BRT 5 ek, Aol
weh, AFY AAE Aol ShEE BA B mde] FAE LEGES QHdond dY BAS BRY
Stk 22 4 delgel ma Axe Baol AaE 5 ok

Data preprocessing
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RID AL dloleE=, ie] st 24 & o, % /e ~goz Axed & k. Al 29& F Sz
FE 9] 7 A9 FlelE (S, )& 9 (comnect)dhE FolTHEE, dhte] SFDRte] TEE = A 9ol vlolE
2 ddste R EAQd £ 9lg). A2 25 AL ARS #2A717] fste] dlolH
(polyfit, polynomial fit)& Falahe Felth, dukzow rﬂohﬂ—g— ?ﬂué}ﬂ AT F 7 Wy, 5 EE <
*(multi-input) @} 7} vlelEl& st ¢+ |
theAtel 23ky] 18 AAE AL, FE-e Ul
ol ok Soha) 13} el A,

—~ o~

82 1914, Senears 1, 2R SpE ZHZ Numpy library$] concatenate functionS ©] 83 HAH(EE 44%)

dlolE], AA 1(A1 RTD AA)ZFE]2] dlolg, 2 AlA 2(A2 RID AAM)ZFE S dHolHE ey, 7z}
2HE 2000 J=(pieces)e] dHlelH7F 7€ 4 U3, wEhA], 4000 dHolE EJEZL, @Y oz,

Hoh. o2 2%S ) Numpy library25FE9 Zg3 $<=(polyfit function)E ©]&3}t, Scneas ATASH

2

24, A A7k dlolEle] YF(amount of data)S FFAaAZIE Ao|th. dlo]Ele] S ZFAAIZ|I UFA
ds FE37] H8l olg¥E &% QA (temperature component) TolAle] WE2, tha2 (polynomial
equation) 0.2 RHHE 438k 29} 7},

[_,_-cl/kl 2]
Pd

1 = Z akxk
k=0

B} K
e 2014, Py, a,

X

e
rir

vz A E S (reconstructed function)e t©FEHA 2= (polynomial

degree), kWA o2 A(polynomial order)d Alg(coefficient), = Aeksl:= thaA (polynomial
equation)®] WFE Yeld. dolHE Sx¥om A F oY 2®s FdFdoRA WA Et(pre-
3

processed). A|otsl= AW JF dolH=, a4 g4(polynomial function)ZHF-E, 72240 T3+ ¥9l
E(regular interval points)®, 1000 "lolg F¥IEZE FZ33ct. dAgw dHolg ¥EJAEE, o83 ~HE
2 E3}ed, 4000014 1000 ®HlolE] ¥IER HsE 4 Q).

Artificial neural network(ANN)

b QITH(= 4 Fx). 1x10000] E A E (poly-fitted) AAIL 714k il
371 wiiell, 1D-CNNo] Sk Rl o8 4 flth. ol S ARk Foli
. Aoz 3 N #HoloE(layers), = A+ #olo](convolutional
layer), =9 i‘ﬂ°]°1(poollng layer), 2 €+d A2 #o]oj(fully connected layer)® ¥, ZF &+ d
olo] Ulo] A4 (kernels)e] /N9t A7+ 77} 16-32-32 B 3d 5= qith. A #lolojo] ~Ego]l= Alo]=
(stride size)® 3¥ 4 AvF. WA-FF #o]of(max-pooling layer)”}, XY FA(dimensionality reductio
nE $3, Holx 3dhte] FAF #oloje] $rho]| FrbE = vk, Adste FAE #Hololet EW #olol=
mEgor dAdxol 3 /e &4 #olol(hidden layers)E HAT 4 vk, Z #oloj(flattened layer)”}
3 /M9 g u-ws ER Folo] Foel FUHE 4 k. o A dlolde dET 9 Aleole] xdS 9
gt = vk, #olo]E Z3(flattening) F, 0.359 2AY(scale)S zte =Fol-2-(dropout) #ololgt
1000-400-1009] Alo]=E zr= o4 golol2& A% MLP(multilayer perceptron, TFs HAEZR) #oloj7 4
e 5 ok =gl dolol= I¥ 3 (overfitting) S WAIE7] A3 FrHE 5 ATk, g5 & A8
SElulo] A (optimizer)¥ Adam(adaptive moment estimation)S ©]&& £ U}, AZEWA 34 (softmax
function) & Ze=E /3] g S50 (], 10 /9] F)S 2tE 1D-OW9| whx9 glo]
oE FAT 4 dt}. ReLU(rectified linear unit)7} 43} 34 (activation function) o2 o] &= 4 git}.
2AgolA, ID-CONW E9S 918 AHAg wjx] Alo]Z(batch size)¥ 64T, At Al2®le] Rd %o
Python(Phthon 3.8.11), CPU(Intel Core i19-10900 CPU, Intel Corp.), RAM(DDR43200 MHz 32G RAM, Samsung
Electronics Co., Ltd.), =2#]a GPU(Nvidia Geforce RTX 3070 GPU, Nvidia Corp.)E o]&3}t). A7)t

o], 279 st dHolHE o]t AAW RS Sedory, 24 B BEs 4T+ da, AHHFY

rjg _L|>i

Eg mlm

_9_
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A= ALY A EF Bl #AE 2= @gES dEdeEA, g =AE AE B 2R 5 du. 9
o] gk dolH= 2o BAEd i 2= GEEE =4 d e ¥ 23S ¢ de)e 2HE
A A4S 2R 2R ke el 2= st 24 AE JRot 5

of T4 axe PYPow FAW 5 Uk B Fol, NAENA AEE FA R T4 axE, dF 5,
=L

I2AAM, ZEEZY, ALU(Arithmetic Logic Unit), HYAE Al X2 A (Digital Signal Processor), ®}o]=
27 %¥, FPA(Field Programmable array), PLU(Programmable Logic Unit), VlO|AZZZAA, T WHH
(instruction)& APstil FHFE ¢ e thE oW FX o} o], st o] WHE HAFH T S+ 54
AFHE ol &3t 782 & Ak, Ag FX+= 9 AA(Operation System, 05) L 7] &G AA ol A
FRE = sl o] AZES ofEFEAAE FAT ¢ vk, I, AP FA= AZE0 Ay &
Fatel, HolHE A2, A%, 24, Az 2 AT F= v}, olse HE ke, AHE FX|= shrf A}
S Ao Avyd AFE AR, AT 7 EokllA T4 AANS 7H AE, ﬂ\j/] FA7F B 7H94 =]

? 24 (Processing Element) %/%E+= 39 A 848 23 F &S & F U, dE , A
FA= H5 MY Z2AAN T st Z2AAM 9 e Z2EEHE XE 91‘?. S, %% 2 AA
(Parallel Processor)9} 22, & A2 4 (Processing Configuration)® 7}&3}tct.

AT EYo]E AFH Z 213 (Computer Program), iE(Code) W& (Instruction), =& olE F 3k} o439
%S XIFL F deon, dite U2 sAsEF Ay AXE AU SHAeR e ZdYH o=
(Collectively) A& FA& WHETE + Ur}. AJE"N‘H /e HolE =, A gl &3t A w7t A
g FX ol HE e volHE ATstr] flated, oW K3 7|A, 74 84 (Component), EEF R, 7H
} A (Virtual Equipment), AFE A wiA] & A, e d$He A& 9(Signal Wave)o] FFHo=,

= dAgoeR FAS(Embody) E G AT AZEQol= UEHIR AZH HFEH A|=® Ao FAtE o)A,
Ak o R AAAEAY AdE £ Q. AXESo] W dolE & sty o] AFH #= Jhe 715 )

Ao wE WS tYge HFE FEE %3}04 Fdd £ Jde T2 BWE PJuE Ay A &
= 7bs wiAlel 7152 ¢ Aok A7) FAHFYH dE Vb wiAe 229 99, doly 3, oy & T
tmow wE Ryt xIE & Advk. A7) Uﬂzﬂoﬂ 7155 22O HES A dE 95t 588 2A
Hi 748" AENAY FAFE AZEY] PR A FAH AR THed AY FE ok HAFH #= 7t
T 715 uwjAe del= sl taz, 223 yxd 9@ ] gHolxel 28 27] uiA (Magnetic Media), CD-

ROM, DVD®} %2 7|5 vl (Optical Media), E+&EHZA Y =A(Floptical Disk)e 72 A7|-%F ujA

(Magneto-optical Media), &(ROM), F(RAM), ZA W=z 57 £ 223 HHS AFsty FY|=F
5838 4% st=dlo] X7 £EET. 2o g dele Hudele o5 wrEolAE A & 7
of =Tk ofyg} QIHZEYH & AMEEA A osiA ddE ¢ e 1A Ao Z=E EFeT. A
719 st=do] FX = Ao w4 A7) flE st ol AxEde] RERA s FAE F
Rom, 1 Q= mpbrA oftt.

2 e Ede EAFE AAGE Far AYEHAoU ol AN H Al EisiH, 2 Ve Foke] T4
AL 7hz A o] ZRH ohekdt WY 8 g5 ek B AAdT ThseitteE HE oldlE Aotk dE E9,
A ZleEe] AdYE WY & SR FAHAY, H/EE dEE A2", 2, A4, 2 59 74
faFo] Add B OE JuE 23 e 2FHAY, bE A 84 EBE deE 9ty A EHAY
e egs A4de A7t @48 ¢ vk mebs, 2 2 2183 Ve4 B Hee 25 S5
F1e] 714 APl &l Asfjxof & Aoltt.
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EH3
Trigger
Signal Robot Arm
Computer :
A SFD I
Trigger Save
Signal Data
v
Embedded ;
Board | SFD (2 ea)

Sensor
Data S
PWM
TED =
Signal

3 MLP Layer + Dropout Layer Output

Input Signal 3 Conv Layer + Pooling Layer
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PID controlled TED

v

Turned off the PID control & grasping any object

from selected objects

v

Measuring RTD sensor output

'

Saving sensor output data

.

Preprocessing of the sensor data

“

Neural network classifier

v

Prediction of selected objects
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