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= #43 F4(Affective Quality)©] A
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B2 MEsts 2g BER s Aud AFE B2 P4 Dad 24 o
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24 OARle A AAUX] AB K F 2 uF
AFEAL AT PAAIE Aol Bust Agslol gk 4

A AL Z4o] ofele FuA Qelnt 240 Hsd And 9 1k

17) Lopez, O., Murillo, C, & Gonzalez, A. (2021). Systematic literature reviews in kansei
engineering for product design—a comparative study from 1995 to 2020. Sensors, 21(19), 6532.

18) Ikejima, T., Mizukoshi, K., & Nonomura, Y. (2024). Predicting Sensory and Affective Tactile
Perception from Physical Parameters Obtained by Using a Biomimetic Multimodal Tactile Sensor.
Sensors, 25(1), 147.
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Perceived Operation Feel Space
AEA7E LAl 221 A=
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- 2 mg Lt
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it ittt T LR

19) Jiang, H., Kwong, C. K, Liu, Y., & Ip, W. H. (2015). A methodology of integrating affective
design with defining engineering specifications for product design. International Journal of
Production Research, 53(8), 2472-2488.

20) Li, Z., Tian, Z. G., Wang, J. W., Wang, W. M., & Huang, G. Q. (2018). Dynamic mapping
of design elements and affective responses: a machine learning based method for affective design.
Journal of Engineering Design, 29(7), 358-380.
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21) Jin, B. S, & Ji, Y. G. (2010). Usability risk level evaluation for physical user interface of
mobile phone. Computers in Industry, 61(4), 350-363.
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22) Srinivasan, M. A. (1995). What is haptics. Laboratory for Human and Machine Haptics: The
Touch Lab, Massachusetts Institute of Technology, 1-11.
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3) Jafari, N., Adams, K. D., & Tavakoli, M. (2016). Haptics to improve task performance in
people with disabilities: A review of previous studies and a guide to future research with

children with disabilities. Journal of rehabilitation and assistive technologies engineering, 3,
2055668316668147.
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24) Ferrise, F., Graziosi, S., Furtado, G. P., Bordegoni, M., & Bongini, D. (2013). Re-engineering
of the Haptic Feedback of a Dishwasher Door. Computer—Aided Design and Applications, 10(6),
995-1006.

25) Kapadia, M. N., Sonawane, P. D., & Marhatta, A. (2019). Experimentation & analysis of door
sag for refrigerator. International Journal of Recent Technology and Engineering, 8(2).
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=]
(Data—Driven Analysm)“—f._ A E5giTke) ESH Eoﬂfﬂ 73‘_‘%5}28)‘/]' =M
ae A

%01 2 B3 Aol ol %, oo Belx A4 WAL °
Hog @ wome] WMeHE SustnE, ol tfat A Telst WAl
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= —_ |
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st gt

7} =B (Knobs)
Y wni 87 A FHE BAAYDeenwoltt 8T vpE e

1—

26) Stylidis, K., Wickman, C., & Soderberg, R. (2015). Defining perceived quality in the automotive
industry: An engineering approach. Procedia CIRP, 36, 165-170.

27) Awan, M. L, Raza, A., Hassan, W., Kyung, K. U, & Jeon, S. (2025). Quantifying Haptic
Affection of Car Door through Data-Driven Analysis of Force Profile. IEEE Access.

28) Chen, H., Lu, C., Liu, Z., Shen, C., & Sun, M. (2022). Multi-response optimisation of
automotive door using grey relational analysis with entropy weights. Materials, 15(15), 5339.

29) Pradanawati, S. A., Harnany, D., Riyandwita, B. W., Ikhtiar, A. R., Sasongko, D. W.,
Khoiruddin, A. 1, ... & Widodo, R. S. (2024). Strength and Deformation Analysis on Car Door
Design for Energy Saving Contest. Journal of Emerging Supply Chain, Clean Energy, and Process
Engineering, 3(1), 45-56.
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30) Emgin, S. E., Aghakhani, A., Sezgin, T. M., & Basdogan, C. (2018). Haptable: An interactive
tabletop providing online haptic feedback for touch gestures. IEEE transactions on visualization
and computer graphics, 25(9), 2749-2762.

31) Giraud, F., Amberg, M., & Lemaire-Semail, B. (2013). Design and control of a haptic knob.
Sensors and Actuators A: Physical, 196, 78-85.

32) Mengoni, M., Cavalieri, L., & Raponi, D. (2015, July). A haptic knob as an innovative user
interface for visually-impaired. In International Conference on Universal Access in
Human—-Computer Interaction (pp. 127-138). Cham: Springer International Publishing.

33) Kobayashi, D., & Suzuki, Y. (2017). F5-4 Study on Haptic Texture of Buttons for User
Interfaces. The Japanese Journal of Ergonomics, 53(Supplement2), S568-S571.

34) Pakkanen, T., Raisamo, R., Raisamo, J., Salminen, K., & Surakka, V. (2010, March).
Comparison of three designs for haptic button edges on touchscreens. In 2010 TEEE Haptics
Symposium (pp. 219-225). IEEE.
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35) Graziosi, S., Ferrise, F., Phillips Furtado, G., & Bordegoni, M. (2014). Reverse engineering of
interactive mechanical interfaces for product experience design: This paper proposes a method
for guiding the redesign of product interfaces based on a reverse engineering approach. Virtual
and Physical Prototyping, 9(2), 65-79.

36) Yu, G., Cheng, S., & Zhang, X. (2007, December). Application of haptics in reverse
engineering based on physical objects. In Second Workshop on Digital Media and its
Application in Museum & Heritages (DMAMH 2007) (pp. 147-151). IEEE.
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37) Chung, Y., & Bang, M. S. (2025). A Psychophysical Methodology for Determining
Manufacturing  Tolerance of Feature Lines on Automotive Outer Panels. Journal —of
Manufacturing and Materials Processing, 9(10), 324.

38) Wu, B., Klatzky, R. L., & Hollis, R. L. (2011). Force, torque, and stiffness: Interactions in
perceptual discrimination. IEEE transactions on haptics, 4(3), 221-228.
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39) Tu, T. K, Tsai, L. H.,, Yen, J. Y., Tsao, T. C., & Tsai, M. C. (2021). Improved haptic
transparency of bilateral control using torque-measured magnetic coupling. Machines, 9(8), 172.

40) El-Khalili, N., Alnashashibi, M., Hadi, W., Banna, A. A., & Issa, G. (2019). Data engineering
for affective understanding systems. Data, 4(2), 52.

41) Li, Z., Tian, Z. G., Wang, J. W., Wang, W. M., & Huang, G. Q. (2018). Dynamic mapping
of design elements and affective responses: a machine learning based method for affective design.
Journal of Engineering Design, 29(7), 358-380.

42) Tkejima, T., Mizukoshi, K., & Nonomura, Y. (2024). Predicting Sensory and Affective Tactile
Perception from Physical Parameters Obtained by Using a Biomimetic Multimodal Tactile Sensor.
Sensors, 25(1), 147.
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43) Kim, W. (2021). A study on the subjective feeling affecting tactile satisfaction of leather in
automobile: A structural equation modeling approach. International Journal of Industrial
Ergonomics, 84, 103167.
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44) Silva, B., Costelha, H., Bento, L. C., Barata, M., & Assuncao, P. A. A. (2019, July). Subjective
evaluation of haptic feedback technologies for interactive multimedia. In IEEE EUROCON
2019-18th International Conference on Smart Technologies (pp. 1-6). IEEE.
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45) Bohannon, R. W. (2005). Manual muscle testing: does it meet the standards of an adequate
screening test?. Clinical rehabilitation, 19(6), 662-667.

46) Bi, Z. M., & Zhang, W. ]. (2001). Flexible fixture design and automation: Review, issues and
future directions. International Journal of Production Research, 39(13), 2867-2894.
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A6 A 2HEAS AZAS JH @ 24

gl

FERE 7 AZe] §a4
139 A(Fixed Jie] FA4 A FAS FEs17] A o, 2
Aot FATH TN HAsA YT £ Y FTRE] BT B

o

(e} =
(Quality Control, QC) &Aool == Urts) 2R o AZ gHLE 9
P2

AL Bt Al HAE, 22|30 oA wide Aekd AEetE AA 53
Zo] 2t adstd HhEAolal AUet Ae il sk o AREH
A Sl

g 2o 14y A0 2] FERRY P e zradYe
ol HgRt A Azeh e 2L & Aoke A4 Flexibility)oll 3
th o] fa4L o AELelUt ZREER]C] PUI Y nanidy d
HE olgdo]A0 = EAS A&y HHEZH oz EASISIE g o]AMA

2. 6% /BT AA9 55

PUIS] &% ZZH(Kinesthetic) WEW-S AMA o7 ZAslo] AZFEAHL &
Holr] fell, =5 ALdHes AY AL SE S9], oA dud 9
v B0 2A4A Febolgh= Ite] AHEEEohy EAe FohH e
sb7] 98l 6% A/EZ A Q] ARgo] BZ o]

6= A/EF AA= 259 A& ofdHE(End-effector)o] 2= o], 359
A1 359 3 EFE AARIeR FAlo 3T 4 qlrh o]& o
PUISH HFstal afsh= A IollA EAstE thaeldor Aozt
M= it EaE 85 2H4E £ Qo) 6% J/ED AME ARRS)

Ay

A&

1

fr
T ofl

i}

o

oo
ol

47) Puttero, S., Verna, E., Genta, G., & Galetto, M. (2025). Collaborative robots for quality
control: an overview of recent studies and emerging trends. Journal of Intelligent Manufacturing,

1-37.
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2 Vg 2sHA dlolelz EASHE WAl
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op
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oX,
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o
filo
()
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oK
R
or
o
rE
rhu

= /3 Zeado] g BAH S Hogl, BRE e

2L 'pFAgL o} 'HegL'y zre Bt 74 ZA
o Zelm weleer kel 44
(Non-linear) A7} ZA)5}7] wjZo]ct 49

o] Bt | ¥AE EAPStL, AAE dlolEo] WAlE mRet

Qd dolEE BAsl1 il o 4udos ALET gk E w4lg
/gy J1Ee tera AA HolE(oT, dolee $2Re A1gte] 3
=
[e)

1
e, Al A, A5 Ex g4 ARE dSse b e 45

48) Tran, T. H., Phan, T. P., Chao, P. C. P, Wang, Y. J., & Wang, C. C. (2017, August). A
Six-DOF  Force/Torque Sensor for Collaborative Robot and its Calibration Method. In
Information Storage and Processing Systems (Vol. 58103, p. VO01T07A010). American Society of
Mechanical Engineers.

49) Ikejima, T., Mizukoshi, K., & Nonomura, Y. (2024). Predicting Sensory and Affective Tactile
Perception from Physical Parameters Obtained by Using a Biomimetic Multimodal Tactile Sensor.
Sensors, 25(1), 147.

50) Ahmadi, R., Rasoulian, S., Veisari, S. F., Parsaei, A., Heidary, H., Herzog, W., & Komeili, A.
(2024). A machine learning approach for predicting pedaling force profile in cycling. Sensors,
24(19), 6440.

51) Canal, R., Bonomo, J. P. A., de Carvalho, R. S., & Gracioli, G. (2024). Torque regression
using machme learning techmques in automotive ECUs. Des1gr1 Automation for Embedded

Systems, 28(3), 219-243.

52) Yang, H., Acar, A., Xu, K., Deguet, A., Kazanzides, P., & Wu, J. Y. (2025). An effectiveness
study across baseline and learning—based force estimation methods on the da vinci research kit
si system. IEEE Transactions on Medical Robotics and Bionics.
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PUISY| Q/EF mE2upddt 22 Y AAD HolHE Ash= d 7H
G4 d8ld o}7]Hl4= CNN(Convolutional Neural Networks) 2@}t
LSTM(Long Short—Term Memory) Z@e] sto]Ha|t w4 olt}, CNN-2
9 ZEndol FA% ¥ (EAsts 29 AR Zo| HolHo w4
(local) mj&olu 57t £ xAste= 5ol 4ottt LSTM2 A4 =
2 O] A B FEE R Zo] HolH o AIgHE F&EAdo
S3tEo] Qlth. o] & oEAE  AtshH(d:
CNN-LSTM E&= ConvLSTM), &Y dHolgeo] WAe H4s A5zt
(Spatio—temporal) £ FAlof| ah5oto] AREAFS] 27k} o R SHA

O = =5 A
wE EQS 2% 4 gt

2 e mdgo

g X

7h AR A A 1 *F A4 - AR ko A4S

A Al 12 671 AFe] AFAt kol A /Ea Zridg 45}
A, o] AAE HelHE CNN-LSTM of7[9l4E ARgsto] staAlZioh. 1
Y 'He -7 (Smooth—Rough)', HEYE=-1FGA8HE
(Cheap—Classy)', '"#A-2-7F-2(Heavy-Light)' 5 107} g 743 F-&A}
Ao tigt AFEARY] FHA B SEe w2 A5 AgE= AScheE d° A

g
sttt ol % A4 mEmdgRE ugAdgy T2 1A 74

it

[

53) Awan, M. I, Raza, A, Hassan, W., Kyung, K. U, & Jeon, S. (2025). Quantifying Haptic
Affection of Car Door through Data-Driven Analysis of Force Profile. IEEE Access.
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T AME 25 50709 oRekst A AEof dis) Az 2 =7 glo]E (7
glolg] EAo= CNN 78t 9 ESlH

%5 4%, 3 5B FAT 7, A%

98 Agali, 7 dlojg Bl ConvISTM YEHT H&sls oER
E(Multi-Modal) ded ZAQAYAE AHgste], AR-HEee, BEY-
SEEEY, Uug-Rcely

s 4 A7 &4 SF(Perceptual
Attribute Ratings)& 43202 &5ttt ol Az 2 7 dole §&

o §AAT ConvLSTM ob7El4 9] AL dZFatart.

oF A9 A5 Abl 3: Bpolenjug AA - A HRE59)

A ArEl 32 HE g P2 ofy A, HiolemHE AlA HolE (1574
=2 otepu|e)el Bagging Regressor(J7d8 ML) EES ARgsto] '#)4g
(pleasant)' ¥t 'A S % (like)'@t 22 AAZA A&AH(affective descriptors)E
Ao g2 dSsgtt. ol 1k AAH =94 wEtn|Eet 714 dse F

= A A= oo =51 A ol =
off <=3t A e A& 4+ UAS2 HolFa 9t

o] Al 7Fx] A AP A= ZH2t % T2 (Kinesthetic), £2ZH(Tactile),
Hio] @ u|H €] (Biomimetic)o|2h= A2 otE {39 e dloleE thFal S
o} gy, ‘B84 AA glolg] — A/ML Y — A8zt A/ 5F

2 AE8He FxE e 3540l dh

54) Awan, M. 1, & Jeon, S. (2025). Estimating Perceptual Attributes of Haptic Textures Using
Visuo—Tactile Data. IEEE Access.

55) lkejima, T., Mizukoshi, K., & Nonomura, Y. (2024). Predicting Sensory and Affective Tactile
Perception from Physical Parameters Obtained by Using a Biomimetic Multimodal Tactile Sensor.
Sensors, 25(1), 147.
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T Ay a1 1 Al A 2 Al a4 3
ol . 3] mgu}el A2+ (Image) - 1571 =9 ntetu|
SR A = - ZZF(Acceleration,| E] (Friction,
o] €] (Force Profile) Force) Roughness )
[e}
Bt © AEAE o A7 M= =
. = . A A=
EH}b]— (Car DOOfS) 507H =1 1= 327H HE ==
- CNN - Bagging
Ai:f;/{L - CNN-LSTM Autoencoder Regressor
= - ConvLSTM (Ensemble ML)
q= | 107K WS | ok we A |10 2 A
oAt F8A & £4 g (@ A e (ol
° 'Classy’, 'Smooth’) |  'Rough-Smooth’) "Pleasant’, 'Like)
. g maud AA | - OEREWZHE | - sl oujue Al
Sl g HolE= 1w | 2D HeolH ¢ Aot ML 2%
;; 28 g2 il | % ConvLSTM= Shof FAR, A

94 449 B

A= 7154 4%

55t Z7ZH(Tactile)
A2t 54 A%

S 2 A
wrg o=
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A3 "de=x 7T 4 ALH

A1d =X 7N S ALH oFFEA

1. A2/ ob7TE A 7la

B oo 2817 Ahgz ool A(PUD) 52 EA mzud 4o ZE
Al ARl AU (Precision) 2} FA7 (Flexibility)2 ZET 4= = AAH
o] ol7|Hl 4 AAE ER=E St} 7|E] 5 4 FAe A A Y
2ol ALl o] oEstH, S @/ (Human Error)of 220

2 Fofolth olz Qs Aoz HiEA 9 A (Gage Repeatability &
Reproducibility, GR&R) #oA £4 dHolE 9] Al=|4dS SHHst7] ot
wh, oleieh A= BAE A o) E9E 14 AEs EL 9y B
A HAE Al ko utEAdoe masiA|ul 9A4 (Flexibility)o] wol A=
AAZE HAE wuith 4 B w7] 8-8o] sk BAAe Adh

OehA 2 A7 FEEEY /EA AAE o83t AS AAH of7|E

o]o](Physical Layer), Aol 2 °1E1ﬂﬂ°]/\ &l ]01(Cor1tro & Interface
Layer), ojZ2]Alo]d @ B4 FHolo](Application & Analysis Layer) 2 4
Hot. 294 gojole= A FFER, A/EA AA, dtolHEz
Aol g QEHo]A FHolol= derie] BdS Alolshe =X Alol7|et 6
= W/EA AMzRE S HolHE dAgter 35 -CH%} tlolH
T4 9 A fHor A gEACIA B &
1

Al o]
stz sh= PUIS 7148Hd & 2SS a%ﬂ AA

>Jz

0%,
oX,
>,
fol
)
s le
o)
we,
N
N
>,
T
il
=)
et
"
o
lo
il
-
ox,
o
ko



Application & ‘Signal Processor Haptic Analyzer & Ul ST
Analysis Layer T@ﬂw Mzﬁ'ﬂ:;” ; (Fiftering & (Data Visualization, A AL
(Main PC) Gravity Comp.) t = =
Target Path Synchronized Position User Display
& Force Data
Control & e ———— .
Hardware Robot Controller DAQ / Communication Unit
Interface Layer 'y
EIherCATITCP | Gommands Feadback ]Ra""’ FiTEoly
Collaborative
Rabat (Cobot)
Physical Y
Layer

(19 3-1] BERE AZ A2 o7l

2. A% delod 74 2 o3

= 1=

7} 224 #lo]o](Physical Layer)

=84 Folojle FE2EFHG THAAEc] EHHoz AT g (Physical
Interaction)= Yol+= st=fo] QAEZ FAHHTH %‘% 22 62 9
F2E o] AlFo] FPAAES FEots XS EASHE AJAES o

ol g HERth 6% F/T Alde d&= %%94 £ SR (Tool

Flange)oll F2t=|o] 7HAIE 221 Al 224 J228olM TAste I &

A5 Aol S4ste A AAoln. dl=olHE (End-effector)= HIRt &

F pUIQ} A Azt HdgA 2, it et 559 A5 gy, gt
& 189 so] AMgEr

>+E

o

1o
R ol
)

iy
oﬁL‘

. Aol & QIE o)A Fo]o] (Control & Interface Layer)
Aol B QlEHo| 2 glooj= =72 FHolojel & Al Holols ¢
Aotz mEol2A, dERE Aol AAIZd (Real-time)= SHd= AT
= 3% 2R Aofrle A9 dlelele] BA e siAste] =5o 74
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TAS Aojsta, dE2RY ¢ ZleS AR Holy 3 FH(DAQ
Unit) 6= F/T AA HolHE 4ysto] ko]l= LEY H FF
t}. B4 $4Y(Communication Unit)-& F/T AlA dlo]gE dxd AT
ghslo] HEgh 541 QlEHo]AE EtherCATS ARgSte] AAZF 14
3 |3HSynchronization)stal, TCP T2 EZS 53| F/T dloJeut
HgA o= A9 golojx AFetrt

t}. ofZe|Alo]ld & B4 oo (Application & Analysis Layer)

2491 2eloll ofEE Al H 24 ool HQl PColA FFHH,
AREARRE A AF] ZEO] QIE Ho] A(GUD 2 dHloly A& ddeitt. A4 A
7] (Trajectory Planner)+= PUIZ} o]&oh= #AA Q] 7|48+ EARHS, 3
A H7 5= dlgste] 230 o]y AHA=E ALt Ae A2 7](Signal
Processor) AE AA HolH o] wol2E AAStY, F8 BAS ot 9

ottt " EA7](Haptic Analyzer & UD+= FAE

= p
S AZtststal, E4 FZ(Feature Extraction) 52 22

rr
-
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A2 273 AxD dEgdel 74

HE2E (Collaborative Robot, Cobot)& 217te] = 2} S ARGE 621G
T(6-DOF) &3& o] 7FaotH, &84 P HA(Safety Cage) §lo] &Y
Zret FAst 2 3 oA Bl or AgAgstALY ddstes AA

g 22 AQet GERRe) ol aPARe A9e 2R Au oA

FZF2l 1SO 10218503} ¢17b-2X FA(Human—Robot Collaboration)2] <F
A Q7S FAFoR YAGE 7]& ARFQl ISO/TS 15066579 2] A
oj=t}, ISO/TS 150662 4712 8 ¥4 2hs WAl o-d Ax], 2 w

A KI5 A AAE Ol £ A oA B9 65
2o A%0 GR&R 2AIS §94 BAE tht Zo] shasie

)
ol
fu

7t HEEA
HFE/d (Repeatability) ¥t A8t (Accuracy)= 25 5 ZofollA H&3]
O Moz AoRiths® Hohe 2R dd xR AAsto olF
2t B o, AA =Este A AGHE ddl #HE e eAE ov]
N, A2 St AHeR KR ol ¥¥e HiHe W =E A

]

HE9] AP (Dispersion) HLE oln|gitt, HHE2-/J (Repeatability) 2 Z5&

’—T o
o] m2Jde] B FYF AW EE FRE WHEHo2 HEold 4 gk

=49 7MY F EA9E A Reproducibility, AV)
& W2 A (Repeatability) © 2 tA|stct. PUI 52 E4

56) International Organization for Standardization. (2011). Robots and robotic devices — Safety
requirements for industrial robots — Part 1: Robots (ISO Standard No. 10218-1:2011).

57) International Organization for Standardization. (2016). Robots and robotic devices —
Collaborative robots (ISO/TS Standard No. 15066:2016).

58) International Organization for Standardization. (1998). Manipulating industrial robots—
Performance criteria and related test methods (ISO 9283:1998).
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AZMetrology) 2] 242 PUISl Ao #IEE FHot= Aol ofyz}, PUL &
F x2ukedo] AlF I e AlE Wl #F 1+ of9A oEXE Hluske A
oltt, o]H3t v AZ8HComparative Metrology) G4 Ao HErt=
FAAQ ZAlolH, 7MY FasHA 85 e AL F2 Aot dFER
o] 2 WAL 27t AT 54 dlolg o] ¥ME dlo] =R o3t
ol ofd &4 dii F&F9 MEsde BRI

Lo P i

2 AAFA AjME 65 T dFEES Ot 153 e 35
(XYZ) 258t A4(igete 249 AEHs 7HI. dA 23 ol
ZHAAES] dE PUle Tt 2= 12pdA o=t Fa6h= Zor HY
o YA, ohefRt Fxo} wiAYFe] A8E 4 ok 18y JHAlE Be
AeAre] 29 PUle @t 4 w5 HER A et o1 kX,
Zo|~EY ‘ﬂro] , B2 2907, HEE BAo dY 2907 T2 33 ¥

Zrol A B9t WA (Trajectory) ¥t 3 (Orientation)& 8731t 65 @52
F2 ol BEe PUIY B3t 22 45 A== 7
WA F77)E 017t} SAFSHA A Mimic)sty £A A 4
oltt. 15 E+= 35 14 AT B¥l=s ofdT H4T PUIY 54 =
© A°] 27Fssit. mEtA, 65 =i 1Y A
glle E3e PUL 9974 5742 7Fsstl otH, of=#

A~
T
e 24 PFECABO ReD 849 479 Btk udE

o 474 71F
FAAES SR PULY SAUEA, AM, B 34 Sl et 4
A 20, 2UA% AU B 23 A ek 22 AR

59) Taesi, C., Aggogeri, F., & Pellegrini, N. (2023). COBOT applications—recent advances and
challenges. Robotics, 12(3), 79.
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1) AFSE=(DOF)
b F7HAe] elolo] A9} HFSF(Position & Orientation)]] L=&5H7]

do 6% HeHd TEE YA wET A P FH9 e, FEER
of YT ZAER WL gHolr] PULS FASH: BUT A A4S el

L o B4Hol
2) 715 (Payload)
i YA (Side—by-side)tt ARYHT AF
olAte] glo] Wk 4= Qlr}h. wEhs] 2RO sHlslEe A4 10kg oo R
stal, A9 didel 54 AuRles T8 H =
el ARgsfiof gttt

o =

A 774 (Reach)

T AT ZRE shde] WEA A, ATZART] ZozkA] thefRt
gieh. whebA] ZhkstE et ofyet 24 1,300mm ©]
7d(Reach)& =tHsto], =5 Hlo]A(Base)9] 22 914 o5 ¢l
Az oA A tAF ZFAAES] RE 2 Ho| HZS 2 glojof

o X

ox Hir
lo, O
lo,
-'NJ av]
iR g
rE =2
o
rH
%
o
e

(RS
I H
o
e/

4) §rE AU (Repeatability)

PUL 24E ulAd 44 E2 Aol8 Hestelor sz dolee] Ay
o] BTt Zask) et SAT ARS 4u 8 W2 sgstres o
A7} <01m olel BEe HAslel 2o 943 xR Agt dolele] ke
o]=(Noise) A= #AS}sfjoF qtrt.

5

~—

Al F Aol A (Connectivity & Interface)

A /EA AA 2 dloly 3 ZX(DAQ)ee] AAIE F713F
olt}. watA TCP/IP, Modbus, EtherCAT 59| A& B4 g
2| 4351aL, Pythonolut C++ 7|¥He] API/SDKE A|lgste] 2Ho] A

EX
o
\=]

H

o
1o

7t 2
EE

iy

oA

2T
S
=
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T AlA do]EE Ims~10ms @99 14 F7|2 &5
o]ojof gttt

=t
=
2
el
>
x0,
rr
K
n,

A,

A F= 1% a7 A7 A
] 32 Bl o] 1A 2 W (Pose)
o = A} = - ~ °
PR = 6= ©OA = St oA =z mA}

§ dAF o] R (e 100N) g
1 E 3 323} (Saturation) A

L9 8A 9R0H YT AT Eoln
e sha AR7bA A2 W9l e

C o]y Apkyd s 9 2% 947 oxe
Qg Lo|= Ha8h

v}

—_

ol ] gjo] ~ A A7 - A Aol AATZF 575 Q5 14
- N . E X (EtherCAT, TCP/IP) A ¥

.ol HA 9ol ddLAo A} glo
C\)_]_—;ﬂ _-H_7_3| ISO 10218_1 EE—J il —g-/\ ] 1_.-?_1-:'_ ]]4— o' a—L

o ZA 2

ol

2. 65 F/EA AA
7k 6% R/EA AA Y
250 EZF(Wrist)} d=oldHg Atolo] F2EE 65 A/EA AlA= Al

£Ho] sifoltt. 6= A/EA AlME T AAOAM 371 Auste o
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El(F,, F,, F)¢ 3709 Hust= B3 HE(T,, 7,, 7.8 HAASRE FA
of £4sh= 124Y WHe7|(Transducer)o|th. tiF-Z9] /BT A=
of FUsH] 7t3e w4 FZE(Elastic Structure)60-& EFSICE Q] Fof A
doju EZ ZHeiAE o] fxEo| oS 7Heet WACRE mAsHA HY
(Strain)stA| v, o] WS AAst= HAlol wheh A Ag(Piezoresistive),
-85 (Capacitive), 38 (Optical) B4 Fo= ozt FAATY B4
o AEHQ Alo]A|(Strain Gauge)2] A
Al Arstal 4k AFellA de] ARSETROD AA UjFe] FEzbE ofe]
of AEFQ AolAofA L YAl AF(Raw Signals)E= A
(Cross—Talk)& EZ33sItt, o] Ao = yASY EZHA(Decoupling Matrix)
E g A(Calibration Matrix)ghe= A9 317 RES Eilsto] A
S ol AAH 659 w4 /EA For ¥gEo ZH )62

L.

n
>

. 65 AlAe] HaA

HET g2 et PULERA 222 42 WUkl dter AR &
=t FEs PN TAS= nAgt npEdelu T8 § EEAE 2410
A = vA7] Wzl vobrk 33 Sl s)ddske ¥R
T 22 PUIY 54 EA2, ot 12194 3 SAntozs x5 A9
& = gtk 71E9] 1% 2EM(Load Cel)& AHESH 14 #AH53t e &
s U fA gt SAstER, 2] Y a4Q] v E R HEY
RHES Z4stA] Fgtth wEtbA 6% /EA AlA= PUIE 71 ERb o]

k]
e
r
ol
ot
iy
=
Ll
H,
ne,
filo
kel
_
ol
el
N
do
rol
iz}
4
ko
Y
o
o

60) Beyeler, F., Muntwyler, S., & Nelson, B. J. (2009, May). Design and calibration of a
microfabricated 6-axis force—torque sensor for microrobotic applications. In 2009 IEEE
international conference on robotics and automation (pp. 520-525). IEEE.

61) Andrade Chavez, F. J., Traversaro, S., & Pucci, D. (2019). Six-axis force torque sensor
model-based in situ calibration method and its impact in floating—based robot dynamic
performance. Sensors, 19(24), 5521.

62) Leslie, O., Bulens, D. C., & Redmond, S. J. (2023). Design, Fabrication, and Characterization
of a Novel Optical 6-Axis Distributed Force and Displacement Tactile Sensor for Dexterous
Robotic Manipulation.
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(3 3-2] F/T A AA 7|5

AR F= 1% 84 AR At
- 32 Loz i} HEH AFYA
=2 "] ?SEEHC‘)—]GA]OV)\] /ﬂﬂ/ﬂ SH, oAl 223 st &
t -
ram auge ZJI_Oﬂ _IQI_E]
s 7FAIAT 5)o] o %2+
D+ o] A} = 215
27 o] Force: £200N ©}/3 28 T 3K (Saturation) glo] AT

Torque: = 10Nm ©JA+

Force: 0.1N o]s}

1:16— A= ~

s Torque: 0.005Nmeo]st Au] Ajop

Pl HIARZA/SIAH YA | - 5 52 9HE S Al AlA AHA|

AL 1.0% F.S. o]st o] a5 %|A4slslel GR&R EH

- X2 AR/ ER A FA7 J’]’
A S 1kHz o]4 T S (Transient Response)S =
A A 7] 9t & AMES

S AW T oRR] gk %%‘_D]Ur =]

b 200% F.S. ol B2 Al KA mEE BA5H] 9

e & U g

o . = : EEJ 7}H}O}T(Payload) =4S

254} 24}

ZAsof sfEz o|= o] Wi FU=rt 4

1Y AAE AR

VAAE 22 WeE AMsts @ 200N, E2 10Nm 4
# s dste AAs] e Rl

(Resolution)2 & 0.1IN, E3 0.005Nm ©]5}7} &=}
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3) "lolel e o]~
4%t ¢ WM3K(Transient Response)E EX|A] o=s{H 114 FAlo]
»aAolty, EtherCAT E TCP/IP 5418 A Q3te] X4 1kHz olAte] A

& PolEE HAshs R A

(s

4) 5]-& IE5HOverload Capacity)
4% 2ol WAT 4 Yt FAcRRE ANE o] 9o 4 89

o 200% ool WRE AL 5 9 WTHLS 2ok et

5) 224 A9
Z+5 0.5kg ©lot, 7 40mm ©oJWje] vty X E AAsitt,

3. 2

l
<

AA D TCP A

7} wr=d oAbz (End-Effector)

o
2520 P/ED MM HEHOR FAEe] A4 PUIY Beldoz HE
=]
u

o 1o

Sh= = WG (End-Effector)2tal FETH ARl o]F-g 25 119
Het ge, bt 2719 7HAAIE @Sl "-sstr] fAs do] 24| ks
(Adjustable)s}l, PUIE ZAolA ©77Au, x4 &

49 A B dZwE AAISt AR o= S
AAE AS EF2AY e 3Rt

u AA 8 AR

D 34 ¥ "WAYSE (Shape & Mechanism)

A Y] mHd Exgolet viBar) FHS &0l T ogRt
FEC] PUIO| R5F o3& 4 SQlofof gtk ZHolgd(Hook)> miHE &5 o]
of dojd @7l & Pul) T2 FHsh] S LA Be UA 4=

[e)
zrech 2299 Grippen)S B GO £l P4 Ak FAS @,
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2) 44 2 AAH (Stiffness & Clamping)
o] AR E= 54 F FZ4Backlash) ot EEHo] AR A=E 2

T5H4 1A Eojof gict. x]719] Aol ZdojH4=E RWE o (Moment arm)

o dojAH go] AT 4 ez, dFnE nERudoly IFE AY &

3) H=&H A& (Contact Material)

PUISt Y= HASHS A A2THXE WA|sta I7F mF o] npzk B4
S BAFSH] Y8l 2o] Ak (Shore A) 40~60 $F2] Q-gto]
)

Al
=
52 A9t 0ad te &5 /A4 B4 24 98 3% "oz

T

ot TCP 1%

£ Allg %EQIE(Tool Center Point, TCP)&= Z5o| Alojol= ZAF Q] 7|+
ol e TAe EHS ougthed) dolE AT 4 Sl e
= o7t ¥iAE wjuitt H&st TCP X (Calibration)e] B=Aolct, TCP
= 25 23R HAHEAE 7IEC2 F/T AA HARZAE AA, AA PUISH A

N

Zole A7Le] 29719 A WEHE Fold 4 vt TCP 4H7F 4%
SHH 31d 5 Al 2Xo] dd+= HAY 2 whgo] AAet gty 22

L Zo] otyet HIEAY F2E= E- a3t d(nternal force)S 2HAYAIZITH
ol 4 HolH9 AFAHE Hojkgl= ¢dle] Rz, 271 do] WA A
ottt TCP 32 44 =@ Imm) o|He] etz 7JAls|of qhct,

63) o785, WE, e, (2025). fd8 =2 Ze|Eeold FA Y 3 TCP Aol 74
AT A ol vt A TREARd g etel=E A, | 28(3), 799-807.
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A3d FF=X A H 4 dagE

w2 9v A Zo] 7]F5H4 & (Kinematic Constraint)©] EA|5k=
% A (Contact-rich) 9> 2& Ao] 7]« AHAHQ =A AAlolty. §
2RO PUI 54 58S AZsHA Brishr] SleiA =8 4528 AoE
el o]EA ZYAAAE ARSoF ittt & HolAe HEY 7411012 et
Fagt AA FF Ao, AdS A% AF A4 HH, 19 Fdst dolH
52 9§ By dudES Vet

1§ A4 =% Ao

7k Aol menrde] Hadd

HAE5AQ 28 Ao IA A Aoj(Position Contro)t & Ao (Force
ControD® FHth 92 Aloj&= o b Edo|~, 84, & olF 5 &
o] IFES] A8 2E fEYA I IS o]F = WAOR, 2RO W
27 oA TRl = it FHeHA RRE Sk A9 AA(Pose) E
gt AgstA gAdstes Aofste FAolnt. W, @ Aol 2Ro] &
el Ztote d Fe EIE FH Aol 2E=E 4w WAolth. dut
(Polishing), HH® (Deburring) = AAH =9 &
Ak Aol T2 Hdo TaAolrt. 9 Alofr
medls ol 2 Ro] Zx 9 e AR A9 RS mAsHA £

]l

)
b
o\
N
)
2
i)
H-l
S
=
5
o
=
=
=
g
@]
=
O
Oi/

= = &
de 2T 5 Ao Bz e d AloIE ARSS 2ol €8 de
7Pt Sh, 222 92 fAT 5 QAT il =E meA] 2o}
A FES HFer AL & dnhed oAY & 47 A2 B A=E

64) Siciliano, B., & Villani, L. (1999). Robot force control. Springer Science & Business Media.
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FESEA B 454E W2 2Aslok sk T A apAe e,

et 917 Aoy & Alojwte g2 = sjAsh] o S]] RAE

Jduld A Aol(Impedance Contro)= 2} 347 7ho] AFG zb-gof| A HF
Meke We AUHOE AfSr A, 2R AN 9% § Aole] T
A, = 7IAA dud2E 111010}% TRAQD & Ao H=folrt69) Jujd
_é. 7‘1101—11:‘ E—Bé\‘g ?—J’E’%F]% 7]—/\]’0 '7‘21‘%]:—_&2%—%41‘11' /K]_é%l}li E%%]
sho] BT HBAES Aolatt 23e 2] BANL Fo) 9% el
wkg et

F,, = M(z—x,)+Dz—z,)+ Kx—z,)

A AolE Ao Bee] §io
A ZpAeld Wuwt Zol wlwt 94*1 B2 el WA Aelohe sehd

Aol A AE v} o], Jeet dd/EA
KX

ﬂin}é 248 YL 22
o PUIS] 717H ANE Ar2A 41 AA~L

wheptol gt 7

65) Abu-Dakka, F. J., & Saveriano, M. (2020). Variable impedance control and learning—a review.
Frontiers in Robotics and Al, 7, 590681.

66) Pérez—Ubeda, R., Zotovic-Stanisic, R., & Gutiérrez, S. C. (2020). Force control improvement in

collaborative robots through theory analysis and experimental endorsement. Applied sciences,
10(12), 4329.

67) Nadeau, N. A., Bonev, I. A, & Joubair, A. (2019). Impedance control self-calibration of a
collaborative robot using kinematic coupling. Robotics, 8(2), 33.
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(Rigid body)ql 22o] Abde] Aol st Az AAWe 1HY
A 5ol WSl el 29 oAz o

=73 ] o}” =4 AMadY e (Artifac) 2 AgRtt. o] sEsts] f9

A% FF(Compliant Following) =fa 875, o= slolHz= |1/

Hybrid Force/Position Control) = YHEA Ao

Control)E =3| Qﬁiﬂr/}_@) Fdgt HE F=F @‘jﬁf% o 2R Tol9
°

—~
—
3

o
@
Q.
jas}
)
O
(¢

l
=,
2
N

Aol T4 HA A PUI &7 24
. C QR 7 BAL ER QA | - AA BYA Al BT
AT ot g2 e a0y
~ - J/EF AA mEw 7 -
g0 | R NEN T e 9 23l cleg
ol el A~ - @3 A1) T /A | - ARE B2 FA 2%
BAES A Ao 2ol +3%
# 3-4] fAg AH FF Ao M=
Aol ¥ Alo] A=k
Loj7t del= FA wek(Tangential direction) &2+
T +5 U 22 A|o](Position Control)E 485t LA £
E_u,]-O] S O Z]
- ol9] AS WFHETP oIy ¥ Wk (Radial
75 BT direction) 5 *&°| 7&H WFe=z= o Alof(Force
Contro)E &3] 2% 32 0oz 4A

68) Tiseo, C., Ivan, V., Merkt, W., Havoutis, I., Mistry, M., & Vijayakumar, S. (2021, May). A
passive navigation planning algorithm for collision—free control of mobile robots. In 2021 IEEE
International Conference on Robotics and Automation (ICRA) (pp. 8223-8229). IEEE.
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dEee Jledos nA Aol AYshd, PUL 54 54 24 Au
2o WA 2o wry Al 74 94 WelolE Liste] ALgattt

3ol 54 9 §=
%5 4 BES BE ARR A A Yol o5 A
7= XRE 4% BEZH(Joint Interpolation) ¥4
orp =2 w9 oF ARt HAo] ohd &5}
. AE TAS e, Hot g WE,
(Point- 85 49T 9 S0 Lag 45 20 A
to—Point, < HHZﬂo]—EF] P

A&t IR 2 w27 o]Foh= H
(Approach) 131'7:]]1/]— AY 22 5 oA 9|2 Zolrt
E7(Retract) A4 AtelE EFUS ©@551H7] €]

OH /\]--Q—

715 TCPE @A A4 Hx X742 A4 H=
2 olF

LIN -8 Aoy &efold Lojet Fo] M 5 Sf
(Linear Motion)| = PUI &4 A], = HES £ =
(Push)oll AHg. AT £52 ZQdste] v]Agh npEd
< S4ot= d A9t

Joint Motion)

ARC = A4
(Arc Motion) | - €&: Y& &, ME7] Lo 5 U] (Hinge)E 54
o7 3|AH 5 o= PUI A9 71& HA

L}, 5]-0]EE]E A4 Al¥ (Hybrid Trajectory Planning)

PUI(A: Er) g zjo] ofsf &E 9T AAS 1ge AXY B
ofA|wt, é_hﬂi% SAet 1z fFACR QIS o2&l Y=t nlARt
Aol e debd PUL 54 54 2

q
o [¢}
(Nominal Trajectory) A4 & Ao} AgFo=w Hesh= Zo] viEZAsirh. 2

H rr

_45_



A 2% A%, PULSl B4 w818 F4 235t ol dHel ARC
Pol2 71F A2E YT olF KT AW FF Ao WFL olgstol
250] 34 A4S weprtE, AA 1A F&H oo HAo] AAAHA
SARES Gt olg B9 2Ee ZAE 220 ofd o= | XY
(Guided Motion)& 43517 Hrt,
3. &4 dHo|g BAY dagE
7t 538 W A BA (Gravity & Inertia Compensation)
6= F/T AA= 219 &5 oo R F/T AlAoA 5445 T
olfofli= FFERY PUI Ato]9] Aozrgo= QI Aotz PUI X2 ut
o ofe} THFA (A1) Al FALL 2 2]l gt #Ago
rasig=
Fmeasmed FPU[+ }rgravll‘y + Enertla F;n'as
== PUI 22 (Fp)2 A SA43klA T, #AdE, 7] Hiolo|AE A
Asto] TE3ich
FPUIZ Fmeasmed (R m - g+m ' a—i_Fblas)
A7V, me WA DY, o= 32 JIEE e, gE AN A 27 3
EE=17 a= 7]._,_5 Hﬂ}ﬂ ]1:} PUI—J EZ—] E/HO = Eﬂ 141:10}74] 214—5].7] EHEH
25 AEZH=RE AAZE A BE(R)IE FAIst 58 HEE AA
1e5e F43 Bast Om} T, 24 e
T S AL a=
dugESE oL

AR Hgs| ArstE gl
I7ro g ARSI &R 2 HASeAHE
Ztste] A BAES M——t—

%__/x\_
1A, 7tEE A IMU)

23ttt
— 46 —



3 9 dole} 713}
9o MFu ko|=2E AASH] f¢l A F BE(Low-—pass

Filter) & -85, =59 92| o8 (Encoder)?t F/T AA ©lolg 1o &
Al A AI7HE A2lste] EF AR (Timestamp) 718S] dlo]E F7]|8k& &
ereh. Hole 3 AR AAR At 7lEo® HE Holy mjZlof &
AR E Rojgint, o] AtiAo=z MEF F717F 1 =5 $1%] HolH

o]
=
£ A% HZH(Linear Interpolation)= A-8sto] F/T AlACS] EfQJARHIOL
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e
e
)
L
il
of
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]
o
)
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B HoA Aglste B 24 ZREZLS PUI 537 EA Zaudo] A
d 75T VIES AFShe e 5Hor St 4 AAH stEgof(R
B, AA 57 Fdstd e, T4 £y e Hejer 22 574 whEvH
of whet PUI94 54 8% %35 A AH o}

Lo
reE
o,
=
i
ru
o
oX,
o

(Comparatlve Anal ys1s)7} 7}5011741131 Ltolr} ntetm
g gaEd Bam ge 43 aTel /e vjag 4 A

7h A" 2718F 3w A
dolg o] A=de gHs] fsl], & AolA

S
2 gy 9 REA 93 — 53 Y E22E 248 92 S8 TCP

@4, 59 A, A4 9 44 5& PUL 2o] AsEolop @ WA
ZF WAloln, o2 Fa) 95 o] ot =4 oxE Aot

d
7‘“’41}—1‘— "‘T’é%i%g] 27 WA (Direct Teaching) 7]15% ol-gst] =74
g PUIS 7]+ A% 3 ~

2| (Hinge) 2 &% P 5
5o 7|9ty F&& AleshA ¢ o AXeE A Y e, PUI 1L

o] EAo] opd 7148 dZddef 2Jgt W= (Internal Force)ol =74 HlolH
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of Zet=lo] ARde ASHAZIH. BW PULS 7174 2l T

(& 3-6] 54 Z2EZ(]) Ala" 273 9 WA

A5 =zt T2 W& % =4
- F/T AA S4 #8A din] gebgs] 290 skt 62
e ii@l(Pos1tior1/Orientation)—% Airste] leigt,

CERe tAER SHAA TR 9] 2ol AllAfe] b
TE 2 AL YL FHs, o5 AAREeR A (Offsen)ste]

i 0 o=
ke b
o1 3 - 25 HFo] 9= A 53H(Free space) AHiolA F/T
ero=e Aol 6= e x7|ststo] HiolojA @AE A7 9t
- 2Ho] PUIE #HA HE5H7] 2A Ao A AA S
27 A& 2YE P, AHd FoH(Pre-load)7} ‘00l sHsHE=S x

7] AMIE A 249

(£ 3-7] 54 Z=2E=(2) A4 A48 % Hu3A 473

AE Azt Z0 g 9 2F

2
A WAE Fof PUIS] A, AFH(Via- pomt), 3

71 A EA de d9stal, PULY & SR/ Fetst
= BEE "g*éﬂ

47 &, diolg o Adde FHs] ft o metulE (S
%

sttt & =4 A= HZ(Approach) — HE 9 AHEH—



=X (Actuation) — EF(Retract)'®] 4TAZ FLAEHH, AR 522 PUI £
Foll ot HAstET, [3 3-8]2 3 kHo gt Al 2 2 4 o}
ZHHE 14T dAlo|th

@- B}-E_ 224_4 q

45 =d3lstr] f6l, 25o] PUIE 2 H

2 fAs] dAF 2 HE AE Aot 1AdE ZREF

glolg A2 @AoA HolE & (Segmentation)

%sr/} IAAHorL 2ol WA A}

A A Zk(Kinematic Threshold)S Z1}6h=

250 NAA(—0)0% FosH, T AH AH e 27 onm
1

o

o
_?L
£
Jo
ol
En}
o
ki
i
2

M(Initial Offset) & ZHF5to] BASHAY F4 FA o wzt xtste] si4
git.
(& 3-8] 54 Z2E=(Q) 4A 2 2 &4 ofetnH
1= =z 49 LG
o e el
- 27] Jh: PUI HEAE 7Fo= A" HIT
g @ kB 2W AY 10mm)7H] JE S | 4 .
S| 2 w27 olFgh .
- AE: 24 59 PUL 5= FEshal gi7]eh
- A= 2 HL 2 -4 PUI Wk /&)o =2
-6 =1 %“—14 £ g olEe
- (ARG AR olF F F/T AAY 2 ZE(F) | B4 &
A% | & AN ZYHH, C S AAR
- 71 A AAgtel AR Bold H=E AARL| - SA
= 2¥ohs 3t 2Ee AAst, i fAE
W9 239 71EHE=00% HdHT
- 9 F50 PUL elis2 SHor AAE Ad
A& 545 e AT AIZE
= diolg 274: A Fe4 AE" F71= AR |- AE 45
T | Zw, B3 deldE S EE A%
TR A B 4L B A EZ kg6l |- @A B,
™ =] AZ|5t
B | ofg 5 591 54 F= AHAAM kA= TE |- 5 =
B SERN H, 271 "7l AAGEE AR FAE. |- olE A
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A5 A AL ALB AZTE 944

D A= (Reliability): & 5749 1820 ZAAE 2d=F 7He] HA}
= HAXAReproducibility) HA EAES FFr=Eo = WiE AHdn
(Repeatability) S 3] ZE2og A|ASIYL) o2 E&] &4 AAH 24
o] W% (Variation)S HAsIstozn EAZHoz AT 4 gt Aol

R&R(Gage R&R) = BT 4 U= 7|Hh= ohest

2) 94 (Flexibility): 71& A& =74 Av7t 714 vl-fAd A= v
4(Retooling Cost) FAS T2 1dYo| 7Mset 624 5282 E=Jd)
o sjEstde. AAE A= As) PUIS {Au 22 4] M=yt
stedlole] =84 44 glo] 2zEQC|(HA HlA 2 =4 stetmE)o| A

AAROR Z2H9l gl shsstet,

3) X (Fidelity): Tt 2o ?l(Peak Force)Wt S4st= A4 =749
FAE Hol, 289 65 F/T AA} 114 DAQE Foste] PUIY 54 7
& 240 AR o] Fofl mAle vhEe ®igl HEH :

=
= a
52 A9 & S (Transient Response) 5-& E&sH= 52 g Zzutd

(Dynamic Haptic Profile)& #=H3 4 Aot

4) BF4 (Standardization): 54 279 =422 It flolE ] nldw
= 5] S8l #E 54 ZREIZS FHokH ol Tesl 54 4
AHe wEet Zlo] oy, dlolE o] A4S Wl 715/ (Comparability) ¥ <2]

A ste Hekd EdiE Alse
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(Repeatability) & B3 =4 dlo]e]e] AF4e BATH 4= it
PUI %2+ A] BHAS= nAsh daf B3 W2 mxsty| 98] 2o =
@2 (Flange)oll= FR103} 33ko] 7bsset 6% §/ET AIA(FR-6F-75MM)

E Aol & guto]AoA 3= ¢ HIE e} 3% E3 HEE AAS

2 5A =4ste] PUIY 54 naoidg fSdd. 14 TAS Adsh,

25 A

Alof7)o AAzEo2 BstEe] Fug We HolHE 4T,
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Agotaler. =1F, WL ZAY E3elet Fol AF LYEE o] ofd

PUIS ¢F A<l 7@1—51—% FA5H7] -‘?45 &9 A5 AFrste] ARESHA
Z2 Eojglo] thFet &7
4| BE oed 4 2
of s A S g AfelE dlol SAHL = Qlrh /EA AN HFA=
=74 FH(Center of
2]5+H, TCP(Tool Center Position) FEA = J/EZ Al
A 411”74]91' J P Za, AN SAHoRRY T1en do|ukg o]Feh 93]
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o2l H|of AEl|0| M

Main PC_Python
Library: Socket,
Pymodbus, Pandas

e

USB to RS485 (COM2)
Protocol: Modbus RTU
Command: Grip/Release

DH-Robotics DH-5
Humaneid Gripper

USB to RS485 (COM1)
Protocol: Modbus RTU
Data: Fx,Fy,Fz,Mx,My,Mz |

4-2] dE=% 34

SMPS_24V DC

ooe e 33 EN

\ Ethernet (TCP/IP)

& “Command: MoveL/J
Feedback: Position

FERIO] Cigtol "

Fairino FR10 28
Controller Box

7|75 2 (Flange)

/

GZCX F/T MM
Transmitter 28

I+ 2 (Adapter)

Al 2E stEe] 4

(3 4-1] 3tESlo] 74 84 B AR

A=A E)

79 A

FAIRNO
/FR10

- 7pstE: 10kg
- TgA9: 1,400mm
- HEE AHE: +0.05mm

GZCXSENSOR

A A
F/T AA /FR-6F-75MM

=7 HY: 100N
=74 91 5Nm
5 0.1%FS

AT 0.2%FS

T {o HTl gol
2 [y

DH-Robitics

o T
Jo [y Jhe

g &x: 1,000Hz

Ea sl /DH-5 —g J]ﬁ&(?;képﬁ
- .
- CPU: AMD R5 9000
A 51 B - RAM: 32GB

- OS: Ubuntu22.04
- ROS: ROS2 Humble
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A 23d 71AAE PUI 54 EA n=2ny =4

AR AL B B A
B A a7k ZPaAEe] gEAQ PUI WA 91F =

o
Door)9] 7i¥ WAYES FHstal T4 54& Adelele A

2
[
g
5

7o

& 2n= g
O YT 5Y molt A= @A EelghnE s, Aol £4 14
9 22 F408 N1 Lol AR w9 Hul, 4840} BE UL
o 7= S 2] HAZI(Magnetic Gasket) ¥t 912 A A®I(Hinge
System)®|2h= F 7FA] Y FFO] Joz-gol o) A4

271 MaZle W17y A ges 23 24 AtelolAd Ag o= 7)Y

FA ot FEoE, o] &3 AHolAs At Ager dztHE d9
+ AEe F55H7] o At 7] F¢]2 (Breakaway Force)2 3

Qsirt. @9 B = A4 o] mE}le] Al wet B de HA
AZIer R1A] A" 29 S-S Aot Uil AAR FH(Cam) F
Fol AL=o] 44 % YolA s B (Auto—closing) 75 FAIT,

A2 o] 22 Al w7le Q(F,,,)2 S A FA wge=m
8o, th2t Z2 99 By WA or mdgd 4 Utk

P, +F,+F+F+FE=0

A7|M, F,2 7] AAZle] ot A=, F+= 1] 3 @l o3 2

g, Fre g @A/ v 9 9 P4 o), Fe Zolo 3 Y

s

ojujeitt. & AdoMe ozt HAd € 845 Esfst

. r?ﬁ%ﬁ‘ﬁ%@ﬁ}ﬂ\_E A 28(5), 1423-1432.
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. Ad 74

D &4 Aude 9 HolE #3 U

A BEE (19 441004 AAE AT Zo] 2Hy IdF1 £ 0°
A 90° 742 NskE €9 (Opening) M thA] 27] A= g
(Closing) g2 shuto] Ato]Zz Aojdict. a3 A 29 Ao ¢
Asl A HE= FUKIH A AlaHe] 524 542 Wehe] WSt

ol

5% 2% (Constant Angular Velocity)

4-519} 2ol Fhg% P2 X

£ )
T 303 ¥HE 542 Y5k, 50ms
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Time (x 50ms)
(b) TCP Z&E (Hlo]A e}l 7]F)
[ 4-5] TCP ®F ¥ ZH&5E m=2abd (P 3y ko)
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ABSTRACT

A Study on Collaborative Robot—based Measurement
Method for Evaluating Dynamic Characteristics of
Physical User Interfaces in Home Appliances

Yeon, Kyung—Su
Major in Smart Convergence Product
Dept. of Smart Convergence Consulting

The Graduate School

Hansung University

The paradigm of the home appliance market is shifting as functional
performance reaches a high level of standardization and consumer interest
in affective elements grows. Amidst this trend, the haptic quality provided
by the Physical User Interface (PUI) has emerged as a core competitive
factor. While the affective quality intuitively perceived by consumers
during operation exerts a decisive influence on purchasing decisions,
conventional measurement methods employed to enhance this quality have
faced fundamental limitations in securing data repeatability and reliability
due to their dependence on operator proficiency and subjectivity.
Furthermore, fixed automation equipment dedicated to specific products
suffers from insufficient flexibility, rendering it unsuitable for rapid quality

evaluation and R&D within high—-mix low—volume production systems.
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To overcome these limitations and quantify subjective affective quality
into objective dynamic characteristic indices, this study proposes a flexible
PUI dynamic characteristic measurement system that integrates a 6—axis
collaborative robot (cobot) and a 6—axis force/torque (F/T) sensor. The
proposed system is designed to flexibly adapt to various forms of PUlIs
through precise motion generation that mimics human arm movements
using the collaborative robot. The 6-axis F/T sensor captures the
multi-dimensional interactive forces and torques generated throughout the
entire process of the robot manipulating the PUI Additionally, a
standardized measurement protocol was established to ensure the
consistency of the measurement data.

To verify the system's performance, empirical experiments were
conducted to quantify the dynamic characteristics derived from the
operating mechanisms of PUls in representative home appliances, such as
refrigerators, ovens, and washing machines. In the refrigerator rotating
door experiment, force/torque profiles for the entire opening and closing
process were continuously acquired, including the initial breakaway force
caused by the magnetic gasket, the auto—closing zone driven by the hinge
system, and friction characteristics. In the refrigerator drawer experiment,
the resistance force due to rail inclination, rolling friction, vibration, and
the soft—closing zone were quantitatively characterized. In the oven
drop—down door experiment, the gravity compensation torque of the
counterbalance hinge was measured to analyze the weight perceived by
the user. Furthermore, the washing machine knob experiment
demonstrated the system's precise measurement capability by finely
capturing the periodic torque patterns generated by the detent mechanism.

In this study, Functional Principal Component Analysis (FPCA) was
applied to the 6-axis force/torque data measured during the opening and

closing process of the refrigerator rotating door. The results of the
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multivariate FPCA confirmed that the model possesses high explanatory
power regarding the dynamic characteristics contained within the
time—series data. Additionally, by confirming that the mechanical
differences between the opening and closing processes were clearly
distinguished as separate clusters in the Principal Component (PC) score
space, the differences in mechanical characteristics were visually
elucidated.

In conclusion, the collaborative robot—based measurement system and
data analysis methodology established in this study successfully overcame
the limitations of conventional manual measurement methods and secured
highly reliable time—series data with excellent reproducibility and
objectivity for the quantification of affective quality. The obtained
high—resolution haptic profile data can be utilized as a key dataset for
developing Al-based affective quality prediction models in the future, and
is expected to contribute to enhancing the quality competitiveness of
home appliances from the early stages of product development to mass

production quality control.

[(Keywords] Physical User Interface (PUI), Collaborative Robot, 6-axis
Force/Torque Profile, Functional Principal Component

Analysis (FPCA), Affective Quality Quantification
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