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A7) BAlEE AR dnaE 18 Sdse
axe 2ol Ed7 ZAE 94 74 P
(2] % 1]

Algorithm 1 Kinematic Architecture Search
Input: (a, xg)
Output: (ég,éS,ét)

¢ Ry + Inf

1
2: for i in n, do
3 6; +— Random_Initialize
4: (9% [2] — O,
5: end for
6: for G < 1 to Ggnp do
7 for i in n, do > continuous optimization
8: 0, 9? [’l]
9: (85,8,) « Ini[alizci:(xi,‘g'}il
10: x « FK,(g(a:0,);6,,0,)
1 L+ || — XE||1 + Areg Yot de(xalk(d) +1] —
e k(0)], i + 1] — x]]
12 R[i] + min £
Ps:Pa
13: if R[i] < Rmin then
14: (6y, 84, 8) < (8,,05,6:)
15: end if
16: end for
17; 05+ Mutation(8¢, R) > discrete optimization
18: end for

o] 7] A, by - A7) S5 e Ty, RS A7) A 7178ke] e .

A7 7

A6aol oA,

A7 AXE 2HLE A Z(rigid arm) o] Eeko] HAwE AT E E71(soft finger)Sl,

axe wye) 2oy wAE 914 29 W

] A

g g2 2R, 3 230 dAer e 4 Aol FAFEFtel whel, A3ke] b wA digh
il FobAaL k. tiFie] & 2ES # 759 A EH(rigid body model)ell 71¥etaL, o] &iHA
olar &AL Ao 7S AlErh. 2y, AFHQ] AA oY dFdolE o] exFor QI 97 =
o A, e, A& Q

.1 , <t
E ERE A 2R wE Eu ¢ kdsith. aeu, BH oS (state
A

AXE ZX9] 7]FE(kinematics)S EEHEE A2 FUZE Aojo HEHoXrt, Ao FakA
o] ojg$o] wWEL. 71FEY AFE A (Model-based approach)®} £

L =
kA2
box approach)oZ ®F=2 = . Ed 7 HEHES AXE 2ROl J|48HS oA] HFE(energy
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preservation)o]t} 718}82 A (geometric relationship)$ S Z dx oz HAMST},

o] 774 (robustness)¥ A 7F5Al (explainability) S A &A1 g, F4¥ 29 2o 9

271 Aok, wbdd, diFEe] Seubas IS 7RAIQE R A~ (Gaussian processes) 9

R dl(nonlinear regression models)< ©]-&3til & RAy Z2A2E dAvd & dvk. 284,
o

= 2]
R [e]
W dusbsgel FEu, BHFoR stel we st Hue el

N
iy

Py 2
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iy

E 12
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(o u i)
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e 2=

12 oft ook

iliA

598 xag s a o Ajtsls £ JE EEE (physics-informed modeling)ol A9l #H xR &= A
geta drbsd ZddHasE AT oA FHg AAE BTk FAEH, 2 SN E EEdt A4
S AXE 289 7|F84 5 (kinematic behavior)ol thet R w} Ao o] 83tz gtrh, ool A9}
= Aok, B #myeM s, AXE 239 VA & 7|98 FF(kinematic structure)E EAHYS7] H
&l A 719"8H(rigid body kinematics)& &gk, WAIE 7]F-8te] digh RARY S AXE 2RO AEE I
AAA R ol et AR 2 Alofdd digk 7ol &85 TheA gtk A 23 digh 4| Eote] €
g AT7F AJAA T, AA 71TEE s NEE VI Ee] APA R AXE 2R o]&HAE ¥Ert

;_l_L
WHAE, 2ZE 2RE Raw, 4, R Aofs] ANM AZE 2RE A 2Rw dwAse T
J8

2o
N

3l2}H)E & (kinematic parameters)& 2t7] 9k A3 Hdgo=m 7]FEA ol7|HA @A (Kinematic
Architecture Search, KAS)E Aersitt. KINN:E, = 1o Z=A]€ v} o

(Pseudo Rigid Body, PRB)&} WHE 4 )& EAPSY. olgfst Bdw HEHL, ofFH|¢H(Jacobian)S
5

=
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N
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Lo
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ol
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o] &3t= 97|78t (inverse kinematics)¥ 22 A 239 Ao} 7] o] &S JlEA S

AlQFehs Zeldlas AZE 239 A BXoR A sfolHe|n AR B slo]HE|E RIS Alofs)
7] 93 ampHom olgd 4 Q. Flo|HIE AAEL AYE 2Ry A 28 BT FHE o]&dte A
S SR gt odd, A F(rigid arm)> FE AGINE e AZE &7 (soft fingers)E Al
T QaL, o]& A EE AASHY Aleolol A thEA aE|al bPHE B HAHAE ThsekAl gtk a2y, dloll
= A2'E Aojstr] 98l A FEY AZE RE gk AEAQ AlJE 8% F dow, o] HlESE
A AolE zgitt. tialell, & oA AgteE Aol ZHdYAE, AZE EREE PRB(FE ZADE 2Y
Botal AA =23 S (augmenting) o.M, stolB = AlxFo] gk A A A& Alggtt

2 oA ARMshE WS A AZE 2id A8d £ Jorng, of T B A4 A ooyt
A2 ¥ (pneumatic and tendon-actuated) AZERY RFo| HAESTH FTAFNOR Aty =ad Aol A%
S AEOA 4T AA @Al Hrisoh. me, - doly d9 9Fel e =-o=HH (end-
effector) #A & (trajectories)s FAFoZH Ao WHe ZAds Y5eod. FS, A 27| (painting

W
i=]
letters)¢} ¥ ¥7](opening the bottles)o} & sfo]lH = A|xElo] B3l Ao] APES A|A3T),

3 0001) W3kel= FNES #)2023-0108902% (2023.07.19. 370)

(E3&3 0002) tigtl=t F/HES #)2022-0051005%. (2022.04.025. F70)
(534 0003) "igtvl= 5553] A|2005323% (2019.07.30. &3L)

(531%4d 0004) W= S553] A|2275900% (2021.07.12. &31)
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Bty o] o AAjde)] wE, AXE 23R Efi7] FEQE(tracking point)e ¢ X 4
A (processor)E X35l AFYE X 93] FHHT, 7] AXE 2RSS JPF &

% 7 (Pseudo Rigid Body, PRB)®2 REEste= ©@A, W 3% tlo|EeE o]&sle] gxgomn, ofFdold
Hado] 53t WA #(joint value)S dFshs dF g9 detuge) oA FE A4 7kl tisshes A7 E
N7 EJE YXE FAs = AA 71T deuEE g 9dAE XFst, V] EYRH EJAE= A
7] AXE ZRo| ke 9| gt}

T AAE Aol A8EE E=Es By 3 oldisty] flske] zh =] A drgol Al

of

.
T 18 AxE 22X YAE FZRE HAYEE 5 7HA (Pseudo Rigid Body, PRB)E EAdT}.

T 25 (a) AT 7IHEKINN O AW 7178 (forward kinematics), (b) 3 #A(revolute joint)@ A3 4
(prismatic joint)® TAE= AA =R A 7|78 (rigid-body kinematics)el Ietv|ElE, g3 (c)
AEE 23 £718e) old] Ygaht Sx ZA (PRB)E wAI S

ki
ro

3& 7173 o}718l A A (Kinematic Architecture Search, KAS)Y T EAAE EA|ST}

% 4% (a) A2 AXE Z 5 (tendon—driven soft robot)¥} #e3 3¢ Wek(bending direction) U, 53 A
¥ d, R 2o 9A X, (b) A% H5Fu YA 4T uo|EFORM, FolFl B, U, Nar, 3
duar o] W3] 9 7]F3H(inverse kinematics) S Eo]stE HAHL EAEHC]

5 ABMUSOI A #-g ol dloje] (BXe)g Sqay) 99, FH £XE 236 PHoR, (a) £XE 2

j
Bo AW} (b) £ATE 2R WARE wAPT,
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a4 2539 Nes =ARH.
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&5 (behaviors) &2 Ql&te] AXE X o]&dE 4 g}, o3 A3 5
o o] ™% (actuation commands)< 4% }iﬂ(Pseudo Rigid Body, PRB)S] tf
KINN(Kinemat ics-Informed Neural Network)E o] &30 22X, T 1o ZAE ‘3}9}
E} A" 71+8d Fx(kinematics structure)E R = 1oA, WA F(red

H(revolute joints)S, & AF5HA (blue cuboids)= A3 A (prismatic joints)S
oA AXE 25E 7MY B4 #EES Z2e 5 A (PRBE AP g, o,
2 vg Azl e wa, e vy A Aol wet X" & vk, oAXd, F

o

Ax AwE ol AH =S WA HAY vl Gz Aol wA =S 2ddd 5 ).

NI
o
ol
o

o)

N
mﬂ tlo ®
o By
£ 4o
I L
il (A

-
%
o rlo

ol
o
N,

@

o, md
ol Oz

Mo sk
olo

__)li_r“
=
=
N
tl
o o8 rlr
o

i rlr
o
4y

>
X
T FL
N

m

i
o
23
o
¥

%D
1o
o r_>.i
2l
)

RURT:
o,

A 71, 71Eshe 2ol B #h(joint values)o] EEA JS W, BES Aoslr] Y8 sz
T AT, 2y, AZE 2R A, WAE 719 Fxe didE = J& S8 dEAA g,

w2 oM E, £ ZA(PRB)Y 7184 i'Jr?/]ru]Ei**(l 28357l 98 7194 o7 9A

(Kinematic Architecture Search, KAS)S Fafatar, Za] Alojo] & %% = (well-established field

gg3hrh. wgk, 7|94 o7 ElA BA(KAS)S, a® X7|HE O”Zoﬂ old o

, = ZA(PRB)Y] #4 s (& dA5ste Fr(gE 1718)el gk &34

o5 A A

Rl

o 1o >~

& (actuation command)o] FoF
S ¥33it}. a, g, 9 qf @A
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a=g(a)

a € R"™o) os) H&HE n, /Mo AFoo]d WHEN ATE R BIg pn; sje] EFY IQAEES
(tracking points)ol] <98 H&sle ATE 2RSS adsixt. 2EY x|, &47Z A (quasi-static
conditions) 3lollA, EHF EAEES AAE uyepdtr., EF] EE HAA YA (true position)E

ni X3

X € R0 golao, kIwe, 9%dold 985 a8 249 92(*=2 %713)0] WB3k7] 95k, FK
2 ¥71¥+= AW 7198 (forward kinematics)S x 0= w7l® 7174 mEuEEe] dste, AW
7158 FK&= ol 827} o] & 4= 3},

to rﬁ
24
o
%
0

wE A ERAsE, A 4, )9 o8 g wE §4F Arsshs Ade 0 gES = A

n; X3 B
& RS, AN, AL Z4e Ane A4 92 X € RYg 240 90 < a9 Az gma

6 = arg mgin E(a,xa)eD[d(%Xg, FK(a;0))]

7] FAolA, D= S ol Fi(paired) dlolE) (B Xe) o groly,
71784 S EHE oo tidk gAe o4 W= (continuous variable)9t o]4F W=(discrete variable) &

=
Fo] EAE 9ate], A% & FEAlolth. S ZA(PRB)Y T AT Z(axis)S bz, 84 go) semgES
Fol, agtt]AdE-719r 719 (gradient-based methods)S ©]-838}F

o)
of HH3ta & k. wrEe, 9@ E15E S AR B B g o M, vlE bsa]

2o, 5¥E Fo7F Ao, o, ARbeh= 7174 opFIE A S (KAS)= rohA 139 o] wAskd

arg o néln L, Epe(a,xy) (X, FK(a; 6y, 05, 61))]

Foba 10 ALgE golEe] W@ dde w19 2,

[xX 1]
Symbols Description
FK Forward kinematics of KINN
FK, Forward kinematics of Rigid body
04 Parameters of the mapping g
0s Structural parameters including joint axis and offset.
0 Sequence of joint types of the PRB
Na Number of actuation of the robot
T Number of tracking points of the robot
n(> nyj) Number of joints in the PRB
a € R"a Actuation command of the robot
xg € R™3 %3 The true position of the robot
xg € R™3%3 The position of the tracking joints in the PRB
x € Rt %3 The position of the joints in the PRB
g € R™ The joint values of the PRB
g Mapping from actuation a to joint values q

B. 7178 BB AA%(Kinematics-Informed Neural Network)

, 7EA 71teke Al e ¥EstE (incorporates) KINN(Kinematics—Informed Neural Network)S Ad
off %

Peth, 53, A9 @Ay 34 @del gFect. Ay e 'Pe ogrjEe A9 fe 3 #AE o
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SeR’z gr5e ZFome Wield A8 WA (linear motion)e] #elE vpehiln}. AR, 3 #de

w3k, F 7EAY FURHR #E BYe®, 11 WAE(fixed joints)d 5 FH(identity joints)S A7},
oA PHe Fg grEa, %4 g g w2 228 Faskx] gk giald, 9F oA AW (offset
information) 9% A (hold)dtch. mixgto g 3% pHe T'z gr|wa, 26 gon A HARE
E)
=y

2%t (placeholder) 24 9] I&& 33}

=
=
Z
off
rO
il
&
o

Astel, @ 4x49l FF5 BA(identity matrix) loanre Fean, Axed ey, =47 £9=d 94
S wae g% #4995 A,
Pl A e, BN aa emaelek s, el elah 4l comected) oldlel (DA B

HA(link frame)olA ZAE iHA FA(link)o] sk ¥M3F 3 (transformation matrix) T 8HA 29}

2ol mATT. 484 2014, QAux AL o ol Wy YT [We W Wla Hyae(skeyed
symmetric matrix)= WH3FsIc},

0 —w, Wy
w = | w,. 0 — Wy
— Wy Wy . 0

.
R RYTSq; + pot
’ i it P ,  Prismatic joint
_01><3 1
RS expl(Siai)"] b .
- i expl(Si:)"] P , Revolute joint
=1L O1x3 1
_quf off
e, Fixed joint
_01><3 1
| Lax4; Identity joint

2, (a) AQF 71HEINND S AW 71738, (b) 3 #Ad3 A48 #d= FA4H= A 259 A 717+
ey s, 28 (¢) AZE 23 E71g o9 £x A (PRB)E =AETE. & 2004, F
Y= X2 Ef7) #A(tracking joints)e $X&= Xk 2 F7|dt),

o 1o i

FK.2 E718% 724 7178, & obol] ey upeh zrol, b= gejd 7z wlebwE (structural parameter

)9 b2 Aoy g 49 derg e degaad. P2 denEs S ZACR)Y F3 LTS ¥

off off off off off
gy, 0. = T REL S0 080 B S W B0 9o Y o oy w49 stebiiee) B i
A BEe 4 Ao BA gy 6 € VPV RVEFVIY 2 gugolg. A 7178 FRrel Ade A9 3E7

(global coordinates)ollA] A 2] W3t & (transformation matrix) Tio]“ﬂ, o= &84 38 AFE3

P& Ao R (recursively) WHOEA 59 5 g

KINNS A E 289] 7|Fehg REAYSy] st A 71783 AA4%des = )
 FR, dlolole} &4 g2 Fa o] Foith. KINNG AW 71 8HFK) FAgolA, B4 gk ¢ 47] Yty oI5
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dold WY a7k § gol P W o, B 7k g2k et Iz 22 91 xez gzap)

AEE 2RO 537 ws ws] A8, 7 AAERB) S A ons $wd] A AdE (Ao, 1
A kR 2 ]leje) Al FolA AdEE = 3 dE 5o, & 20 BEAH AZE 2RE W

F2E n; = 19 EYF ¥JAEL YAE dFer. AW 7]F8HEFK) &<, 8k 390 o
Bk uho} 7ro] | WHE A Ea Sm A (PRB)O] RE $de] 9% x € R™E gyeain @d 9% x
2ZRE, v AJH A (d: = 2colA uf A #A)S AEste] EFF ¥QE xE YeRT, o]#3
S Ef7) A4 (tracking joint)o|gkar dhc}.

C. 7172 o}7)eld & (Kinematic Architecture Search, KAS)

A 7)rstER e sehEe A% A, fsh o Wz vne, o % emes @4 H4sket

T AL B34e Aotk NAS(T. Elsken, J. H. Metzen, and F. Hutter, “Neural Architecture Search: A
1 9are ol B oMWel Ml A% wgsh o W4E wEAon ARgArt. =, /A o
9 Fadth. o, % 30 et uhsh o], 2XE zRel vAE 7 7ehe gag. b

gk o]t HAH3E Fd &ag]F(Genetic Algorithm, GA)(S. Katoch, S. S. Chauhan, and V.

review on genetic algorithm: past, present, and future,” Multimed Tools Appl, vol. 80, no. 5, pp.

8091-8126, Feb. 2021) B3l +a=m, (%, Y9)o] & A% HAHsh= F9 2+ W2 (end-to-end fashion) o

=2 FgErt. 774 o8 A A (KAS) 9] = F=(pseudo—code) & HiLE]F 1o AAIE ] 3

Kumar, “A

oT—J’lE] = 1

Algorithm 1 Kinematic Architecture Search
Input: (a,xy)

Output: (9 Hs,ﬂt)

Ry + inf

l:
2: for 7 in n, do
% #; + Random_Initialize
4: gtl [?,] = Bt
5: end for
6: for G + 1 to Ggyp do
7 for ¢ in n, do B> continuous optimization
8: gt — HG [’L]
9; (0s,84) Imtallze(x‘““
10: xeFK((aG)Bg,G)
11 L |[xg — Xe||1 + Areg oty de(xalk(i) + 1] —
g k()] x[i + 1] — x[i)
12: R[i] + min L
Ps:Po
13: if R[i] < Rmin then
14: (0g,05,0¢) < (6, 65,6)
15: end if
16: end for
17: Ot « Mutation(d¥, R) b discrete optimization
18: end for

A% HHsh A4 A% asds, Y)g S sk o] A AAstUTt. RE HetvlEr} 2 E-aere
E gAY I (auto-gradient framework)(A. Paszke et al., “PyTorch: An Imperative Style, High-
Performance Deep Learning Library.” arXiv, Dec. 03, 2019. Accessed: Feb. 27, 2023. [Online].
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Available: http://arxiv.org/abs/1912.01703)& %3] v+ 7}sst==, ADAM(D. P. Kingma and J. Ba, *
Adam: A Method for Stochastic Optimization.” arXiv, Jan. 29, 2017. Accessed: Feb. 27, 2023.)& A}&3}
o A= P},

[58t2) 4]
(ésyég) = arg (gnion)EDE(a,xgt) [d(Xg[,FK(a; 99, 05, Ht))]
ey, b 42 destAl #HASkehd = A (PRB) O] wdo] AXE RR o] 9ol wiAH= AiE 27

g 4 odh ol Al 714 JPete A E@sA Rebd sel m o] opy AsE

2olata, 23 Aol Al Aol Wels A4S §ud & o). o BAS dds] 94,
Ak, w4, o g 2 gstong 2o 27 93 o ga = A4 27 A4 X8 9 B

~

%~ On o ggsta 912 o4 py; € b2 27 92 Xet o 71% 914 (base position) Abo]

l-«lj
fr
n
9,
rir

of wdo] UG Aol MAHES Aoz ayd 5+ dck. 1~ Oz wsy) g8l vEga g9 w

ololz bias terme AR AzAg fo ~ NOomd dui <1z 251590 geez, aas
Q717 99 A8 Fregularizing term) & EQF. FALOZ, FE ZACR) ] #A 94 xi=, T
4 Eg|(kinematic tree)2] 2] W (root direction)?] F24 HHZFE < WF(leaf direction)o] E
73 BANAE 7271 e 9E (directional vector)Sh AUHES ASkAT. e e e e A}
ol Aelz mdHAT},

o,

ng— 1

Lreg = Z_; de (g [R(0)] = e[ A(9)], x[i + 1] — x[1])

A71A, d= ZARD AYE UERY, k& A2 BA1E 7 719 19 E<(indexing functions) 247}
Adlx~ i € [1, nlE 71784 Ege Bt o WA 718 7M7ke 54 Bde] ddx j € [1, ny]l2 v

o)
At F84 a5k g, A% AHse BEE vt oo

=
i

B

L = [|xgt = X1 + AregLreg
2) )it HH3s}: wA 74 HEvEHE n9 Hol7t FolAW, BH fd AAx o) WirE fi= Az Ay
ste] A& vtgo®w {3 duElFGA)dl o8] BET.
ét = arg Héln EDE(a,xg[) [d(xgt7 FK(a7 Hg: 957 Ht))]
t
A= : 0] = [} = 9; == [19g72 0%7 '_,'n.p 9%]1— 1
n,v  oF7FelH(archive)el = oo]dES F£E  uERH, = A Al

(generation)2] do]AE o3t A4 {FHIFS uYeldoa SHAF. olFtolHi=, WolE d(mutated) H7ME &
(evaluated), Aolgt ¥ FFES 71X co]HEES FA G, ZRAAE A|ZS}7] (initiate) $13], 3 HA
A fe wAez e

dataset)ol|A9] @ Fol Wit L 3 == e w]
of ot Atz ATk 9 500 oA, F Mo oo]HET FAAR A, FAS] XA EEH
(bisected) ¥, A= HEES(resulting parts), ofgtelBo] ™ o] ool dEZ} 32 w7« A= v

= oH(merged) .

AXE 22X 7784 Ao (KINEMATIC CONTROL OF SOFT ROBOT)

f

9 21 (model identification)®wh o}lue}l, KINNO &5y RelS AF&35le] 97 F8H(inverse kinematics,
e idsts Aol Zadgas AT, A7 FHIKS B 9% Xag X = FK@0) 2 nzge o

ool W &= wjgsle ol

—

ol

B
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A AZE 28 9738k (Inverse Kinematics of Soft Robot)

22X E 2RSS Aosty] Hal A HiAS 97]158(S. Chiaverini, B. Siciliano, and 0. Egeland, *
Review of the damped least-squares inverse Kkinematics with experiments on an industrial robot
manipulator,” IEEE Trans. Contr. Syst. Technol., vol. 2, no. 2, pp. 123-134, Jun. 1994, doi:
10.1109/87.294335.) 9] # 4#jx 7|9S &8}, d=-odE e £ £k Bl Ve AojEn, o)A

Ke - H# Al (proportional gain)elil, &% gAL Var — Ky (Xar —xE) 2 ARG, 3, e 7|

o). u}

Mg X1

8} 3k (kinematics function) Abole] #AE v = Jag A5 oy J = Vaxp € R

B, 9717 2Rt 294 59 AHs BAR mdE & 9

[

1ok

1+ 5]

a=arg m&n | Kp (Xtar — xg) — JA||

O

=

o}

a= JJTKID()(,ar — Xg)

Agl ZAE= s)AA §(analytic solution)E EZ3t= H2A5H (least-squares)d] 93] Fo)d 4

32

g7 T oA} (pseudo inverse)S UFERWITE. a2 a3, sk AFojold W AL = 4pe] et

uke} o] 429 (convergence) & W7hA] TR F7|HE 2 Ato]=E o] EHU,

[

1ok

12 6]
A« a+n~a
AFE Alo] ZHAY A= oFFEH|F(Jacobian) J & & AS AR ). ofZH|F JE AF HE ZHAY

(auto-gradient framework)E %8 A4 Ta 4 gxw, FKro guwmsp w0 odwsr A2k (forvard and

backward computation) &<t Al F3el Wist A|AF At (recursive computation) wiZol] Alito] =gd

ek, A, A 7t Feo opmmiete] mA 4 el (explicit form)E FEFoZA, ofmuldt /2 &
o - L_ g < 5 o -3z \Y% qER"“Xm

Hog 95 & k. & EHoANE AT o diE] g ANREE Fdste] Ya s ¥x

VoxXg € R™*™ 5 maAld o f cvation) 2 Bas e 7b3 o] : 77 5

q o thet HAH fF%(explicit derivation)E &3ttt =X ZA(PRB)2] A #dof tfst

opmmiet VIXE o ohgjol AAHe] rh.

St Prismatic joint
(Vaxzll; i = 5% x (xg —x[i]) Revolute joint
q L=
O3x1 Fixed joint
O3x1, Identity joint

Vaq = backward(g(a; 6,))
npxlgto 2 - A A ofsH|¢t(total Jacobian) J = 3] HA(chain rule)S AFE3}e] AtE T,

J = VaqVgXe

[l
{m
il
e
o
S
>
o
_?{_I‘
i
og
2
>
o
;i
=

ol#]dt 7}<4 719 (acceleration technique)S A AHAA A2 F%& &

_12_
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2XE ZEG AoJsl= AL, 53] A4 (tendons)S Xt 4%, T4 do|(configuration's length)Z
Ak Ak wifol AHFS ATt dF 5o, EAE ¥+ d(grasping objects)el hojx AZE =2 &7}
go] A3, A3t oA AT o2} = W (grasping direction) o 29 HAg &7
=gl s, oy TAE sZAsty] s, £ dEe, AXE 2R Z(extension)H W
(direction)& &IHHoZ AT F AEF s, A 21E& 2e 97|73 E£Al(constrained inverse
kinematics problem)& 7Hslal ] As}Sith

B odlgo] Eg= 28 X2 AP #3 W(specified bending direction) W € Sh = AolstE A
o2, B A dar = % 4ac] YER} QUth. o]7]A, S= w9 3-T(uit 3-sphere)°]t}. o]&
ec = (dur —ulxg) g AolEE= LA (error)E  HAiFstowA IAET. =W Fo]7](feedback

A(utx
| Kcec— %HQ_E_

controller)E ApFg3}o], as AAretar, 48k2 631} 7Fo] AFoold HH

S guoledtt, o714, Ke= AoF =76 W A A4 (gain coefficient)o]t}.

i
b
P
o
ol
rr

d(u’xg)
5T = g 2ol AAW & Y] Wl

O(u’x ox 0
(W xg) 7 E LT
ot ot t
_ . pOxgda
da Ot
=ulJa
Aot 20€ 7 erlpetel Bxe b 79} 2ol ol & 4 9
[s=<k4) 7]

a= arg min || K¢ (dar — uTXE) — uTJéll]

SO 5ok A, O TS HAASUS B Eolmw, o % apeld IK sglow dAgwr,

ZRS nx A 2EAE Ao A sk, AZE 2 2A EE(soft and rigid-
o

E An
- =
bodied robots)o & FAE FlolH = A AHS F A9 21101 3= Aor FAE 4 ut. B3], ATE 2Ho]
A Bmio] o %

Al

_\?__
Nar 7o MZEofo]ld W (a' € R™ 7 g73h)S 72t slolHEl= A|2~El9] 74 B2 (rigid-bodied parts)&
aEakab, A B 919 S A(d: 2Ye] Z%(Euler angles))S ZH7b X3} w'g Holgth, B 9K
o} B BHe zhzb X of W2 Uehfa, B2 Wae e Age 2tz Uel dem gehdch, Hazey
Fal, AL 9r|Fsrs g5k 5 2 e 73 Agele] Eolstd, v g2 e o] =E:ET. oY)

A, Kw= 317 Ao](rotational control)E £ Aelo]t},
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g VaXxg VaXg Kp(Xtar — Xg)

[ Ar} = |Vaw' Oana Kw wi, — w')

- OlXTLar c tar - uTXE)
AZE 28 wd AdHo 3t 43 (EXPERIMENT ON SOFT ROBOT MODEL IDENTIFICATION)
ojgtell A=, Eel Ad

el A3l A5 (generalization performance)S H7hehH | o7]o: sk HlolE <
o Fo] EgErh, o] HrHE, SEEHA &S AFoolM e FEs o FS FAT
bl dzjoln], o= Al &4 9 ehdsta A&HQ T4 BAsE W T

o A9 T g AZE 2] fdshAl AER 4 lef, @ EWelA= FoFHe AXE 2,
524 8 e AZE BZRS e R HAES AFSoltt. TAAoR, 14 23] i Je AEY
ol I AAl FANA Hrtstglon, w3ty £XE 2R AlEdold MR HAEHRIT. 43
Sherell i@ stolvivteinlE = FEdn

7 a2 244 gie, FRE dolHAe Ao L1-=E(Ll-norm)ol] <&) HAHA. FHAH dHolg
A9 30%E 94t B|2~E dlo]E Al(extrapolation test dataset)®] FE|Z EolHch. dlolEle YA 70%
7 8:1:19] H|EE FH, AF, HAE dHolgAoR FAYE Bag),

rir

A. 715 24 (Baselines)
1) PureNN: A7 ol ojst &2l A X4 (physics prior)9 93-S H7lshr] 9sl, ows S22 AL 2|4
B AARS F mde v AAEgIth. o] AR, FRawow  grjdn AxE mRo] £ubdk
71ste mddslry] s +=E(J. M. Bern, Y. Schnider, P. Banzet, N. Kumar, and S. Coros, “Soft
Robot Control With a Learned Differentiable Model,” in 2020 3rd IEEE International Conference on Soft
Robotics (RoboSoft), New Haven, CT, USA, May 2020, pp. 417-423.). 8% %S o]F+= ©olH (a7xgtE,
2d ygglu]g ONN = , ADAM(D. P. Kingma and J. Ba, “Adam: A Method for Stochastic Optimization.”
arXiv, Jan. 29, 2017. Accessed: Feb. 27, 2023.)%.% Ony = arg mingy [[FKn(a; fav) — Xg1||1_§_ =

olgozd, BAET. B B, wd AHel U A% PP A% o4 ATU. M. Bern 59 Ao
A AR Sigoid Al Mish® TAE 5 Aok, FHHom, 94 Ao, FFE Wa BE BAR re
WHoz selEy AE &

>

|

\#

2) GP: & AHe Halulxs A2 o Z 79 2 M| A (Gaussian Process)E AFR3ste] 8 ®Th. PureNN
I} upIRA R, dFdo] 215 dolgldl disl] stolEY AE7p AL&Hr. & wgo A, SE(Squared
Exponential) AYEE A&} E o F3= 37 Ed(regressor)e A (fit)AFHE. SE AL o

&3} o] 4

r&ﬂ

1
k(ai,aj) — 0’2 exp ( — §(a1 = aj)TL_l(ai — aj))

o714, L& Ex Zo|(characteristic lengths)e] thZ} 33 (diagonal matrix)o]th. Folzl AZoo]Md a’o

g&l, d=d 9x X = oo go] Axtdr.
= K(a*,a")(K(a,a) + U?LI)_lxgt

A4, Kl )= Ay agge e, on = wolz 21, [= 85 gy, (X g% gojgs Y
=

3) PCCNN: o]t &2 7]¥F 217" (physics—-informed neural networks)¥} wW|a3}7] 3, PCC Z2(S.
Terrile, A. Lopez, and A. Barrientos, “Use of Finite Elements in the Training of a Neural Network for
the Modeling of a Soft Robot,” Biomimetics, vol. 8, no. 1, p. 56, Jan. 2023)< 7|HFo & 3+ AALS A}
88 29 A 2uE ANDT. o] RS PC RUWEG AW e o] Fgsiel PCel £ AT el A8

N
A
-

_14_



[0112]

[0113]

[0114]

[0115]

[0116]

[0117]

[0118]

[0119]

ZIHS3d 10-2025-0033054

dth e JlTete T RRoR FAEC, WA, e peC sehueg  [$ 0] =gecclak gzgu.

i

2 e, 584 88 ARgEte], PCC mde] e v)petel FRece o) Sgan

T =
cos¢p singcosf —singsing rsing(l — cosh)
—sing cos¢cos) —sinfcosp rcosp(l —cosh)
0 sin @ cosf rsin @
0 0 0 1

1) FEM: FKeeM o 2 ywo)5)= FRNe awe 7] 3sto s nd sebn eSS 95 (Young's modulus) E S} ¥of

% H&(Poisson ration) ¥ 2 FARC. WA, 91 4 £ =[x~ Fam(a; B0l g o1 gggae

oc oL
oE> )E, Differentiable Projective Dynamics(T. Du et al., “DiffPD: Differentiable Projective

Dynamics,” ACM Trans. Graph., vol. 41, no. 2, pp. 1-21, Apr. 2022)& AF&3te], AXrsth, 1¢ g, &
9 gelrgE (B.v) = L-BRGS(D. C. Liu and J. Nocedal, “On the limited memory BFGS method for large

scale optimization,” Mathematical Programming, vol. 45, no. 1-3, pp. 503-528, Aug. 1989)Z A}&3}
SR 2l=

o
<

5) PCC: HE3l, 712 3% AZE i
AT vlasic, dFoo)d W a(

A& 78182 BA 9 PCC 714 (assumption)S &&3tE= 2d 7wk

1w
. ZF(pulley)? 3 AZ(rotation angle)) S ZFE, {HA] N o]
Aol FAZ 3= Zol(pulled tendon length) iz li=lo—rpaig A= F glom | 7|4 TP Eee
97 (radius)olth. PCC seble s [2:0:7] o) ma1HQl el (explicit formE GAR §F Qo] I3 o] w
2 A Alole] 7]3}srs BA(R. J. Webster and B. A. Jones, “Design and Kinematic Modeling of Constant

i

Curvature Continuum Robots: A Review,” The International Journal of Robotics Research, vol. 29, no.
13, pp. 1661-1683, Nov. 2010)E %3 FEE 5 Qut. ¥ wyo] Aty AFoMel o], 4708 A= 30| 0]
A(tendon actuation)d 747 AXE 23] 79 seluEste 582 99} o] FAHH | 7| di= FA
H(center point)ellA] ¥& 74 Z(tendon path)7}x]e] Ag o|t}.

[s=<k4 9]

]
¢ = arctan( 4 2)
r—
0 V(s —1)?+ (la — Ip)?
2d

bttty

N 46
axE 2ie] ARH A= f3k4 sox FReecc g g3 dojnirt. 7zt et bz Aoy b W
(effective radius) ¥} %7 A7) (initial length) &= R} A
72p:lAO = argminrp,lg ||FKPCC(¢797T37"palo)axgt||1 = L-BRGSE Eoldto mal =t}
6) Bayes—Cosserat: H|o]=| ¢t # A3} (Bayesian Optimization, BO)E ©lo]g] D& &83lo] Balulr 42 3

Aglels dlolxet HEWe Agss MEY N et EdE AXE 2R HAH Am dvHE
Bo (7o), 9 & (Young's modulus))E BOE Alg3sle] 2= Aot} AZE 2L (osserat Rod RES AFE3}
o] SoRoSim(A. T. Mathew, I. M. B. Hmida, C. Armanini, F. Boyer, and F. Renda, “SoRoSim: A MATLAB

Toolbox for Hybrid Rigid-Soft Robots Based on the Geometric Variable-Strain Approach,” IEEE Robot.
Automat. Mag., opp. 2-18, 2022)°® AlE#Ho|AHW K o] AEHo|HA AWNFE AEHo|HAL

x = FKgo(a;080) = ejuiry.
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SE AYE b= sbgAler maAs 5~ 9P s s o1 gslel el #<F(surrogate function) & A3
(fi)grozA, oz eso = (e — FKeo(a;0e0))ll 2 2430}, oje] d9} @71, 25 &< (acquisition

function)®= BAE dgngHE B0 o) s ¥NEE AATY. F5 5= 7| /R4 (Expected Improvement,
EDo =z F3daE,

EI = (s, — f(fno) — £)B(Z) + s.6(Z)

A7, £ = s — F(0) = &So o) 51, 9BO“ A7 o] HA el B S (best parameters)o]m, & =0-0k
g0 Az (degree of exploration)Z #lo}ght},
B. AlEdold AollA &t Ao el A

=2 AFAE 7R dHolgAlS FHe7] $18Fe], ABAQUS(L. Borgesson, “ABAQUS,” in Developments in
Geotechnical Engineering, vol. 79, Elsevier, 1996, pp. 565-570.)2 A}&3lo] &St 2ZE 2HS Al E o]
Az, 289 AL = 50 =AY wlel Zo], AL D. Marchese 59 @ (A. D. Marchese and D. Rus, *“
Design, kinematics, and control of a soft spatial fluidic elastomer manipulator,” The International
Journal of Robotics Research, vol. 35, no. 7, pp. 840-869, Jun. 2016)9] TA4& tgFygoz war. 248
o] Zol= 1800mme]™, Al 7He] LE AR ol AHo g ydrt. 7 AdoA= ol Ao AW T 3t
U7t dFFooldS 18] Agdnt. 252, 0kPaollA] 30kPa HH1Y 4EHS zt= Al 719 5HA0 AW 5|

sAETH, AZE BRo= 77H4 Ef7) ZRIEZL F3Eo] lom, EfF] ERIES] HFoo]di} fJX]o o
3to] BS o] FE 6,644 /M9 HolE 7 FHHAT}.

L= d =% Y9 AAl A 7H] oy e — Xg‘HlOl o8] HrtEth. o] HZF(interpolation) %
(extrapolation) oA H7t=Ew], 2pAsE W& & 29 el k. PCCY Bayes-Cosserat 3% =

Ragd 4 glon FEMS o] 1 EA7F SAlste], AdolA ATt Bkl A5, Ay mdo]
GPell H]3] 1.794mme] ok F7hE AE HRIUE. o) V|FE AP A2lo] AXE ZR| A o Fd

i)
e

o to 1»
rulo >

(bias)& & 4 7] wholth. Z1euf, ofidellA=, Aljbd E%“ﬂ Poll W] 33.09mme] &I eaf Has
Holw, o= 77+t *}Xﬂ A Aol gy mHRlE ol dwtslele H T TS shy] witolvh. ofd i 2
& A Aas dehdid
[ 2]
Pneumatic (Simulated) Tendon (Simulated) Tendon (Real-World)
Method Interpolation | Extrapolation || Interpolation | Extrapolation || Interpolation | Extrapolation
Error (mm) | Error (mm) || Error (mm) | Error (mm) || Error (mm) | Error (mm)
Black Box PureNN [Y] 4.605 49.40 1.897 22.93 2.141 25.21
GP [2¥] 3.189 43.67 1.146 3.031 6.373 12.37
PCCNN [32] || 306.46 359.28 12.86 25.80 12.38 24.56
5 FEM [¥] = - 4.759 32.903 13.23 16.23
Py:’i‘é:h]jfa;;ii 4 PCC 1161 - - T1.04 21.10 10.46 21.03
¥ Bayes-Cos & s 18.34 33.38 12.00 32.09
KINN(Ours) 4.983 10.58 0.8547 2.749 2711 4.831
C. ABeolRA 714 75 23e) w4

AR A FE5 AZTE 2ES AE# oA A4 Elastica(N. Naughton, J. Sun, A. Tekinalp, T.
Parthasarathy, G. Chowdhary, and M. Gazzola, “Elastica: A Compliant Mechanics Environment for Soft
Robotic Control,” IEEE Robot. Autom. Lett., vol. 6, no. 2, pp. 3389-3396, Apr. 2021)Z A}&3le] A&
itk 28 FAL = 7ol yERY Qdrh. A E 22X Zol= 120mmelw, U] o] FEF F U] 5HH
ol Mool A|AES ¥3FT, & 7hiE A T ZH AFdold AAENS EAFT, b G0
"o F 7je] A RE (front-facing motors) % shU7} AMEiE o] AT E TR AE U 7l 3
= hE ZAEAYE, 7z A8 £ 9@ £7A wkeko] L2918 AAISTE, 2,00070¢] BA] o] "ol EQIE

5 % W9 (actuation range)oll Ax %5 ¥ (uniform distribution)® A&

dFeflo]d W oz AlFHolHETt. 5o ZF(negative actuation)> WHiFEd] Qe RERZ =S @

G
=
=

Nool o ofN >

E 20 e A Ak, Aekd Who] M e HeS BYS ®HolFErh. PureNNI Blw S o), 748t



[0131]

[0132]

[0133]

[0134]

[0135]

[0136]

[0137]

[0138]

[0139]

[0140]

[0141]

i
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A A A As dgstoRHa Bk oatdAl 27 1.0423mme 20.181me] 2k AAE d& 4 AT =3
7184 Abd x1 A8 PCC AFA(PCC prior) Xk ®B7ba Aatol A ZFZF 12.005mmet 23.051mme] A& o3& B
pa=

D. 14 TF mRel A BN 2D

AQtsls el AEE A FAoA 1A F5 2EE UdoR HAEEHJUY, o] AXE 252 3D TIEHZ
EE5 Q3 Ecoflex 00-30% 5&3}o](polymerizing) AFHATHE 7a Fx). 2EL T &3t= nvfel 2o,
T el REE AMgste] AEETh. Opti-Track(FLEX13)9] BA A 4= oAl /& AMgstel RES 34 7}
L ag qle-oldE $1% *E o] Aozl do|HAS ST, B 9 Qe tigh tlolHE X 7col YERY
AT

¥ 20 wEW, KINS HZF Jdoa] 2RO XE 2.711me L2 o=, o= I AHIAA
(hysteresis)®t AAE 213k 2. 1mme] WAZ 2 Xx(intrinsic error)E gld w FAE &= gk, WAZ o3
= Aelr] Y8, £2XE 28RS wtEHor %u|dlela uAE FE A a = (/2 rad,0)o AFAR

i

HAx7E A, AtE 22 B3 g A PureNNel Hl&] ¢k7t o] & 932 HolX
=]

SR olEE SAE AZE 2yel AE Bl AmA Ao + AES .

olglol A=, Actd Aol ZHJYaES AA| A FE AZE FH HEsle] A3 AuAdS Hrsig
2Ee 2 HZF dolg Rk drEglon ) g EHdd R #AAE FH517] s AFgET. 2d e,
AZE &7ty A 2ol g% RA(coordinated motion)E KolW, HE A (brush)Z FAF(letters)E &}
E(paint) ZE AlAgth. wpxjto =z AHusta Hgsk Aoyt Qs Hg% ¥ Er] HaaE AAg.

Agke =2 A8 % Ae] Axde] Ande 4Fs] A, 2XE 23] st 9o yeld AGE FHshe
Q9s QAT o Ao, AL Bue FA 2 F(tracking error)$ B7hhn Pures)
H) w5 ok

0.

% 6acl wbEW | PureNNIZ} KINN EF 85 99 oA AALAE AAS 2.773me 2.295mme] 72 F4 s
ATk, Y, 94 gAoA=, PureNNo] 12.99mme] Q.F= AdstE whdA, KINS 2.690mme] S.F=2 &
AEZA o7 FA3t0] PureNNETh 10.300mm AL S FE 7123519},

Al¥ets EAE, PureNNe| s ZwQlolA e AdolA ozt ¥ U2 AdE HlgolE = ek, B3t o

ol A A FA o] PureNNRTE 53ttt o]& F Rdlo] da (5, dFoold Walo] tigt 91x]9] it
AE I=)E dupht AEsA SAsk=A o 7191E = )
= 6b: KINN#}F PureNNe] 2,50070¢] 5% %)% (actuation points)oﬂ/ﬂ d=3 agdtdE d=2 5ojFEr). o
AHEL =2 WA (actuation range) (-m, w)olA WEZHEFAC}. 5" (5, ok=n|eh 9] o5 S/E o] &<
»d wsto] Jrighth, o]l REe] F g UdE dEv& +y9b x WS Fela vk, 53], 1Y
AE Fdrof uhgnt o] 4] REZRE FET 5 Q7] widd, AR AZE S5t Frigitt.

AE & st5ete d o] PureNNE T 94311, 0.17252] *}ol&
Q7S sAds, S A4S SvtEA F
Jdoore A AHdIF 0.01779%, PureNNg
dZd wE AF F2 A= ® 39 8.9k
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[0143]
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[0145]
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[0147]

[0148]

[0149]

[0150]

[0151]

[0152]
[0153]

[0154]

[0155]
[0156]
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[¥ 3]
T — Position Error in Cosine Distance in
) Trajectory Following Jacobian Prediction
Model PureNN KINN(ours) PureNN KINN(ours)

Interpolation 2773 mm | 2.295 mm 0.1856 0.01309
Extrapolation 12.99 mm 2.690 mm 1.2369 0.03088

B. ¥} 18]7] B2 (Letter Painting Task)

TE 23 Z7 gl~F(manipulation tasks)E 3 Mt Ry BAS ATd ot

S AHgSte] A& A} 2o Fx29 249 (coordinated movement)S F3l, dtolH= A|AES g
dhe] BEAE BAE @ gads Addth. o] HlAIdAE B s4x 2 Ze|wE H (primitives), =
Ay ~E=ZF(Linear Stroke)®t 98 2~
ZAIEY ok, AA dlolg ez st&H
7HA ZEuElng Fad),

[

a {m

N

N
rlo

EZF(Circular Stroke)E Apg3T}. o5 Z}H7 T 93¢ & 9hol
KINNS.2 | 3slo] B = A]~Hl9] 3] (bending) ¥ $IXE Alojstal F+

Agnkg FRgoRM, AdE 87 f8) ol&dr. 98 2ERAE w3 WF UE dd Haex AL
owx, 45 adu. A% 4 sk, wRJIES A% B AHS AP

Aoksl= Aol T AT T geo] FAE dolmalm Alxele] AAAel AojE F=ahA sh. o] A]~E)
% —E]—E‘]}\]% _‘?‘E%}ﬂ %Zloﬂ(stroke) Xé@,’?—)'}-jl ﬁ—{;\—&,]?l E’_}\‘j% /Kg/lé{)—}.jl, %X}__g_ Ylﬂ?__‘%?l’\:]— Zﬂ‘{?j ‘%‘ﬂg
2 AQgdE EAE = 9doll YR gl

C. B354 €71 ¥==a

P& 7] SeiM e, @ds] Fa(firmly grasp) BFA= WE7] 913 v HF(frictional contack)& A7
S/ A%, AU A% Aslvh westh Erketa Bl §49e AALoR 2N WEAL 4THeR
o] & HAtt. ol& 3 = 8ol MHWE EE-ZeuE B (twist-primitive) & 283}

EQAE-ZZnE|HE RealSense-d435 zlo] Zhdlzkel Y. Xiang 59 (Y. Xiang, C. Xie, A. Mousavian,
and D. Fox, “Learning RGB-D Feature Embeddings for Unseen Object Instance Segmentation” .)ollx] &%
Aol BES At B2 AAY EJIE SHSEE AHI R FESE AAHS @3S, AA 9 F

o A FHE EAE F9=o FUdgk(median) S ©]g3to] Alatdnl, Zejd, dlo]HE= A]A
g2 B AAS] 10em Y12 Feth, vy o R, WEAS 67.5% A7) 98], ZE-ESXE A (pre-
twist motion)d} ES|2=E R M (twisting motion)e] F3ET}. EQXE BA 52, 13 W U= wHFE79
TS Fole WFgoR AAHT, w3 A de JAE ¥FE4 HEY 1/32 AAEY. 94 AFs F Ut

q
o) WEAS AFHon o & du

‘

AlRtehs BEl A2 Aud it wHE Awste], sk HlolE Mel 9o Agk bl k. AFelA,

0 gde L1-x2 @na)llhigy zg590m o ge 1.1681 grick(rad) oz Fd H
o

obeh & 4% Alof shehvEES vhehdc,
[xX 4]
[ Symbol ] Parameter [ Value |
Y Step size of inverse kinematics 0.1
K, Gain for positional control 50
K Gain for bending constraint 50
Ko Gain for rotational control 1

%58 Bu A4S 9% deEES Vb,

_18_



[0157]

[0158]
[0159]

[0160]

[0161]
[0162]

[0163]

[0164]
[0165]

[0166]

[0167]
[0168]
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[E& 5]
P " Pneumatic Tendon Tendon
arameters || Simulation) | (Simulation) | (Real-World)
Ir 0.0015 0.0015 0.0015
Areg 0.1 0.1 0.1
n¢ 49 7 7
U 7 1 1
Hidden
Dimension (32,32) (16,16) (16,16)
AEHAtEn ReLU Mish Mish
Function
Batch Size 128 64 64
X 62 A EH)AANA T 2E FAE YET

[3% 6]
Physical Model Yeoh Hyperelastic Model
Model Actuation Range 0kPa < P < 30kPa
Number of Actuation 3
Length 1800 mm
Density 1049 kg/m3
CI0 0.11
C20 0.02
Material C30 0
DI 0.1
D2 0
D3 0

F 72 AlEdelddA Ay FE 2Rl GAE HERIY.

(% 7]
Physical Model Cosserat Rod Model
Model Actuation Range —04N m<7<04N -m
Number of Actuation 2
Length 120 mm
Density 1000 kg/m3
Material Young’s Modulus 3 x 10% kPa
Poission’s Ratio 0.50

i 8E Al BAAM A FE ZE] GAE Uit

[ 8]
Actuation Range —mrad < 0 < 7 rad
Model Number of Actuation 2
Length 120 mm
Body Ecoflex 00-30
Material Tendon Wire Nitinol, D = 0.5mm
Rigid Parts Onyx-One, Onyx
Motor Dynamixel (XC330-T288-T)
ool AHHE FA= st=dol A 84, AZEO] A 24, B/EE dt=de] 74 84 3 ATEY
of 74 849 HFor FAE F vk, dE B0, AAdEAAN AHE FA L 74 84E, dF 59,
3L =1

I2AAM, ZEEY, ALU(Arithmetic Logic Unit), YXAE A% Z2ZAA(Digital Signal Processor), ¥}o]
27 %¥, FPA(Field Programmable array), PLU(Programmable Logic Unit), VlO|AZZZAA, T W
(instruction)& APt FFE ¢ Y& thE ojwe FXof o], 3t o4 HE HAFH v 5+ &
HAFEE o)&st FdE & Ak, HY A= &9 A A (Operation System, 0S) E 7] & A ‘ol A
FRE = sl o] AZES ofEFA)AE FAT £ vk I, AP FA= AZE0 Ay &
gate], HolHE A2, A%, 24, Az 2 AT F= vk, olsfo] HE ke, AHE FX|= shr) A}
S5 Aoz Adgd AE AT, ;T 7E EoklA T4 AAS TH A=, A" AT 55 9 A

2 94 (Processing Element) Bl/HE= Ha 3¢ Ae 245 38 5 9

Aee & T A s =501, A
A= B he] ZRAM B she] ZRAAM B s FEZYE X9d o ok BE, HE ZRAN

_19_



[0169]

[0170]

[0171]
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(Parallel Processor)9} 22, & A2 4 (Processing Configuration)® 7}&3}tct.

AT EYo]E AFH T2 (Computer Program), FE=(Code), W™ (Instruction), =& ol T s o]d9]
TS XY 4 Jon, dite "R FAES AP AAE FHAY SHAHSRE X AFHe=
(Collectively) A AXE WHd 4= Qv}. AZEYS /T HolHE, A A o3t A=A A
g AA o ¥E Ee= dolHE AFsty] fstel, oW 39 A, 74 84 (Component), EEH X, 7H

= oA on FAHEbody)E 4 AT £ZEdol: YEAZZ A2W AHE Ay A BaEolA,
i wyen AHAY AdE 2% vk, AxEde] @ dolE: s} ol ARE #E s A% 0l
=)

& ek,

—g‘ my _D'
:(m
)
rj?_l,
it
N
olr
=)
2
fr
K
T
H
<

5 712 A9 dox = gaz, Z2y gad 2L 2] Holxzet e 27] A (Magnetic Media), CD-
ROM, DVDe} %2 #7]= wiAl(Optical Media), EHHZ Uvl&=A(Floptical Disk)e 22 A7]-F wiA
(Magneto-optical Media), & (ROM), #(RAM), ZA] WEz 53 & 220 HHS A FYPFeE
53] 749 stedo] AA7F 23bdvh. 2203 gE ] o Aodedd o wrEAAE A 22 7

of mERY olet AEEE B AgAA AFE A ABW £ Y= 17 Ao} A= ¥
19 sEslel gAL AAde] B4 FYs] As) sht olge] AnE] RESA FFHES T4
oM, 1 g% vhahd o],

Bowge myd wAE AAE FuE Agsgont ol dAHe A Bashv, B & o] B
A4E 74 A ol2RE vd WY L #EF B Al bsaitks 4L old@ Aot dg Eo,
HHE JEEel AYE W dE £AE FREAY, R/EE 498 Ay, TR, X, 92 59 74
fxgo] MR YU U Fu AF Ex 2P, dE Y 8k Bt FEEA st B EAY
ABHHGE 44g At 94a & AT, webd, B owge) A4 7144 Be e dvE FEPT

B
3 m== Prismatic joint

== Revolute joint

_20_
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xe — FK, (¢ 61, 00) |
(a)

51

X
w5, B5")
0: = ['R,'P']

02 = {51(8", RS") Sy (3", R}

[ Prismatic joint
@ Revolute joint

e Identity joint

(b) (c)

Kinematic Architecture Search

Paired Dataset

Discrete Optimization Continuous Optimization

L odtac)
T wowow] N > T xk ~51R"st L = dlxck,xg) <]
T e o\ Aif
6l =['P'/R P/ R P| .
Mutation
(A::A
AK:P

),
Xpe lR"f"“ L = d(x,xg)<]

== = = = = S|

@ =[P/ R!R'R'P|

Evaluation

“ oomooal]

8 =[R./R P R K

L= (X, X1 ) <!
4T
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Actuation Chambers

(b)
EH6a
PureNN Ours
60 60/
40 a0/
.5 201 204
-
2
o 01 01
=
(3]
L 20 —30!
=
[
—40 —40+
-60 -60 |
-60 -40 =20 0 20 40 60 —-60 -40 =20 [1] 20 40 60
(mm) (mm)
60 60| i
401 a0
=i
S 20 50
e
<
'E ] 1]
o
=
:3 =20 -20
b
=
—40 -40
—60 1 —60 ¢
—60 40 60 —60 —40 =20 0 20 40 60

(mm)

(mm)
o+ Target Trajectory
= Planned Trajectory

(a) Trajectory Tracking
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Ideal Model PureNN
ted + - 1
IRE + w \../7I
IER 4 = $\.//
IR EE Y & </
41 e ? A
Hii i
»
1 NRERI IRRER WX 1‘ t
it 4 SN P Y
ax (X t Zax bl at
8 b [EEERRER] oSt s
Ba tibd brdd A TR R
1 IEERERERE] A e vaa ]y
4 MALE b bbby -1 ST tave ity
SEEEE RN RERY \\; PREE
it (g% .‘(4 b
-2 FRRLE S 447 = N AT RPSE
A ' = ¢
4 4
= IRR bhd = i
N

I
|
'

o

3
ay(rad)

= rtiinroismintrairioiumits
& TTTTITIIIIAIIIIIE
- el

7. LS

te 5, 3

as(rad)

1 i
DN (R
ol P

ox SRS P S R R e Frnd e T
= BB I 0 ara N‘*—-"-\‘-.'--\d \
aaz —————r i ————— N e % ‘\
DIDIDENE VMDD SIS - A
i P % & -1 e ——— \
‘-‘-ﬁ‘-‘--‘:-‘--‘-‘--‘-*“‘—/-‘-“—t ' tﬂt\)} } 2]
. sttt LSEEXAETON) L
[ -
Shmmnnenns | W
-3 -2 -1 o 1 2 3 -3 -2 -1 0 1 2 3
ay (rad) ay (rad)
(b) Gradient Field
EH7
B
.
1.8 2 3

(a) Fabrication

{mm) 120
110
100

90
B0
70
60
50
40
30
20
10
00

® Interpolation Data
@ Extrapolation Data

[ty

L

B Q%MM

(c) Collected Data

_23_

ZIHS3d 10-2025-0033054

Ours
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IZLEA AR the4 e
IR RASE [ EEREN
FAFPPI AL a4 d by
FAPPIEIHT [EEERR R
B [EEER RN}
YRR RN
-3 -2 -1 ] 1 2 3
ay(rad)
by
i = 2
ra hY
> <
b :
ol o
L 1
S J-

e
AR T T
pimas

s R e
D sy
e ———————

T R W

=T T T S
. - ay (rad)
i Training Data Range
=p Gradient Field

(b) Sectional view
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EHS8

1
(g
©

w= Trajectory of arm

== Trajectory of finger

(a) Linear Stroke (b) Circular Stroke

(c) Letter Painting (d) Painted Letters

_24_



	문서
	서지사항
	요 약
	대 표 도
	청구범위
	발명의 설명
	기 술 분 야
	배 경 기 술
	발명의 내용
	해결하려는 과제
	과제의 해결 수단
	발명의 효과

	도면의 간단한 설명
	발명을 실시하기 위한 구체적인 내용

	도면
	도면1
	도면2
	도면3
	도면4
	도면5
	도면6a
	도면6b
	도면7
	도면8
	도면9




문서
서지사항 1
요 약 1
대 표 도 1
청구범위 3
발명의 설명 4
 기 술 분 야 4
 배 경 기 술 4
 발명의 내용 5
  해결하려는 과제 5
  과제의 해결 수단 5
  발명의 효과 6
 도면의 간단한 설명 6
 발명을 실시하기 위한 구체적인 내용 6
도면 6
 도면1 20
 도면2 21
 도면3 21
 도면4 21
 도면5 22
 도면6a 22
 도면6b 23
 도면7 23
 도면8 24
 도면9 24
