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Abstract: This study presents a kinesthetic haptic interface capable of independently constraining
3-DOF finger flexion using miniaturized electrostatic clutches. Conventional interfaces suffer from
coupled joint control, where a single actuator constrains multiple joint angles, preventing complex
interactions. We overcome this limitation by proposing a clutch-on-a-joint paradigm, placing
modules directly on each finger joint. Key innovations enable this approach: (1) module
miniaturization achieved via curvature-induced rigidity in the electrode film; (2) skin anchoring
challenges resolved through a kinematically modeled rolling joint mechanism; and (3) a passive
variable-length structure resolving kinematic overconstraint to restore range of motion. To validate
the architecture, we conducted a blind user study using bending sensors. Results confirm the rolling
joint successfully suppresses kinematic lash within the human proprioceptive limit (5°-9°).
Participants accurately perceived independent joint constraints with up to 76% accuracy. These

findings demonstrate this distributed paradigm
delivering stable 3-DOF kinesthetic feedback.

effectively decouples multi-joint constraints,
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[Fig. 1] (a) Free motion of finger when the actuator/ clutch is
deactivated, (b) Generation of kinesthetic haptic on finger when
the actuator/ clutch is activated, (c) Identical tendon excursions
from different finger joint configurations

4 9(excursion)7} A3 [Fig. 1(c)], T TAT ARF-=2-2 A%
5 7 W tf-&she I3 AAIoHA] F3tct
B AL olgfat 717514 SAZ 2E] A8, £7F
o vhcjotclo] 75718 1 W Aok w40 224 A
)9 (clutch-on-a-jointyS A9} [Fig. 2(c)]. FA7] EA
(electrostatic clutch, ES clutchy= 4 AA|7} 2= A=} A
AF0o= o]Fojxl gyl 7189 FHTE Z2|A]olH [Fig.
2(a)], £3] & Ao A JHgE PVC-gel 7|4 ES clutch= 181
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Sttt [Fig. 2(d)]. ol= 2t rtjo] 24 7 Hd s 50014
B8 A2 Ao) BE WE5o| ] F4Ehe 71 e A
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F2lol= 7158 Al (lashy S SHESH] s, FAT £
AJ(anchoring instability)2] 7]5}5F4 RElgS viElo =2 QI &
& 7+9] 75 &(rolling joint) HAUSZ =Yt AlA,
53} A| AH] 9] 7|9L8HA 1}9] F<Ex(overconstraint) A S 32
5147 Fek] {1918 71 HSAROME B ] 1) -5
& 7} Z o] JLZ(passive variable-length structure) S A|QFSH}
Uo7k & =ol A= A w9 AlAE -85 10759 1
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[Fig. 2] (a) Structure and the mechanism of electrostatic clutch
(ES clutch), (b) Suggestion of kinesthetic haptic on a finger
through a ES clutch, (¢) Device and the schematic diagram of
suggested clutch-on-a-joint architecture, (d) Examples requiring
independent kinesthetic feedback for individual joints
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2. S8 3-DOF 2% #E] QIE{H0|A 75
2.1 ES clutch 7|8 97 AA] 2 25 4335}

A7 A FR = AFEAL] AlA] @ HES Thef 71
29 Fet 42 AT TELF SMASE 2L o]
o|e]9] 3% LAISt FHPo g ARG AR, kx|t ES
cluich®} 2 Beflo]=L G2 A& ALgA7E FHo] 7o
o] kg0 2 A7hg AATY. dfg Sof 7o) 27
E o R|ohs S AN S e RES A A #3250l E7F
3597 A S RHECY, o] Felste B Aol ALe A
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o A= A A o 275 =] o] H7S ThEoj Wit [Fig. 2(b)].
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[Fig. 3] (a) Structure of the ES clutch with a coil spring,
(b) Structure of miniaturized ES clutch
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Modeling of Module Displacement and Lash

f Tendon I = Hcosa + Lsina o ] = Heose + Lsina \
—_—— O ———
a=2 o=21g
2 2
Origin
g
6 9
Center of Module
Right after activation Lash condition

(x,7,8) = (0,0,0) Ce,p.8) = (x,y.0)

A' = (wcos0 + Hsin® + x, —wsin8 + Heos® + ¥)
C = (wcos + x + tanB(y — wsind),0)

Model w/o rolling joint

- _ X5 86; g7 0i0) =0
1= JCsin—+ A'C cos &' f( y aiff ID)

2 . )
B4 =86 — 8,  Geomeric relations

J
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e Whenf, y=0 xisfree When 6, x=0, v is free
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B x (mm) y (mm)
= HE B B
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[Fig. 4] Geometrical modeling of the lash 8,4 (joint angle of
the additional flexion to sense kinesthetic feedback) after the ES
clutch is activated and the dependencies on each anchoring
instability
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Blo] 4 Ak, 4] W Zzto] o] 2 L X BE B
% 5YH 02 SA=lojor 32 Felakgict

o] A4, Al A ™ B W WskE 00 7
A ARtstoioR gtet yol 9 Mfle 24 7t AR HES
5ol 73RS AP W (pre-strain) AR LA 7| 11, mE
71012 o) 1% 5ol et HHE B 50 2 ol
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54 (ackdrivability) & 41245} Agfate}. olo] & A7
x HPIE AR 0 & F&5k= ti4l, IS+ HE 7He] 1A
= 835 B-(rolling joint)S =AU =2 7]7-8H4]
& 202 F7Fohe TR A AR [Fig. 6].
& W2 AA E71 wE Y AT AH F e 2 A
Hol Mz gted] 2= 2R, FREARIY g 4= ¥
St} xHRAE AED AT whoF ye} 92] M3l 002 A5t
Hohd, 51 =Y o= HAIE 2 s] 1S 4= itk
Tt ml R 22 HY o] At BAl= EVIIER yoF 0
QH/49] 518 HAE EAlste Aol Qs -5 HE
T3t 71948t R ES MATLABS &-8510] 27| o4
FE(650) 180°, 150°, 120°, 90°0f] T ye} 9] ¥4 91 o]
Holet 2, 7k (y, 0) 220 tisfl AR A= 0 anrs =F
1}, o & mj g sto] -5 o] =Y H A ARIoA & &t
7373 W7t old JFS PIAA He=AE EA6H3ITH [Fig. 6.
2 e A Ho|A7E XA 07 HESHA A AlA
3171 QIaiAI, BA17 A2 o] ghg uf <lzto] B
o xg Egxos Bk X 93 A
5o-9 T olof g}, of7|4 olzfat HeLiel 168
X 721 Q1A WA 7 I 89912 24 918 Aol ust
Noticeable Difference, IND)Ql 1°~2°¢} F1H3}= Zlo] 5935}
o A3 AL Aol A ARARE 2839 AL AR = AA|
A o H= g 4 gL, 22 3t QAo A Wf &7kt o
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[Fig. 5] Structural modification to directly prevent the
instability y and 6
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Lash and Instability with Rolling Joint

(%7,0) = (x,y,6)

B 1 = Hcosa + Lsina

AB" Point on Module

2 J:Finger Joint

B": Contact point of
2 rolling joint

JMiddle of Tendon

f2(x,,6,6;) =0 ,

Model wjo rolling joint

f(x,7.0,6,6,) =0
x=f(,6,6;,0;0)

A" = (wcos8 + Hsinb + x, —wsin® + Hcos + y)
B’ = (wcosb + x, —wsin6 + y)
8 [}
B” =B+ (RsinZ, ~Reos %)
2 2
J=(w+L,0)

J =4+ (1sin%, ~leosF)

Y

Rolling Joint Geometry [f_g(y’ .6,.60) = 0,

By-ly _Jyly
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[Fig. 6] Geometric modeling of rolling joints to suppress lash
and analysis of lash on instability variables 6 and y. f
represents the model without rolling joint [Fig. 4], f2 defines
the rolling joint geometry, and f3 is the synthesis of f and f2.
'0" markers denote the feasible region (fjax <5°, human
proprioceptive limit), while "X' markers indicate the theoretical
region exceeding this tolerance. Red square indicates the
conservatively feasible design region
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9j,diff$5° A ?—‘é‘fﬂ'c’% ‘ﬂ"gﬁ,i’_i 7]1—6‘%’% ] 7]‘—‘01’

OrA L= Wd LZXE A A|AE 0 7 B3 A A &7}
o T 75 B 271 84 Sl &3] AAIA &
o} 713t814 9l o] Wkt SbEIT T8 2 d e Alof

H5o] 7t it (middle phalanx)oflA] shte] A= A2+
of Wt o] A 5ol AAE AL, &7k A2 &5 WS
ROM)7} AlgtE]= T 14 @O & o]0t o] ZAIE
siast7] Yol S2Futt 14 F2EC) 5% 7HA 4ol 2
(passive variable-length structure)S =5} TH [Fig 7. 2&
2T ER Bololo] e olneld - e S A%}
g AEHO T EJSo 2 FAY QX o/léoﬂ g3
2l yot § 7452 AILSHA FAISHAH

A 0 2 o] L2 LY 0,urs A= BAH HY
3= A RO HUAN T Y T FAIE AJ B 07 S Est3l
on, £719] AA| ROME 2413] &3} FAof TRt
ARGA & 7] HAY] et 2 2342 SHSIeITH

3. &Y 21t
31AEH U2 ES

Albe A ol7[81% 9] 5§ 3-DOF 4 5= B7Is5t

7] 18l stolB B = HAE EHES 755HT [Fig. 8]. 29
A4 (PIP) 9 YA H(DIP) o= AIRFE 4F ES clutch

nES HZ_]_O} 1, 71—_4%,] :Lol 7 _g_;q_g.o}yﬂ EL]E—]E]
517] 915} Bendlab A8 15 33 A4S 14 9ol 58
Si9irt BEo] F-EEAR A s o] Q17| whEof oF Bk Ao

Module on the
middle phalanx

[Fig. 7] Implementation of passive variable-length structure on
the middle phalanx modules

7] ZRAE 0187 59 3-DOF w3 A3 AlA 98 <lejgo|x HA4 327

0

9] 2D HH ZAL & 2451 B AL E Heistgic) wok &
3t 3-DOF A|A8E +d517] Y3 S(MCP) #Al= &5
Was AEo] 145 7|E 7Y Axe Vg 2R S A%
sIoch
71% B7F= 107 9] 200 24t~ 300 F6Ho] 1 F RS oAy
g geiele A AFt 2 AaE et 1 eAe) & 37]
BAE RS 99 BaT A9 A UL HeSlson, 7]
HAR olz g e A2 1) giof £ Qo] Ak PR
7}k A A (pointing) AN B-A 5+ Th A2+ m WS 2t
oF7] 9laf A= &2 A gl o) I QA HAEE
o= SAE HYAE sl AA £712e B
H 118584 ZZH(proprioceptive feedback)of|Tt 2]&35}0] of
Lo 7144 02 AE5HA=A] A7 R HASiT Al
4| £/9.0 JelE 23 8741 T4 20| FALR A
A= on, HHAT 270 5314 F 40039 Aol 43y
S A

3.2 7175 AT 8L 71 A A A A

At wHAYZ] QMg dS otk ffsl, 3.180) 71&
H 4009 A1 5t S A7H 25t & A AA7IA ] B
A A9, & 717 A1 (am) S S 5HATH [Fig. 9] A E
3 ES clutch®] o] b2 & Z}sto] m] 112 glo] TRt A
&7 2= o AT [Fig. 9(a)] o= FAT 2 71714 #A]
s FHstE R, SAE oA AIA(1.5*IQR)YE S3f 1] 11
o] EAEE 2| (PIP 19.5%, DIP 6.0%)2 A|<]5lar 2415}
MEP PIP 9l DIP &5 Z}7}o] &/ 5} 2003] 9] A3 Hlo|El &

Z5to] AR A3, A1) FUEH(Median) PIP ¥4 0] A]
3.21°, DIP #H0f| A 1.69°Z WERGTH [Fig. 9(b)]. AIBARE
(Q3) FA| 77} 4.28°9F2.99°& FA| w5HTt. o] 23t 5%
A E Q3 A= 50 oljof & 5] Soje=Fo®, 2380 1
o] Ao} 7ho] 3|48 2= k.

= Bending Sensor
B Film Guide

[Fig. 8] Implementation of bending sensor to measure the PIP
and DIP joint angle
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A A= Ak 5 B4 (rolling joint) B H| o] AT}

FARATA, A3 AAL Rl A 2] 2 Al

o8 2 B+ ](12 2297} ¥ %ﬂ%ﬂ
ES clutch?] o} AA7|4 o}x 8-S 23}3] 5] 3]
= 718 &214 vl AGlipe] A A7 ST oA
Ed 70.17°)0f 71913t 5-A12 o]AFA]|(positive skew)ZA],
2] 9717 A oJola] gRett [Fig. (o).

3.3 3-DOF =& 9719] 01X & AHs
AREA}O] = S-S e O & & X % 9 H(confusion
matrix)2 58 =% (uncoupled) & &4 i}(fully coupled) 7-

& 27 ARt A4 g @AEo] T okA I3 QIAskaL 9
S HojErt £ Aol A A9t PIP € DIP HEOT =3t
H 5 75 2205 AE S [Fig. 100b)], B7HE 69%0]
A 76%01 0| 2= =2 FE =S DA 71 AlAF 7181

60
Slip occurred
& 40}
.-E-
o
e
g 20r .
-
—— :
N —— e
PIP Joint DIP Joint
(a)
15 r p=3.50° p=2.02°
< 10} 90
5 1
@ -
5 5 — 4+ — — T/ — =
o ===
= — 3.21° 1
1.69°
I S (—
0 | 1
PIP Joint DIP Joint

(b)

[Fig. 9] Kinematic lash of the PIP and DIP joint when the clutch
is activated. (a) Full-scale distribution showing all outliers with
the slip in clutch. (b) Zoomed-in distribution. Red dash line
indicates the absolute human proprioceptive tolerance limit.

MCP &2 Zotd] B4 4%, e Eo] &4s] 7454
FE(EA On”)= 76%2] =S H oM [Fig 10(a)], =
2191 “MCP Only” 242 68%2] A& 7|=Fc}.

tole] &4 A3, DIP/PIP -2 E/Jote uf QA4 HE
go] G- dARte] I ATt [Fig. 10(b)). A€ S°1, DIP ¥
A9k 7455 1= T(DIP Only) 7S 69%2] SE= AJH
£ Ao] AERAINL, 9% Al oflAl= oI5 PIP BT -4
O 2 QQlstitt. ith & PIP AT 1435t 49 3%2] A]EOﬂ
ARE “DIP Only”® 25t 750 0|3t Q&7 Hd
tHo| A7 32 S A 0 & Aol = E7-5HL, 52 °}
=0 7d(ﬂexor tendon)of| 2} 7-5-5]= WEE Ato] o] T =)
< s ALHAIA RSk Hlols BA Gk A7 &
A2 AlARREE. o) EFstal ghelE AutaQl #2

Predicted Response

o®

Qe <0 o™ g ™ xQ\Q QQQX
W N

? 0\? §‘\C}? \I\
(a)

Rd  76.0%

N 23.0% 70.0%

Predicted Response

Idle PIP Only
User Response

(b)

DIP Only PIP+DIP

[Fig. 10] (a) (n=10, 5 times*8 signals each) 8x8 Confusion
matrix about all 3 finger joints, (b) (n=10, 10 times*4 signals
each) 4*4 Confusion matrix about 2 distal finger joints. Idle
means all clutches are deactivated
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A o 2 stEgo19 A RaidS FEeHA S
A3t

ne o

AY A= By S8 2] 1) 2]t (clutch-on-a-joint) 7] ¥t
Hato]l A7 b 455 ata o g wefsto] 4 e
o F9e 2L - tks 7] 7H S 453l PP 4
DIP toJelo] Y o, A £719] = A(flexor
tendon) ZAg}o]eh= FA| HSHA Aol = EFskal o 76%
o] =9 5 A A E 2% AL, 2 stedort
THAEYS A o g EH PSS ittt S5 AR 7
Tk A7 QIZEY) A8 1A A (5°~9°) ol =
A= Bz, AR A2+ o Eo] FHlE = QIE|=A 20
A 7144 74 flol ALE-d 2] 3-DOF JZ FasH Al
%"?—é ULt ol= &7 A e 2 BHEE AETD /‘]7]L
‘%‘l T WAl A ‘ﬂoﬁfh L ?ﬂ‘:ﬂ

838 TF Yol AE 54 270] e Jriael Hat
B2k F2 HAH 0T LG MCP TR TN 7]

QIS [Fig 10(a)]. FATF EMYdS ShEe Aljtd =&
(PIP, DIP 383} &), MCP #E 2 &
= 371 22AZ 7o) A=A wEkA MCP #E9
FeA e w2 FAY EQFAHLE Q8] 97 s v
1L, 55 v e oA 843k 1) £ THEQIH: v,
A} 784 A A = FASHA BAIE PIP I
DIP] ZA] H|oJEl= & A2 YE QIEHo| A7} 93t 7]
AA YAY S AS S Zsf Eot [Fig. 9].
E 3= 23351 PVC-gel ES clutchet |22 AT A]
92 Pgsto] £712 3-DOF F3 SYH o2 Ao 5
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