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Design and control of an underactuated dexterous hand with a
rigid-flexible coupled structure

Guo Haoyu,Liu Kangheng,Zhang Jun,Song Aiguo

(School of Instrument Science and Engineering , Southeast University, Nanjing 210096, China)

Abstract: To address the structural complexity, actuation redundancy, and insufficient compliance of fully actuated dexterous hands, an
underactuated dexterous hand based on a rigid-flexible coupled structure is proposed. According to the motion characteristics of the
human hand, three motors are employed to drive five fingers, achieving compliant coupled bending and multi-finger coordinated control.
Each finger consists of a composite structure of a rigid skeleton and flexible joints, with cable used to imitate tendon traction, and torsion
spring-pin structures introduced at the joints to emulate the elasticity of soft tissues, enabling passive adaptation to the target shape and
compliant rebound during grasping. Tactile sensor arrays are integrated on the fingertips and palm, which, together with motor encoders,
form a combined force-position perception system capable of real-time detection of contact state, grasping force and joint posture, thereby
effectively enhancing environmental perception and grasp stability. The hand weighs only 482 g and demonstrates strong task
adaptability, achieving 82.2% success in power grasps and 46. 7% in precision grasps across 16 representative tasks, and it can serve as
an end-effector to perform grasping, transportation, and stacking operations, enabling interaction in multiple scenarios. In multi-object
tactile recognition experiments, the proposed sensing approach achieves an average accuracy of 96. 5% for six target objects, validating
its effectiveness in tactile perception. During constant-force grasping and disturbance compensation tests, force fluctuation remains within
+0.3 N and the system rapidly restores stability after sudden load changes, indicating robust and stable control performance. Overall,
the proposed dexterous hand achieves simplified structure, compliant grasping, and multimodal sensing capabilities, making it suitable
for human-robot interaction and mobile manipulation applications.
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Fig. 1 Underactuated dexterous hand
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Fig.2 Internal structure of palm

PREGEFEMLR R FH 4 T8 m TAb, 3 F H A S5/ 4R
3D FTENIE , 8 AR PETG 5 TPU, PETG #+
TF46 55 W 2R S5 4, (R UE R (i B 5 TR AR F
FEPE; TPU MRS FH F 356 28 oo, LR THF
TSP T 7 A AT 2o R v ) R I s ek e, LREESR FH 1L
72 mm WY JE 4R IR )G AR E, BT AHEEY
9 482 o, FEIELE H SR Y [RI T SE 8 T e i fb i it
ISR S F8 R e T I 2 Ty kg, X - T T
N )20 BT A RN R 3 TR

2 RIGFEHESD
2.1 RIFFIEFHFHER

TETFIRES BT B SEAE b gt — 2L 3 iz R Sh L
il T F45 B IE SR, IR IR ST A B 5 R AR v o 26

(a) Ge4it-1 (b) Gedit-2 (c) TR
(a) Reel-1 (b) Reel-2 (c) Fingertip

B3 SCHEIRPR R T 2k

Fig.3 Mechanical stress test of key components
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Fig.4 Kinematic analysis of the index finger
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Fig. 6  Coordinate system of dexterous hand
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Table 1 Finger joint parameters (mm)
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Fig. 7 Spatial movement trajectory of dexterous hand
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Fig. 8 Joint angle-tendon displacement experiment.
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Fig. 9 Sensor array measurement circuit
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Fig. 10 A dexterous hand with sense of touch
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Fig. 12 Force-position control scheme
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BB 8 PERESE bR
b —
e Bl £ HfH
[ I K, 0. 85 FaSEMS 8]/ 0.12
(HH) K, 12,00  REBRE/(°) +0.30
HFF K, 0. 65 Fasg it i)/s 0.18
(HFF) Ky 9.50 FaAiR2%/N +0. 12

4 SCIGHFE

4.1 HBFEBYEIMBELLIE

S PEAG BT A R T AR AT S R PTUIR S E ) B
41, Cutkosky 4338351 % PRI FAT 00T, %7
BRSBTS R 20 Ar i B 16 AR a9 A BN
523 ) AT SR B T, 18] 13 R T R G4
ANFEPHUT S T B T3 2egh B, 25 REW, R TFhE
% 5 B FP R MBI AE | T AEAS R R R 5 TR AR
ZRMF T AR BT IS M, X E AR 5 T R IK B4
LER ST R, i TR AR A% A 15 I M AT H
bR, 4 e e 1

Sy s e A LAA) R U B, X6 ] — 0 1R 3 2 JICHRUY)
IR AT T G vt . R R AR B IUBCSE 36
5, HE R WE 14 FiR, RIGFAE S BTHUTE 5+
TR E YR 3 82, 2% ; 1 7EKS B BT 55 v
F - DU 3 A S LK B0 1 3R Sh 45 A BR il T 2 Sy 18 T
REJT, IR 46. 7% , (HJR/RE IR BRoCE A R, i
BT RIGFLEFAT e T 25 K 280 H H MU 55 75K



40 & L R ¥ R 47 %
| SRR e
E , : l
5 %g%ﬁ s
& - [ I
3 #ﬁﬁm s Bk A
w T (] H 5 =gt
g —— m | | |
. i ;; jr:uf
= | | | | | | |
0| ke AEE  RSGE BEAK RDTA Eﬁfﬂa *m%ﬁﬁ ﬁﬂﬁgﬁ
B - &R F
% 71 5O B R B RN SRR
B 13 RRIREBAE S T2
Fig. 13 Gesture classification for different grasping tasks
W7 RAUR AR WAL, IR I FAERA L 55 i ZR G e ), it T

TBRIIUH
14 IR I RS

Fig. 14  Statistics of successful grabs

k25 B SR Sy i e SR Sl MU SRS 20 AR e

T 2250, 3 3 A ARGl 5 IR 75 3847 T XF I,
U248 R B IR Sl 5 TT 3L [ BK Sl I 1 15z 2l 2 R
FAARRYIRTTRE ), T S EORT AR TR B R B (X 2
SERAE S BUPTRCrR AT PR AR R4 RS e ik, [ i R A
PRE TR IRENEE R AR LS

x3 TRERTTFHESHXILE
Table 3 Comparison of performance parameters among
different dexterous hands

WA HEi/g oK 5l JitE/ K AT aRE JIXERE/N
A3 482 3 82. 2% /46. 7% 0. 300
SCHR[ 4] 478 3 KT H31N -
CHk[14]  ~500 1 80% / <40% -
k[ 26] 546 6 >90%/63. 3% -
CHk[27] 1000 6 PURTE L 340 g -
SCHA[ 28] 693 10 - 0. 300
SCHK[29] 390 3 - 0. 455
CHK[30] 490 6 - 0.200

ANFIASHA TGS . SO AAETUR i B M S A
1155, LIS RIS FAEAES PSR SR tE, R
TG FAE A T8 2R T T AR, MU A 5 A
BRI, R TG FARRS sh 2 HAR AR L7 sy (7 &, Bl
S BTN RIS TF45 ST A B R, DASEEUAR [R) 2R R
155, $AE R & 15 Fos eSS .

1) E 15(a) RIGFIHCEEN 2 em BRIE D4,
WK 7 1) 36 T I 4 L Il S Ao

) 15(b) RIGFIMBGLK 3 em BS7 T 7R IK H
BB AR

(a) I EBZ)

(a) Grasp and move

(b) KB

(OF:=4
(c) Stack

Fl1s  RIGFAGERAEAT IS
Fig. 15 Manipulation task performed by the dexterous hand



545

SRAL T A — iR AR A A A IR B RIS TR0 S4BT 41

3)E 15(c) RIGFARKIMI 3 411K 3 em A7
Dy UARH 4 BRI Y A 48 0 X e iR e e, 4
R P it R I T Re 6% 56 WA [F R i AT 55, 7E U
Wiz 5SS b ¥R R AF R
4.2 YIEFFEIRHIKE

TESE AN #AE AR 55 Sk J5 |, 12— 25 04k g i
WAL AR AEAN R L Al 15 T8 T e o7 e R T 2k
PR Sl v RAE SLHG , SCRTVEER T 6 AP WA, G5 4
B PRIEAR 5 PrfE A0 MERA T R 1, AT
JUATANE 3R TH BRI KRNI B Oy T LA 25 22 52
REfE RN AR G U 55, 36 4 R T AR IR
X RRFAE

3 30T LA [ 40 4% £ i i 53 A AR AT S B R 1 -7
ANFEYIRZE BRI AR ERAIRE T) . AR s 45 R Y

—_

—IOWEUNAI0OO
f=}
[Se]
w

—_

2]

020N

015N
0.10N
0.05N

— W Es N1 0

R4 FEMEST R
Table 4 Characteristics of different objects

ik AN Ji b Flt/g
HRLR [ A% g 60
PRIEAR [ i 450
VEoxis H i 330

B k=3 LiE e 80
Kok BVAVIEL i 200

EEEN g L 55

FEENE R ARTET T 5 RIS, JF X 25 U S 58 Y
AR IR A A, B 16 ek T RIS T
PRI 6 T A R A i 5 50 1) 23 A 45

025N 1 025N

020N 020N

0.15N 015N
0.10 N 0.10N

0.05N 0.05N

WA L0000

1234567 8910111213141516

(a) R
(a) Plastic bottle
025N

—INWRE UV Q000 O

020N
0.15N
0.10N

0.05N

0
9
8
7
6
5
4
3
2
1

1234567 8910111213141516
(b) RIRAF
(b) Thermos cup

1234567 8910111213141516
(c) B
(c) Can

025N 1 025N

020N 020N
0.15N 0.15N
0.10N 0.10N

0.05N

0.05N

— 0 W A L OY 00O

1234567 8910111213141516

12345678910111213141516

1234567 8910111213141516

(d) B
(d) Roll paper

(e) KIrth
(e) Cuboid

K16 IR RIS 7 A B4 7 fh v 5]

Fig. 16 Tactile array distribution during grasping different objects
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Fig. 19 The variation curves of grasping forces and joint angles
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