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Robot Adaptive Force Control Grasping Method Based on Bionic Mechanism of
“Shape-Perception-Action”

ZHAO Zhou' GENG Ming-Qiang' HE Qiu-Shi* HE Yun-Xin'
CAI Ming-Da** ZHOU Xiang-Yu** LUO Jing**

Abstract With the rapid development of robot technology, its demand for fine sensing ability is increasing.
However, it is still difficult for existing robots to have the flexible operation ability as human beings. In the fine
grasping task, the robot’s constant force grasping strategy has limitations: Too much grasping force is easy to dam-
age the object, and too little grasping force leads to unstable grasping. In order to solve the above problems, this
paper proposes a robot adaptive force control grasping method based on the fusion of vision and touch. The meth-
od consists of a visual module, a tactile module and a grasping strategy: The vision module is used for predicting
the grab position of the target; In the contact stage, the tactile module recovers the tactile depth with the help of
the visual tactile sensor and estimates the contact area and normal force; Then, the deformation is judged by the
maximum depth change rate and the mean square error between frames, and the grasping force adjustment strategy
is triggered. Thus, the bionic feedback grasping mechanism of “gradual force increase-deformation detection-force re-
treat” is realized. The experimental results show that this method improves the overall success rate of grasping vari-
ous daily objects from 87.50% to 98.75%, and achieves zero damage in grasping fragile objects.
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Fig.2 Robot adaptive force control grasping method

based on bionic mechanism of
“shape-perception-action”
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Fig.5 Grasping strategy state transition based on
tactile feedback
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Fig.8 Grasping tactile images of geometrically regular
objects with the fixed force ((a) Paper cup;

(b) Plastic bottle; (c) Can; (d) Glass bottle;

(e) Rubber; (f) Glue stick)
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Table 4 Maximum tactile depth value and contact area

of grasping geometrically regular objects

(a) (b) (©) (d) (©) (f)

depth_2 1.11 1.30 1.21 1.53 1.21 1.53
depth_5 117 2.04 1.50 2.14 1.37 2.14
area_2 11612 7234 10718 16573 17123 14 842
area_5 49591 13789 13195 23268 36630 19 572
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Fig.9 Depth value and estimated normal forces of
bottles made of different materials under
different grasping forces
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Fig.10  Grasping tactile images of geometrically irregular
objects with the fixed force ((a) ~ (c¢) Grasp the
screwdriver at three positions; (d) ~ (f) Grasp
the elastic ball at three positions)
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Table 5 Maximum tactile depth value and contact area
of grasping geometrically irregular objects

(a) (b) (©) (d) (¢) ()
depth_2 100 150 386 091 1.65 1.04
depth_5 134 165  2.53 171 1.74 1.45
area_2 1366 5208 6734 23658 10629 36 063
area_5 4105 8121 25567 25840 22529 57 648
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Fig.11  Error heatmap
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Table 6 Comparison of experimental results between adaptive force control and fixed force grasping strategy
ik ‘ JRIIZ (%) : %Mﬁaw‘ ‘ﬁﬂﬁcm ‘ ﬁ@%m@‘ R FARCE (%)
H &R /g [#l € 71 F&E R I %€ /1 H & Ay &5 1 H &N /g I %€ /1

Iy 9573 100 100 4 4 0 0 0 0 30

i 100 100 4 4 0 0 0 0 0
L FTER 100 100 1 4 0 0 0 0 0

A 100 0 1 — 0 100 0 0 10
PRI 100 100 4 4 0 0 0 0 10
HRHE 100 100 2.58 4 0 0 0 0 10
5y dir e 90 100 2.44 4 0 0 10 0 20
12427 100 100 4 4 0 0 0 0 10

Bt 98.75 87.50 — — 0 12.50 1.25 0 11.25

T e R dr I8 5E 3T A B TE 42 R W, R A RN B s DGR AR B ISR IR i, (8 € SR TR B A IR

JTA S8 P AR IIEAT 10 IR, SEit 45 R BLA 70 OB 2 30

K 13
Fig.13

UCELLITIUT S, BT 36 IR, BRI )y 83.72%.
FERIESARE SR, 2RI R 1
PURZEMRAE S, BRI E, 58 R K R 5%
T THEESE 40 BRI AR ML ZE WA, H
AR EDUE N B RS KRR E Y. X —ThRe %
JRT GelSight Mini £ 8855 T 6 B AR 1 TAR IR
B, Hohm Oy BB EE, AN & ONAE R B B
el as W UL A5 5 RS RIS, HIUBGE AR A A fid
TR FEAE A CHE AN 5 BT 5, AT 3 4t b —
REAG DL B G SRS REHLHIILFRIE T RS
FERME TR E I S EE .

BB, 2R A LM B S AR A A I 5
SR IL H BR IE L RE . SRR e U T8]
ik s 30N 52 70 kA2 B AN E vk, (BRSO
PR i i S P AL 0% 6 3 ik o B LR S RS2 B
EARA, IR T IR AL K il R B AR H E 5
J1E1I8, AT FE $2 At 32 A I 4 o 22 4 P 7 90
Bl AL AN A 1A S8 03 BRI JEE S 56, BT A )

LS

Multi-object continuous grasping

PEVIR B BRI AR E ULy, 78 S R Bl BE P 14
b Rt k20 P A DUk S i 4. S 2 AR B,
B 7 e DX 3k B AL AR A A A o VR 2% 1 52 2 3R
b, Z 1% SRS AT e 4E R R BRIR AR E I
IR 2.

B o AT 45 w1 R L2 481, FRATTEAT 3 A
SEREIN, KRR T HREFR: SR (6 K,
13.95%) 5 AL 5E T 25 (1 9%, 2.32%), Ti4RE /1
A S R RBUR M. SR 2 KA T IR R
Ui 138 N L DX 3 R R v 5 G Ath 47 4k i 2 Al 43 1
HTAT 55 PR i 22 DU 32 B2 H R 7 35 B B S0 B A
Yot b, FCAREUAT 28 T 5 52 S HE sl s S 140

g% LR, RETER I AT 2 OE ST
L, RN R R S R E R e e S E A M, iR
72 BRI (5 e/ SR 2 BER IR T 2R 5
All 48 P05 A0 5 TR 22, 1T AR Ay 45 1 AR 5
HE—DIOE T BT IMBOR IS /R AR S MR B
RPE 5K T SE .



1126 H 3

(8

o
==

Eitd 52 %

XL R T BATR AL % 4 HiE
JSEAER 5 T AR A 288, 2 M i s 5 ) T S s
NEAAFEREEPER I ASEAE T — R E R f 9N
BT,

3 4EgRiE

AL — P T TS -a 1 07 AL
BB N B &N R URO5 3%, B AU E 790
IS 5 5 3 SO Sh B A ) e . ATy ik DA
T DINOv3 AL SE AR B 58 BRAUAL 28 T, 38 L 72
b Bok E AL 3 4% 4% (GelSight Mini) fih
TR BE Al AR AR AR 5 ik ), B TIR AL R
L5iifa] MSE F AL A € fil A UL S5 SR, # i2
U LG J 1A 7 B F TR LA] . A7k
FESR R U T 26 AR A P 353 0 A S B e 28T
DI R A MRS, SRk 5 LA N ) 2 A N
SEAERAL T AT RIS & 5T AR

SE 3

1 Liu Hua-Ping, Guo Di, Sun Fu-Chun, Zhang Xin-Yu. Morpho-
logy-based embodied intelligence: Historical retrospect and re-
search progress. Acta Automatica Sinica, 2023, 49(6): 1131-1154
(KA, 500, FhEr R, TRHTER. BTSN R SR R0 i st
S AT, AR, 2023, 49(6): 1131-1154)

2 Liu Z, Hu X N, Bo R H, Yang Y Z, Cheng X, Pang W B, et al.
A three-dimensionally architected electronic skin mimicking hu-
man mechanosensation. Science, 2024, 384(6699): 987-994

3 LiJF, Xu Z, Zhu D J, Dong K, Yan T, Zeng Z, et al. Bio-in-
spired intelligence with applications to robotics: A survey. Intel-
ligence & Robotics, 2021, 1(1): 58—83

4 Chatziparaschis D, Zhong S, Christopoulos V, Karydis K. Ad-
aptive environment-aware robotic arm reaching based on a bio-
inspired neurodynamical computational framework. In: Proceed-
ings of the 33rd IEEE International Conference on Robot and
Human Interactive Communication (ROMAN). Pasadena, CA,
USA: IEEE, 2024. 510-515

An B S, Geng Y R, Chen K, Li X Q, Dou Q, Dong H. RGB-
Manip: Monocular image-based robotic manipulation through
active object pose estimation. In: Proceedings of the 2024 IEEE
International Conference on Robotics and Automation (ICRA).
Yokohama, Japan: IEEE, 2024. 7748-7755

6 Fang H S, Wang C X, Fang H J, Gou M H, Liu J R, Yan H X,
et al. AnyGrasp: Robust and efficient grasp perception in spa-
tial and temporal domains. IEEE Transactions on Robotics,
2023, 39(5): 3929-3945

7 Zhu L F, Wang Y C, Mei D Q, Wu X. Highly sensitive and flex-
ible tactile sensor based on porous graphene sponges for distrib-
uted tactile sensing in monitoring human motions. Journal of
Microelectromechanical Systems, 2019, 28(1): 154-163

8 Xiang G Y, Wang X X, Cheng N Y, Hu L, Zhang H W, Liu H
H. A flexible piezoelectric-based tactile sensor for dynamic force
measurement. In: Proceedings of the 2022 International Confer-
ence on High Performance Big Data and Intelligent Systems
(HDIS). Tianjin, China: IEEE, 2022. 207-211

9 Yuan W Z, Dong S Y, Adelson E H. GelSight: High-resolution
robot tactile sensors for estimating geometry and force. Sensors,
2017, 17(12): 27622782

10 Lambeta M, Chou P W, Tian S, Yang B, Maloon B, Most V R,
et al. Digit: A novel design for a low-cost compact high-resolu-
tion tactile sensor with application to in-hand manipulation.
IEEE Robotics and Automation Letters, 2020, 5(3): 3838-3845

[S2

11 Saxena A, Driemeyer J, Kearns J, Ng A Y. Robotic grasping of

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

novel objects. In: Proceedings of the 20th Annual Conference on
Neural Information Processing Systems. Vancouver, Canada:
MIT Press, 2007. 1209-1216

Morrison D, Corke P, Leitner J. Closing the loop for robotic
grasping: A real-time, generative grasp synthesis approach. In:
Proceedings of Robotics: Science and Systems. Pittsburgh, USA:
MIT Press, 2018.

Wang S C, Zhou Z L, Kan Z. When Transformer meets robotic
grasping: Exploits context for efficient grasp detection. IEEE
Robotics and Automation Letters, 2022, 7(3): 8170-8177

Fang H S, Gou M H, Wang C X, Lu C W. Robust grasping
across diverse sensor qualities: The GraspNet-1Billion dataset.
The International Journal of Robotics Research, 2023, 42(12):
1094-1103

Jiang J Q, Cao G Q, Butterworth A, Do T T, Luo S. Where
shall T touch? Vision-guided tactile poking for transparent ob-
ject grasping. IEEE/ASME Transactions on Mechatronics, 2022,
28(1): 233-244

Zhang B Y, Andrussow I, Zell A, Martius G. The role of tactile
sensing for learning reach and grasp. In: Proceedings of the 2025
IEEE International Conference on Robotics and Automation
(ICRA). Atlanta, USA: IEEE, 2025. 11817-11824

Xue Teng, Liu Wen-Hai, Pan Zhen-Yu, Wang Wei-Ming. Stable
robotic grasping based on visual perception and prior tactile
knowledge learning. Robot, 2021, 43(1): 1-8

(P, X, AR, B, BT RUS0 R A 5 5 B 0 TR 27
SIRLAR AAREIREL. HLES A, 2021, 43(1): 1-8)

Wang Rui-Dong, Wang Rui, Zhang Tian-Dong, Wang Shuo. A
survey of research on robotic brain-inspired intelligence. Acta
Automatica Sinica, 2024, 50(8): 1485-1501

(EHAR, EF, KR, EBL PLE NFE Rt figiik. Ashfess
R, 2024, 50(8): 1485-1501)

Cui S W, Wang R, Wei J H, Li F R, Wang S. Grasp state as-
sessment of deformable objects using visual-tactile fusion percep-
tion. In: Proceedings of the 2020 IEEE International Conference
on Robotics and Automation (ICRA). Paris, France: IEEE, 2020.
538-544

Calandra R, Owens A, Jayaraman D, Lin J, Yuan W Z, Malik
J, et al. More than a feeling: Learning to grasp and regrasp us-
ing vision and touch. IEEE Robotics and Automation Letters,
2018, 3(4): 3300—-3307

LiSJ, Yu H X, Ding W B, Liu HD, Ye L Q, Xia C K, et al.
Visual-tactile fusion for transparent object grasping in complex
backgrounds. IEEE Transactions on Robotics, 2023, 39(5): 3838—
3856

Tang J X, Yuan X G, Li S D. Visual-tactile fusion and sac-
based learning for robot peg-in-hole assembly in uncertain envir-
onments. Machines, 2025.

Lee Y, Hong S, Kim M G, Kim G, Nam C. Grasping deform-
able objects via reinforcement learning with cross-modal atten-
tion to visuo-tactile inputs. arXiv preprint arXiv: 2504.15595,
2025.

Fu L, Huang H, Berscheid L, Li H, Goldberg K, Chitta S. Safe
self-supervised learning in real of visuo-tactile feedback policies
for industrial insertion. In: Proceedings of the 2023 IEEE Inter-
national Conference on Robotics and Automation (ICRA). Lon-
don, United Kingdom: IEEE, 2023. 10380—10386

Matak M, Hermans T. Planning visual-tactile precision grasps
via complementary use of vision and touch. IEEE Robotics and
Automation Letters, 2022, 8(2): 768-775

Peng 72 C, Cui T, Chen G Y, Lu HY, Yang Y, Yue Y F. High-
precision object pose estimation using visual-tactile information
for dynamic interactions in robotic grasping. In: Proceedings of
the 2025 IEEE International Conference on Robotics and Auto-
mation (ICRA). Atlanta, USA: IEEE, 2025. 14799-14805

Galaiya V R, de Oliveira T E A, Jiang X T, da Fonseca V P.
Grasp approach under positional uncertainty using compliant
tactile sensing modules and reinforcement learning. In: Proceed-
ings of the 2024 IEEE Canadian Conference on Electrical and
Computer Engineering (CCECE). Kingston, Canada: IEEE,
2024. 424-428

Siméoni O, Vo H V|, Seitzer M, Baldassarre F, Oquab M, Jose



5 RN T TR ARSI E O ANV RI AL 88 A E RN PR 5 1127

C, et al. Dinov3. arXiv preprint arXiv: 2508.10104, 2025.

29 Jiang Y, Moseson S, Saxena A. Efficient grasping from RGBD
images: Learning using a new rectangle representation. In: Pro-
ceedings of the 2011 IEEE International Conference on Robot-
ics and Automation. Shanghai, China: IEEE, 2011. 3304-3311

30 Drogemiiller J, Garcia C X, Gambaro E, Suppa M, Steil J, Roa
M A. Automatic generation of realistic training data for learn-
ing parallel-jaw grasping from synthetic stereo images. In: Pro-
ceedings of the 20th International Conference on Advanced Ro-
botics (ICAR). Ljubljana, Slovenia: IEEE, 2021. 730-737

31 Depierre A, Dellandréa E, Chen L M. Jacquard: A large scale
dataset for robotic grasp detection. In: Proceedings of the 2018
IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS). Madrid, Spain: IEEE, 2018. 3511-3516

32 Ainetter S, Fraundorfer F. End-to-end trainable deep neural net-
work for robotic grasp detection and semantic segmentation
from RGB. In: Proceedings of the 2021 IEEE International Con-
ference on Robotics and Automation (ICRA). Xi’an, China:
IEEE, 2021. 13452-13458

&M e mYE AT S LA B R
R, 2023 EIRAFEE TR R AR
TR SRR B L2 fr, &
B FCIT A L as N B REI
E-mail: zhaozhou@ccnu.edu.cn
(ZHAO Zhou Associate professor
at the School of Computer Science,
Central China Normal University. He received his
Ph.D. degree in computer science and technology from
Sorbonne University in Paris, France in 2023. His main
research interest is robot intelligent perception.)

BKRAS®E b i KA o LA e A
LWFFEA:. 2025 S IRAFHE TR
L7 SO i S o we o VAN =2 U1 W
LS AR,
E-mail: gengmq@mails.ccnu.edu.cn
(GENG Ming-Qiang Master stu-
dent at the School of Computer Sci-
ence, Central China Normal University. He received
his bachelor degree in software engineering from Cent-
ral China Normal University in 2025. His main re-
search interest is robotic technology.)

fRksE b EE N B T S A

FREHR. 2025 FIRAFIY )R A

S R = A = Wl

HIEE, EEMEETE, TARS

BRI S TR

E-mail: 15680879000@163.com

(HE Qiu-Shi Instructor at the Of-
ficers College of PAP. He received his master degree in
management from Sichuan University in 2025. His re-
search interests include military command, manage-
ment science and engineering, intelligent perception

and decision-making of unmanned systems.)

g b IivE KA T S LA B i
LA, 2023 FEHAF AR K
TR SRR Bl e fr. &
W T T A PLEE ABOR . E-mail:
heyunxin@mails.ccnu.edu.cn
(HE Yun-Xin Master student at
the School of Computer Science,
Central China Normal University. He received his
bachelor degree in computer science and technology
from East China Jiaotong University in 2023. His main
research interest is robotic technology.)

£t b WA N S [ T
L. 2024 SEIRAGRKIPHL TR
EGES NSTEIE eI i Y A o3
WEFEI7 15 A AHLIME.
E-mail: 19307496164@Q163.com
(CAI Ming-Da Master student at
the School of Automation, Wuhan
University of Technology. He received his bachelor de-
gree in measurement and control technology and in-
strument from Changsha University of Science and
Technology in 2024. His main research interest is hu-
man-robot collaboration.)

BfF PO TR | 3R i
LS. 2021 FEFRAG R TR
IR N S IR A7 e e A
FEWETEIT 1 A AHLIME.
E-mail: xiangyuzhou@whut.edu.cn
(ZHOU Xiang-Yu Master student
at the School of Automation,
Wuhan University of Technology. He received his
bachelor degree in electrical engineering and automa-
tion from Wuhan University of Technology in 2021.
His main research interest is human-robot collabora-
tion.)

T & HETRFEAIM R
2. 2020 IR E )M EREL TR
S PN A S0 [ B A Bk A
AL EEBE R R ONLE N, IR
AR, W R A AN B AL
WEEE.
E-mail: ljing ac@whut.edu.cn
(LUO Jing Professor at the School of Automation,
Wuhan University of Technology. He received his joint
Ph.D. degree from South China University of Techno-
logy in Guangzhou, China and Imperial College Lon-
don, UK in 2020. His research interests include robot-
ics, teleoperation, wearable devices, and human-ma-
chine interaction. Corresponding author of this paper.)



