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Figure 1 (Color online) (a) Beaufortia and suction cup-fluff variable-modulus adhesive structure; (b) Gecko toe and variable-modulus attachment;
(c) schematic diagram of the design of bionic adhesive unit; (d) bionic adhesion surface; (e) bionic adhesive shoes with front and hind foot units;

(f) bionic adhesive shoes used in the space capsule.
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Figure 2 (Color online) (a) Normal adhesion test of variable modulus and single modulus bionic adhesion unit, where the blue vertical bar
corresponds to the time of folding on the lip of the adhesion unit, and the illustrations show the location of folding and contact mechanics analysis;
(b) normal adhesion of the bionic adhesion unit in the front foot and hind foot changed with preloading; (c) normal adhesion characteristics of bionic
adhesion units in the front foot and hind foot on surfaces with different roughness; (d) friction coefficients of bionic adhesion unit samples varied on

surfaces with different roughness.
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Figure 3 (a) Simulated microgravity force measuring system and step exercises; (b) adhesion force under synchronous and sequential steps, with the
step speed of 30 steps/min, and the schematic illustrated the subject’s maximum lift tension test of the lower limb muscle group; (c) musculoskeletal
model and stress diagram; (d) different stepping methods of the subject wearing bionic adhesive shoes in a gait cycle, in a non-suspended
gravity environment; (e), (f) normal force on the different stepping methods with and without bionic adhesive shoes, in a simulated microgravity

environment.
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Figure 4 (a) EMG sampling position of the subject stepping on the simulated microgravity system; (b) activation degree of specific muscle groups in
the lower extremities during sequential desorption exercise; (c) activation degree of specific muscle groups in the lower extremities during
simultaneous desorption exercise; (d) statistical values of RMS for desorption movements in a sequential manner; (e) statistical values of RMS for
simultaneous desorption movements; (f) heart rate (left coordinate) and maximum heart rate percentage (right coordinate) during a 7-min step exercise.

5 iR B g U AL PR A AL A .

20234F1H BN0H, EM A+ H 55T/ SHR
GRS A AE T [ 7 R 43 Sl e 1 AR RS TR B
B4 IR (EI5 (). R 02 2 B R, a2
JECPR 5 77 S T A A )R SR B LR, R
AR S IR gt B anEs(b), SR BRFEN AR
B DB T B 0 R U S FE SA $ T,
o B Ve e = BRI HET L H A 1(15.0565).
JHERAIL ISR (9.564%) JHERAILAMIISL (3.934%) B4b
MAL1.6315%) BEAL85%) EE A UL(68%). MK —
SLIWU(19%). A7 A= BB 8k (R B D (EAR MR BN PE & 45 T
JIHNEAE FH, R D e JUL R 5 4 3 e v A UM AR
TR FER S, 52 D150, SO0 B 3G IE .
TES R 20 B 22 J o, A LM T ik
PRI B E R, U AR HOR RERSAE T )
TR T R E WLCRE ) A2 SR LB R R A .

HRAE TR AE DA 17 A6 B PR TSR b, ¥ It b

I AR BN AR R Bk, 2 HHERER
BRI RNz ) B E i i) — 8. R — P
250 B S et R TR A P R @ R, R TR
(7% 1) 3t 2 ] A e T SE B PH 5 o [ s 5 T 4% i B
IR AT BN B [ e PR S 1%, FEPRBEAT
KRBV ARG R, RTHR AR R

6 %t

SENC S o B AN EE SR B NI B A fE &, B
5T R E IR I 0 A R, BRI R
B C R AR R R A, 2T s S VaAE e i
[FIRE LD, BB SR CAE AR R T A (KT . 5%
Bif w BRI SIS, R BB AR B L
WU B S R BRI B4 1 PIAT Ve, AU e
BRI, 2F BT A R EE B D2 B R SN R R UL
7000, FrP B AMUIL B Sk R EVL HE

2343



WS P R E SR R IR R UABOER 1A 07 2 b B Bk e AE LR IE

400 +

350

FTTHRALHAE (pV)

o @&@\%\ ‘&//%35\ g&%@\ %%@: W\Q&\\T W\n\@‘
b

Bl 5 (MZEIE) (a) LR 5 %5 B N EEAE U D B0 IR s (b) TREE ). A RSO0 T S MU0 5
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adhesion, in microgravity conditions.
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Bionic adhesive shoes and in-orbit test for lower limb bone muscle
exercise under weightless conditions

JI Kelu', LI ZhiLi®, LI YingZe', JI YuanMing', ZOU Peng’, ZHOU Rui', QU LiNa’,
WANG ChunYan’, MI Tao’, YUAN Min’, WANG LinJie’, LI YingHui’ & DAI ZhenDong'

! Jiangsu Key Laboratory of Bionic Materials and Equipment, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
* National Key Laboratory of Space Medicine, China Astronaut Research and Training Center, Beijing 100094, China

The low-earth-orbit space station serves as humanity’s foray into the universe exploration and a research platform to study the effects
of the space environment on human behavior and health. It is well-documented that weightlessness significantly impairs bone and
muscle function and maintenance, with mechanical stimulation under gravity being crucial for maintaining these functions. However,
existing in-orbit equipment fails to deliver sufficient stimulation to lower limb flexors. Inspired by animals’ adhesion on solid
surfaces, especially the structural attachment of the gecko and Beaufortia, we proposed a new method to facilitate the exercise and
protection of astronauts’ lower limb muscles in a weightless environment. Bionic adhesive shoes with variable stiffness and adhesion
units were developed, and ground-based and in-orbit performance tests were performed. The bionic adhesive shoes are designed to
securely attach under minimal pre-pressure, enabling the exercise of lower limb muscles during stepping. The design leverages the
low modulus of gecko bristles to improve their surface roughness adaptability while also incorporating the adhesive structure
observed in Beaufortia to improve adhesion and stability. Ground-based and space-based in-orbit experiments showed that these
bionic adhesive shoes exhibit low preload requirements and strong adhesion capabilities, thereby facilitating effective force
stimulation of lower limb muscles. This innovative bionic technology represents a significant advancement in the maintenance of
astronauts in conditions of weightlessness.

bionic attachment, friction, adhesion, weightless protection, in-orbit exercise, lower limb muscles
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