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Stability analysis and control of the jumping interaction in self-paced treadmills

Qian Yuyang, Yang Kaiming,Zhu Yu

( Beijing Key Laboratory of Precision/ Ultra-precision Manufacturing Equipment and Control ,
Tsinghua University , Beijing 100084, China)

Abstract : Self-paced treadmill is the key human-robot interactive equipment for virtual reality. The current study focuses on the jumping
interaction control technology for self-paced treadmill to enrich the application scenarios. For the purpose to analyze the stability of
human jump landing, a novel variable stiffness spring-mass loaded inverted pendulum model is proposed, which takes into account the
combined effects of lower limb bones and joint muscles. Experimental results show that the proposed model can realize the modeling of
the mass center motion trajectory and the analysis of the jumping stable domain, the accuracy of stability recognition is 93. 0% . Based on
the proposed model and the stability analysis, the jumping interaction control strategies for the self-paced treadmill are proposed to
improve human stability during jumping landing. The simulation and experimental results show that the proposed method can improve the
stability of human jump landing significantly. Meanwhile, the proposed method reduces the torque of lower limb joints effectively. The
peak torque of the knee joint reduces from 230 N/m to 210. 7 N/m, and the peak torque of the ankle joint reduces from 143. 6 N/m to
131 N/m, which is expected to lower the risk of injury.

Keywords : human jump landing model; stability analysis; self-paced treadmill; control strategy

J7 EFAIGR Wk 1 SR A U AR AT ) I 1 10 FH i
St WEAN SRR NG B RE I AT B KA T
TR A T I A AL A A AR
L R A DR RS AR P iig sh B I [ sk s 3 SR 9 HH BB ORI A 16 R AR B
e o 7, E DRI P B 2 AR T R, 4E 3R A 46 g 1RO T A B AR R 0K, 2021 4F
E2 8 R o e T R 7 e - 1V 5 (virtual reality, Virtuix N8 & T —3 %7 Omni One 83 KAWLz
VR)HAR, FIE N M HLRE S T B A I i BRI, 2 S BB R A RE S S IAT A IR AR BEER T
MAPE R R R R CR T RE, AR E B SRR HEE, %76 38 o S [ e 5 A IR

Yk H 4.2022-10-20 Received Date: 2022-10-20

0 3l

i3




%1

BT A A& LA DL LBEBRAS B SE A7 55 1 173

PRI T S B P 2 BRI P A A B A vh 32
WA Z AR AR, A IS N AR LY S A Y 32 5
ASLE-5, Jof M SR E  RERE 45 F i ok B A
SR VBT IE 12 FAASR  (H HAZ B A X B — | YA
FEAEPEATE AR P Y s
G B A VW M, I, 3 A IS R MBI 12
BN AC AR T 5 N T 55, 3 P 0 Bk
B OCH S, H FTZ U TCAH T ST R E

DO TATAE (RS IE s, Bk 3h 4 A8 Bl
T NRFRE PR R PR R . A T S F 3 B AP B
Bk ERAZ SR AL AE B, T 7 AR Bk BR 7% b it 72 rh
135 SRR L) Ay LRGP 25 A, DR TR I il 1 53t 22
R, PRAIE R A58 AR

HI T AARZEAE S 42 03 S 2% | 5 48 i 48— i -
JLPRASE RSO S A FH S5 B AR vl £ £ 11 b 2 A
RN FT D i SHO RE Rl IR AR B0 is sl 72 OF 5 5
B 2E LR R 1 — B BRIz T A ks
BT B R AAHLAR AT 2 R A A R
18] 57 A A 22 (linear inverted pendulum model, LIP) g
B — 0 8 42 57 AR AT (spring-mass loaded inverted
pendulum model, SLIP) %5, M4k, 22 I TR AE 1A A
FERb AT TR A S R T RS R A
FEFT LR AR 235 A4 T A B0 7 (extrapolated
center of mass, XCOM )" J& 3 7% B5 M £ 31 3% ( foot
placement estimation, FPE) TR DL Bl AR R ( virtual
pivot point, VPP) ™ 2575 gk r Mz sh A vk AR,
R RIE SRR K RS S A A3 BT 7 VAR X AT/ A
B SN Y, Tk BN T TRk ERIZ 3l

BT Bk BR B R /Y 5T 0 32 Bl 43 BT 18] B, Hellmers
SELIE NI R 5 R 5, R BRI 0 ik 4y
Ptz gl (HI ST AR BA — vk, e i g e v
SR A5 . White 557 691 1 3% £z BRI 1 i o
BRI A 5 T RS R 1 06 & (H I 9 TE 1k X FL R
BRER % b 1 0703 Bl Rk A T AL

R T AR AR B BR V& b o B AR 43 T Tl AR SC
P TS B S A N AR AR AL 2 G % IRk
BR 7 b A b R OGS WLA 5 B i IS VR T, X b T
AR BAFE BEAT AL, FEda e PR Bty 1 48
T3 D LK IR S A i SR 3E e 4 ) B2 AL
PR R e A A TE b R ep R M

1 ANERBRERE AR E M AT
11 2R 8 B ST AR R

ANSCHERE. 174 N B2 53R ) S AR AL AN AT 1 R %
B NARSARTH 932 B BEAT 204, 20 1 B2 B iz

B0 A4 ARG ey 0 TS AR /B
T ZE AT IR A XERR I, 3 450k — i
s, B /IR B9, I i 4
Fetl, % R AN SN 0 KB 2 R K, T
BSOS 0, K REH 1 o I 2%
K I 0, BB A o BLMBTH 2 B A o7 A
FRR AT 4 o B, T BT 160 o S 0035 i
ST AT, TR T4 0 (o, 0,

=<,
",
3 W,
X

S S e S S S
Pl 1 ASHE B S

Fig. 1 Variable stiffness spring-mass loaded inverted

pendulum model
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Fig.2 Calculation model for the equivalent stiffness
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Fig.3 The calculation and fitting process of lower limb equivalent stiffness during jump landing
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Fig.5 Results of the stable domain analysis
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