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Abstract

Background: Head-down bed rest (HDBR) is a common method for simulating
microgravity. Prolonged HDBR leads to adaptive changes in the gait cycle, joint angles,
and muscle activation. These changes may affect the efficiency and stability of daily
activities and task execution. Therefore, it is necessary to optimize exercise
countermeasure protocols to preserve astronauts' ability to perform critical tasks and
extend mission duration.

Objective: To investigate the effects of HDBR and different exercise training
interventions on walking gait biomechanics and lower limb muscle activation.
Methods: Thirty-six participants underwent a 90-day HDBR and were randomly
divided into five groups: Group A (control group, 8 participants, no exercise training),
Group B (7 participants, HDBR + aerobic training), Group C (7 participants, HDBR +
high-load resistance training), Group D (7 participants, HDBR + aerobic training + low-
load resistance training), and Group E (7 participants, HDBR + aerobic training + high-
load resistance training). Gait and surface electromyography analysis were conducted
1 day before bed rest (BR-1), 3 days after getting up (BR+3), and 24 days after getting
up (BR+24).

Results: 1) Test time significantly affected the single support phase, double support
phase, swing phase, step rate, minimum and maximum hip angles, minimum and
maximum knee angles, knee range of motion (ROM), minimum and maximum ankle
angles, and activation of major lower limb muscles (P < 0.05). 2) Group significantly
influenced the single-support phase and double-support phase, step rate, step length,
walking speed, minimum ankle angle, ankle ROM, medial gastrocnemius activation,
and soleus activation (P < 0.05).

Conclusion: 1) Adaptive changes in walking gait were characterized by longer support
phase, shorter swing phase, and reduced step rate, reflecting a shift in motor control

strategy toward greater stability. 2) Exercise training interventions primarily improved



ankle motion and enhanced activation of calf muscles, but had limited effects on hip
and knee motion and thigh muscle activation. Among all training protocols, high-load
resistance training was crucial for maintaining and recovering lower limb walking gait,
especially when combined with aerobic training. 3) At BR+24, lower-limb function had
not fully returned to baseline, and ankle recovery was faster than hip and knee recovery.

Keywords: Simulated microgravity, bed rest, walking gait, joint angle, EMG
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Table 1 Demographic information

FER (y) B® (cm) RE (kg)

A (n=8) 33.375+6.523 166.875+4.155 64.600+£8.140
B (n=7) 33.571£6.079 168.000+3.697 64.386+8.289
C (n=7) 32.000+£6.506 166.857+4.180 60.300+6.908
D (n=7) 29.571+4.429 168.571+3.359 63.543+4.713
E (n=7) 31.286+3.200 168.429+2.637 63.829+5.470

F 0.629 0.373 0.457

P 0.646 0.826 0.767

e BEEAE SRR R ZNN (B); P ONAHRNAGIE ) 5 K.
1.3 SZIOHE
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Figure 1 Static calibration diagram for gait test
#H BTS SMART Capture KA S A REFH SR & A MBI AT LS XM

AN tdf. # tdf S0 SN BTS SMART Tracker #4706 AR, AR5
SEAUE L C3D Bk FH . K C3D #CH-F N Visual3D A ) HiE A3
Bt (v6.01.36, USA), N BTS B NAH B R “HH MM.mdh™ & 32 \AAH
% o SR FH 223 J5 DU B 328 A AR 0 B A B, ARy 6HZIM, FETHE N
RATIZ B HE
1.5 fetrE X STHEITE
1.5.1 SEEHEESRER S

BT LB AMC A B s, A Visual3D HIRBICEE A R
FB SR i 5 (] 000 A2 Bk B b o AR ST ¢ [0 i R e () BRI T8 58 SO — A 58
A SN B R T A (RO Bk 2, S O (R Bk S R — Ik
[Fil 0] 2 R M o USRI T8 SR 7 A [ o 3 bt T £ B ] B RS HE T8 SCOMAY
— R SCHEMIS B B o &I SRR 8] DLRD 7, I v [F) I e 55 9 8 25 A 4y e
(Y%L HHD
152 PENZESHE

WAE ORI IR A5 E (GB/s) s S5 I80y BT R] 9 AT E AL (m/s)s
A IR AR AT T IR BRI 2 BRARC AT E DT 18] EIALRE (m). 44
SARFE BN ) RORAE 3 A ROE RS, BUSMER T4ttt i
1.5.3 TRERTARRE X SHRK

¥ C3D AT Visual3D FEI A BTS AAHE#AH “HH MM.mdh” % 37 &
A ORBR /INIRS R BRI RIAR B AR RS 2R, SR R A R AH 4171 B AR 2 5
ARG A AR SR T A B, KT A R S A — 0 (B S D, JE R
ARG BN BORA KA RLRS
1.5.4 TEREULBKIEGEXGTHE

FIH MATLAB #%ff (MATLAB R2018a, The MathWorks, MA, USA) if
B LA 7K T2 7 HRR B (Root Mean Square, RMS ). 5% 223 J DU B
E A5 R 307 0 Ut o) DR 4 UL R AT T S B IR L PR B A (5 5, IR 20-
500Hz!'). FHEAT A, FULERAE S EEE, RETAEGEILREE . &
JERIH 6Hz IGIEIERIT, BrEdEmAM -GS, PFREaRARE.



1.6 Gtk

ARSI ) DL I E AR Z TR AR . ] SPSS 27.0 (SPSS 27.0,
IBM, USA) Giil 2 TR A AT 3 TN R RS A4 0 2 AL A0S 7K ST 4548
AT SRR, REWKTREN a=0.05. KA 20T & 420 H
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PRSP [R]85 /T BR+3 K (P<<0.001) 1 BR+24 K (P<<0.001); BR+3 K
RS HIR ) 2 2 /T BR-1 K (P<<0.001) H1 BR+24 K (P=0.002). H.37 3]
IR EEAN R A 3 257 (F=2.687,P=0.038), Gl in, A 4Ry
IR 23 KT E 41 (P=0.005).

IS T T2 50 PR A8 L2860 S0 XS 3 AN (BT e 12 3 (P<<0.05). i
RN RN, A HEIXCZ AR ] BR+3 K& KT BR-1 K (P<0.001) A
BR+24 X (P=0.002), BR+3 K A 4LHIXSLHE WIS [R] 22 KT C 41 (P<<0.001).
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H (P=0.004).

R2 HIBATELS IR (s)

Table 2 Comparison of gait cycle at normal-speed walking speed (s)

WA . B  E=BBER
‘ MR AR XCCEGEEE EshmetE Lo
] b [E]|

A 0.533+0.053 0.104+0.026 0.443+0.034 1.079+0.100
B 2 0.559+0.047 0.124+0.021 0.434+0.027 1.117+0.081
BR-1 C4 0.540+0.050 0.111+£0.009 0.443+0.026 1.094+0.072
D i 0.520+0.037 0.107+0.014 0.413+0.035 1.040+0.079
E H 0.513+0.035 0.103+0.013 0.427+0.036 1.043+0.073
A 21 0.689+0.058 0.149+0.037 0.376+£0.024 1.066+0.087
B 21 0.671+£0.084 0.134+0.032 0.400+0.040 1.090+0.091
BR+3 C4 0.627+0.036 0.104+0.019 0.400+0.044 1.090+0.079
D ZH 0.650+0.093 0.124+0.039 0.397+0.017  1.053+0.070
E H 0.624+0.039 0.1134+0.023 0.397+£0.024 1.001+0.064
A 21 0.641+£0.057 0.120+0.017 0.399+0.029 1.040+0.082
B 4 0.664+0.058 0.121£0.026 0.420+0.032  1.08440.080
BR+24 C4 0.641+0.042 0.119+0.020 0.407+0.033 1.049+0.065
D4 0.633+0.032 0.114+0.011 0.400+0.017 1.033+0.041
E “H 0.614+0.043 0.100+0.020 0.403+£0.024 1.017+0.062
ZH
N 0.686 0.039 0.556 0.955
AR
P IR
i <<0.001 0.008 <<0.001 0.308
I [A]
2H [H] 0.038 0.008 0.391 0.100

2.1.2 B8, HK. BE

DT B A0 3 (28 LRGBS P8 B KA E TG 28 L (P>0.05).
o AAE R (RN I 8] 2 1) 23 2 5 (F=51.592, P<<0.001), HH/5 k5 E7R, BR-
1 KEIE AR 2 KT BR+3 K(P<0.001)A1 BR+24 K (P<<0.001). 5 Hi(F=2.764,
P=0.034). & (F=4.590, P=0.002) ML (F=5.443, P<<0.001) fEA[HZL%]



ZEEFREZER, FERKER, AHRPH (P=0.002). 2K (P<0.001)

$H (P=0.001) &Z/)NT EA.

R3 HHATE D SN E

LI AR

Table 3 Comparison of spatiotemporal parameters at normal-speed walking gait

NN ;2| PK Wik

AR [ 45 (Bis) (m) (mis)
A2 1.895+0.199  1.304+0.094  1.203+0.185
B4 1.801+0.150  1.303+0.086  1.170+0.108
BR-1 C 4 1.866+0.182  1.295+0.051  1.195+0.089
D4 1.910£0.129  1.317+0.167  1.315+0.121
E 4 1.957£0.131  1.339+0.098  1.290+0.117
A 1.46140.120  1.103+0.100  1.044+0.109
B4 1.509+0.189  1.317+0.098  1.222+0.130
BR+3 C 4 1.599+0.088  1.292+0.034  1.271+0.086
D 4 1.566+0.224  1.269+0.157  1.218+0.226
E 4 1.607£0.098  1.380+0.111  1.339+0.159
A4l 1.486+0.129  1.267+0.086  1.211+0.103
B4 1.516£0.142  1.317+0.103  1.209+0.118
BR+24 C 4 1.565+0.100  1.330+0.069  1.257+0.077
D4 1.584+0.080  1.336+0.124  1.254+0.117
EH 1.635£0.114  1.391+0.101  1.348+0.156

= H N 0.836 0.230 0.296

P TS [a] <0.001 0.086 0.604

2H [a] 0.034 0.002 <0.001

2.2 FRERFiBsh R

I (6] A0 ZH 31 PR A8 LRGSO 6 51 e /N Ff B D . IR A (D
MMM ILG T L (P>0.05). HiST /A (F=21.877, P<<0.001) Al
KM (F=18.826, P<<0.001) FEA MRS Rl WA & %R, FHfkE
7N, BR-1 KBS S/ BEAI B R A 2 2% KT BR+3 KA1 BR+24 K (B2
P<<0.001). #EORTTE/NATE B KA R A DR AE AN [F) 4 500 2 TR S 3 5 (P
>0.05).

Ra FHATELEWOT M EEFRAR LLEL (©)

Table 4 Comparison of hip joint angle at normal-speed walking gait (°)

PR B A5 BB BAAE yikVK 2
A4 -5.24144.201  39.423+4.591  44.664+3.489
BR-1 B4 -0.346+£5.599  44.634+7.648  44.979+4.939
CH -0.330£5.241  46.142+5.231  46.471+3.761




D 4. -6.153+8.623  39.365+7.015  45.518+5.262
E 4 -4.658+5.519  41.594+3.772  46.252+4.057
A -13.944+6.070  30.650+7.660  45.917+3.917
B4 -12.53049.322  33.158+6.923  45.006+5.151
BR+3 C 4 -14.889+6.061  31.956+5.382  46.431+3.366
D4 -14.87346.220  29.136+£8.160  45.504+6.042
E 4 -18.02449.247  31.099+10.116  50.243+4.934
A -11.139£3.377  34.553+4.493  45.692+3.585
B4 -12.811£5.169  34.619+3.748  47.431+6.809
BR+24 CH4H -11.784+4.369  34.388+4.138  45.847+4.528
D 4 9.560+5.693  35.12848.261  44.689+5.194
E 4 -14.287+4.379  33.02643.014  47.313+4.501
A H AN 0.488 0.788 0.957
P T ] <0.001 <0.001 0.904
2 1] 0.268 0.149 0.351

T [ 12 00 PR A8 LR R ST B /N B (B . R D
MR TG R (P>0.05). XA ER/MAE (F=5.538, P=0.013). &K
P (F=4.215, P=0.032) MfAALH (F=6.543, P=0.007) EASFIM R 8] 2 (a4
BEZER, FIERREIR, BR-1 RIER TR/ EEZ /N T BR+3 K(P=0.040),
BR-1 KA RAT AR E /T BR+24 K (P=0.015), BR+3 KKIIEETT
f#EZE/NT BR-1 K (P=0.011) F1 BR+24 & (P=0.003). EXFig/NIEE. &

KA AEANR A 2 (A e 8 M (P>0.05).
RS HHATE D SR ML IEAR LR (©)

Table 5 Comparison of knee joint angle at normal-speed walking gait (°)

TR 8] Al BAMAE BAAE yihvK 3
AN -73.056+6.045  -5.845+3.420 67.210+£5.523
B 1 -76.303+4.326  -5.492+4.273 70.811+2.150
BR-1 CH -75.485+2.755  -5.917+5.047 69.568+5.016
DA -73.116£5.278  -6.196+2.861 66.920+3.824
EA -74.025+1.528  -3.706+4.900 70.319+3.897
AN -67.777£7.156  -3.894+5.177 68.821+7.374
B4 -72.074+4.358  -3.435+7.448 71.5554+2.968
BR43 CH -70.280+£5.977  -2.687+5.924 68.183+6.624
DA -71.971£3.158  -3.361+4.477 73.318+5.986
EH 66.207411.026 -1.077+£5.968 72.564+3.246
A4 -71.211+£2.553  -3.438+3.991 67.773+4.187
BR+24
B ZH -71.740+£5.863  -2.571+3.934 69.169+3.577




CH -72.573+5.079  -2.619+5.715 69.955+5.797

EE -73.139+4.101  -1.432+3.528  71.707+3.979

E 4 270.31945.517  -1.548+1.882  68.771+4.652
AR 0.819 0.999 0.726
PH TR [8] 0.013 0.032 0.007
¢ [a] 0.251 0.634 0.467

s TR) A ) B0 28 EL AR BROG T B R A B2 O ) AL E G it
X (P>0.05), BRKTT I KA JEALEAS R A 8] 2 (8] A 2 3% 2 7 (F=6.177,
P=0.009), HFk¥ LR, BRH3 RIERKT i KA EE#E KT BR+24 R
(P=0.003). BRKTTMABAEANFEN A REZ%ER (F=8.371, P<<0.001),
HiER WoR, A HIBROC ML EE /N T B 41 (P=0.001). C 41 (P<<0.001).
D %1 (P=0.008). E 4l (P<0.001).

00 ) R ZEL ) £ AT LRGN BRR T BN A (B JE D A SR X
(P=0.035). faj SN HT B, A HIRIERSSHT /ML BR-1 K EZE/NT BR+3
K (P=0.003), B MBI R/ BR-1 REZE/NT BR+3 K (P=0.014),
BR+3 K A A BT R/ RZE KT B4 (P=0.001). C4H (P<<0.001). D
41 (P=0.013) A1 E 41 (P<<0.001) ,BR+24 K A AHM TR/ MIEEFH KT C

H (P=0.011> 1 E 4 (P=0.003).
%6 AT AR ()

Table 6 Comparison of ankle joint angle at normal-speed walking gait (°)

A ] £ 5 BIMIE BAAE BiikVX g

AN 60.852+4.953  87.633+£2.992  26.782+4.305

B4 64.202+5.134  91.105+£2.776  26.903+5.554

BR-1 CH 59.390+£5.846  89.340+2.747  29.950+4.835
DA 59.090+£6.900  86.650+6.090  27.560+4.478

E4H 59.735+6.035  87.666+3.424  27.930+5.311

A4 73.342+5.034  92.490+4.080  22.680+2.562

B 41 61.660+3.982  89.563+4.623  32.366+4.343

BR+3 CH 57.938+5.846  87.910+2.496  29.737+£3.957
DA 62.726+8.931  91.475£3.272  29.865+5.072

E4H 55.720+5.646  87.579+2.728  33.381£3.819

A4 65.490+8.668  88.434+3.889  22.943+5.999
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Figure 2 Comparison of hip joint angle curves during stance phase at different test

time points in group A (BR-1 vs BR+3 vs BR +24)
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Figure 4 Comparison of ankle joint angle curves during stance phase at different test



time points in group A (BR-1 vs BR+3 vs BR +24)
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Table 7 Comparison of thigh muscle activation levels during normal-speed walking

gait (mV)
MR g mo RESL O OBRANDL  ESMUIL
8] A
A4 0.01240.004 0.013+£0.009 0.006+0.003 0.012+0.008 0.011+0.005
B4l  0.021£0.016 0.021+0.018 0.005+0.003 0.016+0.009 0.011+0.006
BR-1 C4l  0.024+0.011 0.020£0.021 0.006+0.007 0.011+0.004 0.010+0.005
D4l 0.014+0.008 0.013+0.010 0.022+0.041 0.0134+0.005 0.011+0.004
EZ4l  0.023+£0.016 0.017+0.009 0.032+0.070 0.016+0.008 0.012+0.006
A4 0.022+0.023 0.019£0.011 0.026+0.023 0.037+0.022 0.028+0.011
B4l  0.01940.016 0.014+0.004 0.012+0.011 0.027+0.016 0.027+0.012
BR+3 C4  0.036+0.022 0.019+0.010 0.016+0.011 0.029+0.018 0.035+0.021
D4 0.026+0.017 0.022+0.011 0.016+0.010 0.028+0.022 0.027+0.014
E4  0.026£0.013 0.023+0.014 0.025+0.027 0.038+0.018 0.037+0.020
A4 0.049+0.035 0.026+0.018 0.047+0.038 0.043+0.027 0.035+0.017
B4l  0.031£0.018 0.032+0.026 0.019+0.015 0.024+0.021 0.024+0.014
BR+24 C4l  0.032+0.020 0.023+0.011 0.048+0.060 0.022+0.009 0.024+0.008
D4l 0.034+0.034 0.027+0.013 0.015+0.020 0.0274+0.022 0.022+0.008
EZl  0.032+£0.012 0.022+0.011 0.044+0.031 0.032+0.015 0.033+0.006
5 H AN 0.352 0.602 0.502 0.839 0.645
PME IS TA] 0.004 0.039 0.039 <0.001 <0.001
H A 0.800 0.968 0.253 0.901 0.170

DR T) FZE 30 ) 28 RS NH HERZ LA . JRER LM LE B L. iR B
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AMIll (F=6.408, P=0.008). tt. H Il (F=11.617, P<<0.001). 2B Hi L (F=24.481,
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BR+3 K EH B LS K7 22 /T BR+24 K (P=0.002) . JHERZ AL P4 ] (F=3.348,
P=0.014) flLt H £l (F=6.408, P=0.008) ¥ i% /K T IEA R 4L 2 81 5.3 £ 57,
HERK SR, A HRHEEULAMEEKF 23N D A (P=0.013) f1 E 4
(P=0.004), A AL H B ALEGE KT B35 /T C 41(P<<0.001)F1 E 4H(P=0.001).
R HIBATELENRIABE ACF R AR L (mV)

Table 8 Comparison of shank muscle activation levels during normal-speed walking

gait (mV)
T TR R HERLA I FEBALAMU te H &AL J&E /I L

A 0.041+£0.018  0.031+0.011 ~ 0.017+0.008 0.02620.009
B4 0.063+0.046  0.030+0.019  0.018+0.008 0.02440.011
BR-1 CH 0.049+0.030  0.029+0.010  0.026+0.016 0.02740.012
D4 0.053+0.047  0.024+0.013  0.022+0.008 0.035+0.018
E4 0.05840.032  0.039+0.020  0.019+0.008 0.026+0.011
A 0.060+0.034  0.040£0.016  0.024+0.012 0.047+0.026
B4 0.10140.123  0.056+0.036  0.036+0.030 0.035+0.014
BR+3 CH 0.09740.059  0.073£0.053  0.051+0.019 0.046+0.022
D4 0.12440.085  0.065+0.063  0.053+0.039 0.05140.027
E4 0.153+0.119  0.225+0.271  0.049+0.022 0.05340.012
A 0.07440.048  0.053+0.034  0.029+0.017 0.07440.034
B4 0.12840.055  0.068+0.035  0.058+0.032 0.07540.067
BR+24 CH4 0.088+0.048  0.070£0.015  0.048+0.019 0.05340.022
D4 0.10440.055  0.044+0.016  0.045+0.023 0.055+0.025
E4 0.14440.082  0.092+0.053  0.044+0.010 0.07940.056

T H RN 0.690 0.197 0.360 0.772

P TR TA] 0.014 0.008 <0.001 <0.001
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