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Abstract : Based on a self-developed partitioned plantar perturbation force plate ( PP-PFP), this paper proposes a phase-partitioning
method for analyzing the dynamic process of human postural control following support-surface perturbations. Using acceleration and force
data from the built-in sensors of the PP-PFP, three key time points were defined based on a threshold method : the onset of perturbation,
the onset of postural adjustment, and the end of postural adjustment. Accordingly, the perturbed postural response process was divided
into four phases: balanced standing (BS), imbalanced standing ( IBS), compensatory standing ( CS), and rebalanced standing
(RBS). The center of pressure (CoP) variables calculated include; root mean square distance ( RDIST), mean velocity (MVELO) ,
95% confidence ellipse area (AREA-CE) , and the ratio of trajectory length to the straight-line distance between the start and end points
(length ratio, LR). Paired-sample i-tests were conducted on the CoP variables for the BS vs. RBS phases and the IBS vs. CS phases,
respectively. The results showed significant differences in LR, MVELO, and RDIST between the IBS and CS phases (p<0.01), and
significant differences in AREA-CE and RDIST between the BS and RBS phases (p<0.01). Combined with the clear transitional
features observed in the CoP trajectory plots across the four phases, these findings preliminarily validate the effectiveness of the proposed
PP-PFP and its phase-partitioning method, providing a refined analytical framework for in-depth investigation of the dynamic regulatory
mechanisms of postural control.
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Fig. 1 Schematic diagram of the lifting mechanism
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Table 1 Main parameters of the disturbance mechanism

AN B fE
EEIUN S 140 mm
I AR 30 mm
WY 15 mm
MARETI A 26. 6°
TRIR AT HE B S 7 5 mm
TRERHATIR N EH A% 16 mm
YRR 200 mm/s
TRk EE 15 mm
TR 100 ms
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Fig. 2 Schematic diagram of the segmented

plantar perturbation force-measuring platform
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Fig. 3 Bilateral CoP trajectory following perturbation
induced by left forefoot or heel drop
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Fig.5 CoP trajectories of the left and right foot following a
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drop perturbation in the right forefoot region

3.0 HEARBUS F RS

LTI £ 00 B BFIE T AT RS (L
T BSR4 ) S o R e
JRABFUU ™ 5 ELAE R F1 303589 R T
TR ). AT, B S 55K 2 R L9 670

(a) Left foot CoP trajectory (b) Right foot CoP trajectory

Ko A RX THEILENERARHA R CoP Bk
Fig. 6 CoP trajectories of the left and right foot following

a drop perturbation in the right heel region

& O T4 30 5 2 3 S N7 ) e 20 48 TR ke AR g 38, X I
r“liiiﬁﬁﬁ“ P A R A ST AR AT BR . A ST &
TR XL s gy 5, 32 IR T — A A sh &
LRI AR 35 1%, B A0 T 52 1 A48 3] o 7 i oy
A AR A P B O B, Sk SE B B 2557 i ) g
HRG 2R DA R LAl . DFSR A5 SRR W], BT TSD \TSA i



57 3

BT o3 XIS Sy 3 ) 2 AR R 0 T i - 85 -

TEA 3 N OCHEMS 2130 53 (14 4 A~ I A SE8L 1 X 3t 30 J5 %
ST LR ARG B AL AT

BRI 5 ARAR 1Y CoP {55 & -3 A A S 1k
JHETR A S5 0 PP-PFP 424 K43 X3 115 B,
REREPRAL SE AT 5 rh i) BE A W B8 1% | S e Jmg 8 81 5 ke 4y
1 FLRRAE 3R 2 X TSA I TEA 4243E 1 4 857
T B ARG EORIERL R0 E SCE 3B 1S i
ZIFE AL R G IR Y OCHE . 7E A B SN Y
Wroe 2 DL UL ( surface electromyography, sEMG)
VER RIS (0 &b i it 5 U B AT EMG 3R 4801 i%
FEGETHEIE, P E S HIL s B UL HER L) /Y
WO R IR R, RIS N AR 0T DT B 3 S Wb 2202 Bl 45 4
T iE. SZAE, AN T 55 X 7 284k (X
(9 TSA, 5 sEMG M 48 19 JUL 1A 3 2l S ff 5 [ 47 76 A Jot X
] sSEMG 2 b5 55 W ph 22 BK B i 1 0] 26 Tz 3l 2%
JORE P, SEMG i 2 b i 2 b 2 3K 2h T B T L 0 7=
A 32RO DA 52 Y- 38 5 28 D LB AE IR, T
CoP (B ALIRRE B 1A T 0o iz ol R TSA AT R 3 4%
AW Iy 500 7 A R SR i 2, AR BRAE R
SEMG [z Wi 22 3K Sl e i 5 %0, T7 TSA Sk 7 228 g ke
LRI 220, P 25 22 [] %) If [R] 22 B8 b N 5 - B A 3R %
N, ARG AR RS RS sSEMG, H TG $2 14t Bt Fu gk
i, BRI A R RS IE A A A SO R
A A s A e LA 2R ) A

7 BP0 AN 90 2 I S0 T2 BT R IR R
IM55 H &, TSD \TSA | TEA [{5E X5 CoP A5t ¥R [ ]
—HEIE B T PN O AG 9 B TSR S E 1 R =
ST AN AR (Aiz s A R mLHL ) 1958 SO 5
Uk, P, AR5 A ) 20 oI, T AE A 57 1 2805 36
UE, A, A7 iR T B (R OGRS 221, L2
TEAE AR SR W RET 2B Ar e . Akl 5
38 7 [ (B8 5000 9K 20 114 R R S 43 SR s, B A 3
FIEVE AT S W RS PN, B &S & 2 ROE LA Se 5%t
A AR BT 43 )2 A LAk — D3R T 7 T i v A
5 NBEETRES 0

4 i

PP-PFP 2 H DU isf A AE 28 78 48 7 4 sl 13 sl 25 2544
D7 PR T AL G R BT R S SRR R
ST H 0 2 S 1 B AR R A AE AR S A B F IR 1 25 (5 5
AR AR 2 HESE  607% BS, IBS, CS, RBS 4 4~
AR AH 25 T AT A BIE e X, B o R
GEER R MEAL R PR3, TR ZE SRR LT )%
5T B AE R 43 BE AT R DX o AN ) A S S il i =X, Ok F
HEPPAG PR TR T 20 R RRE T 5 R4,

5 sEMG fEFHIAER7 5, AT £ 2 AR AR A

SEIRHIA BE | AR 75 15 2 AF 5 PR Hh ik — 20 A6

HIX I RETT , -5 G il PRAE 36 (4 Berg P 532 ) AT

RObR IR UE , AR ol PRSI TE . A, i s

AN — XIS, R — PR ER 4 A RIE

PEX IR Z RSB0 T R ARRE, LOF R EFE 1

SR ST S b AT R B g 2 AR 23 5 EMG

(WUAEGS ) (EEG (B JZ 1% 3h) [A] 45, WAL D b 22 4

A B LE W) 27 B0 4 e R v 1 RT3

&% 3k

[ 1] FokiR, 22te figle, 55, SN sh 2 0 F Bk ik e e

AR RE ) ARG S FRAE AT [0 ] o
B 2R ,2025,40(8) :1155-1162,1168.
Wang Shuhan, Li Aihua, Ni Yan, et al. Balance ability and
brain activation characteristics in adolescents with cerebral
palsy under the external perturbation conditions[ J]. Chinese
Journal of Rehabilitation Medicine, 2025, 40(8) :1155-
1162,1168.

[ 2] Brough L. G, Neptune R R. A comparison of the effects of
mediolateral surface and foot placement perturbations on
balance control and response strategies during walking [ J].
Gait & Posture, 2024, 108, 313-319.

[ 3] Chaudhry H,Bukiet B,Ji Zhiming,et al. Measurement of
balance in computer posturography: Comparison of
methods—A brief review [ J]. Journal of Bodywork and
Movement Therapies, 2011, 15(1); 82-91.

[ 4] Rogers M W, Hilliard M J, Martinez K M, et al.
Perturbations of ground support alter posture and
locomotion coupling during step initiation in Parkinson’ s
disease [ J].
208(4) : 557-567.

[ 5] Sanders O, Hsiao HY, Savin D N, et al. Aging changes

Experimental Brain Research, 2010,

in protective balance and startle responses to sudden drop
perturbations [ J ]. Journal of Neurophysiology, 2019,
122(1) : 39-50.

[ 6] VoB M, Zieschang T, Schmidt L, et al. Reduced
adaptability to balance perturbations in older adults with
probable cognitive impairment after a severe fall [ J].
Plos One, 2024, 19(7) . €0305067.

[ 7] Brough L G, Klute G K, Neptune R R. Biomechanical
response to mediolateral foot-placement perturbations
during walking [ J]. Journal of Biomechanics, 2021,
116 110213.

[ 8] Shih HT, Gregor R, Lee S P. Description, reliability

and utility of a ground-reaction-force triggered protocol for



- 86 -

LSRR R e o

40 &

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

precise delivery of unilateral trip-like perturbations during
gait [ J]. Plos One, 2023, 18(4) : ¢0284384.

MRS, B/ L, B R, 55 T R AR A ) o e B
YR JE A3 A1 70y ik B RGEATHRI[ )] AL R 2
#2,2023,44(3) :182-190.

Chen Baoliang, Ma Xiaofan, Xiao Feiyun, et al.
Development of a method and system for measuring
plantar distribution force based on the principle of foot
biomechanics [ J ]. Chinese Journal of Scientific
Instrument, 2023, 44(3) . 182-190.

Chen B L, Hu S S, Mu J S, et al. Evaluation of foot
support characteristics in young and elderly adults by
plantar measurements based on a three-partition
distributed force platform[ J]. Journal of Biomechanics,
2024, 173, 112247.

Chen B L., Ma X F, Dong R N, et al. Postural stability
assessment method and its validation based on plantar
three-partition  distributed force measurement [ J ].
Measurement, 2022, 203, 111940.

Hodges P W, Bui B H. A comparison of computer-based
methods for the determination of onset of muscle

contraction using electromyography L J .
Electroencephalography and Clinical Neurophysiology,
1996, 101(6); 511-519.

Prieto T E, Myklebust J B, Hoffmann R G, et al.
Measures of postural steadiness; Differences between
healthy young and elderly adults [ J]. IEEE Transactions
on Bio-Medical Engineering, 1996, 43(9) : 956-966.
O'malley M J. temporal-distance
[T,
Biomechanics, 1996, 29(5) : 619-625.

Arsenault D, Ivanova T D, Garland S J, et al. Postural

Normalization of

parameters in pediatric  gait Journal  of

control in response to unilateral and bilateral external
perturbations in older adults [J]. Gait & Posture,2022,
94. 26-31.

Kim D, Hwang J M. Responses to external repeated
perturbations vary with time intervals| C]//IEEE Sensors
Journal, 2022.

Taleshi N, Brownjohn ] M W, Lamb S E, et al. Vector
coding reveals the underlying balance control strategies
used by humans during translational perturbation [ J].
Scientific Reports,2022, 12(1) . 21030.

Vos L A, Prins M R, Plompen E, et al. Trunk angular
velocity: A convenient, valid and responsive substitute

for force plate-based measures of dynamic postural

[19]

[20]

[21]

[22]

[23]

(24]

[25]

[26]

[27]

stability[ J]. Plos One,2025,20(5) : €0323993.
Wodarski P, Chmura M, SzleZak M, et al. Trend
change analysis in the assessment of body balance during
posture adjustment in reaction to anterior-posterior ground
perturbation [ J]. Plos One, 2024, 19(4) : e0301227.
Pew C A, Sadeh S, Hsiao H Y,et al. Development of a
novel perturbation platform system for balance response
testing and rehabilitation interventions [ J ]. Journal of
Medical Devices,2023, 17(2) . 021001.

Joshi R, Shah K. Proactive use of perturbation training
on balance and posture control in geriatric rehabilitation-
an experimental study [ J ]. Chulalongkorn Medical
Journal, 2024, 69(1) . 1.

Cleworth T W, Adkin A L, Allum J H J, et al. Postural
threat modulates perceptions of balance-related movement
during support surface rotations [ J ]. Neuroscience,
2019, 404, 413-422.

Yamamoto M, Shimatani K, Yoshikawa D, et al.
Perturbation-Based balance exercise using a wearable
device to improve reactive postural control [ J]. IEEE
Journal of Translational Engineering in Health and
Medicine, 2023, 11. 515-522.

Phu S, Sturnieks D L, Lord S, et al. Impact of ageing,
fall history and exercise on postural reflexes following
unpredictable perturbations: A systematic review and
[J].
Development, 2022, 203, 111634.

Borkowski R,

meta-analyses Mechanisms of Ageing and

M. Postural reactions to

(1]

Blazkiewicz
external mediolateral perturbations: A review
Applied Sciences, 2023, 13(3) . 1696.
RN TG AP ERE  JOREIR , 2. 3T 22 RUEE LA SE 36
LB T INER ATAS S ERE T [ 1], P EB
AR ,2026,56(3) :655-665.

Tan Weilong, Gu Xiaohui, Dai Shiran,et al. Multi-scale
geometry-driven neural operator method for predicting
aerodynamic performance of aircraft. [J]. Scientia Sinica
( Technologica) , 56(3) :655-665.
SRR, B T, XA, A5 kT R 9 Ak D AN D o
LU IR A2 R S LBR AN 5 vk [ 1/ OL] . rh A}
L HAR 1-18.

Wu Peishu, Zeng Nianyin, Liu Qinyuan, et al. An aero-
engine defect detection method via sequential matching
and historical experience-guided transfer [ J ]. Scientia

Sinica ( Technologica) , 56(3) : 772-789.



57 3

BT o3 XIS Sy 3 ) 2 AR R 0 T i - 87 -

EEE N

FRER GEFEHR ), 2007 4 F L T
FER ARG 200, 735 T 2010 4F 2023
SRR AL Tl R A A oy, B
A NERAEYRIN, 2R 57 1) S N MARIE 3
AW 1 R BT
E-mail ; chenbaoliang1104@ 163. com
Chen Baoliang ( Corresponding author) received his B. Sc.

degree from Hebei University of Engineering in 2007, and his
M. Sc. and Ph. D. degree from Hefei University of Technology in
2010 and 2023, respectively. He is currently a lecturer at Hefei
University. His main research interests include biomechanical
assessment of human movement and human factors design.
EWHg, 2025 4F T H ALK F R AR+
AL, BUR A HE R 2 LS A, BT
WAL PSPNSEL S &
E-mail ; 2652571495@ qq. com
Xia Yuqing received her B. Sc. degree

from Hefei University in 2025. She is currently
a M. Sc. candidate at Hefei University. Her main research
interest includes human factors.

SR, 430 T 2012 45 2019 4E7EA L
Tolk Rz A e, BN H R
SRV, T I7 0] by 22 4 g 15 s
BTSN
E-mail; 190533466@ qq. com

Hu Shanshan received her B. Sc. and Ph. D. degrees from
Hefei University of Technology in 2012 and 2019, respectively.
She is currently a lecturer at Anhui Jianzhu University. Her main
research interests include the design and application of multi-
dimensional force sensors.

BRI, /1T 2007 4F 2010 4F7EZRL
BRI R A 2 2 o B2, B o
FE| B2 AR A 27 B 2 — I e 1) 2 A R0l
FEEWFTT B R
E-mail ; jsmu@ ustc. edu. cn

Mu Jingsong received his B. Sc. and
M. Sc. degrees from Anhui Medical University in 2007 and 2010,
respectively. He is currently an associate chief physician at The
First Affiliated Hospital of the University of Science and
Technology of China ( USTC ). His main research interest
includes neurological rehabilitation.

E5,2008 4 T4 ML Tl KA 3R A5 1
2B, B B Tl R A7 2%, EEEA
J7 ) U BT A R I A R 55 Bl
(LN
E-mail ; simenkouwang@ sina. com

Wang Yong received his Ph. D. degree
from Hefei University of Technology in 2008. He is currently a
professor at Hefei University of Technology. His main research
interests include mechanical design, sensing and testing

technology, and service robotics.



