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A B S T R A C T

Tai-Chi (TC) is a broadly used exercise that appeared to decrease the risk of falls. However, biomechanical
mechanisms underlying the reduced fall risks following TC exercise remain unclear and hinder the ability to
optimize TC intervention to target specific balance deficit disorders. In addition, combining TC gait exercise with
ground support perturbation may be a viable approach to further challenge balance control compared to TC gait
alone. The purpose of this study was to compare dynamic stability and limb support force production during
comfortable walking speed (CWS), TC gait, and TC gait with medial (MED) and lateral (LAT) ground support
perturbations in older and younger adults. Ten older adults and ten younger adults performed CWS, TC gait, LAT,
and MED. Conditions involving TC gait showed decreased margin of stability (MoS) (main effect of condition, p <
0.01) and increased vertical force impulse compared to CWS (p < 0.01). Medial ground support perturbation
induced the smallest MoS among all conditions. Older adults showed increased MoS compared to younger adults
(p < 0.01). These findings provided insight into how key balance control characteristics are modulated during TC
exercise and indicate that combining ground support perturbation with TC may further challenge dynamic
stability.
1. Introduction

Falls are a serious public health concern among older adults because
they occur frequently and cause severe consequences. Approximately one
third of older adults fall every year1 and those who are hospitalized or
live in a nursing home fall more often. Dysfunction resulting from
fall-related injuries affects performance of daily activities such as bath-
ing, self-care, and walking, and can thus adversely affect independence
and quality of life. Consequently, preventing falls in older people has
become an increasingly important task.

Aging-related changes in balance and gait associated with neuro-
musculoskeletal impairments have been consistently found to be among
the most important risk factors for falls.2 In addition, those who fall
present greater impairments in neuromusculoskeletal factors than do
older non-fallers.3 From a biomechanical standpoint, maintaining bal-
ance requires the ability to control dynamic stability and generate suf-
ficient support force against gravity.4,5 Not surprisingly, deficits in
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dynamic stability regulation and limb support force production are key
risk factors for falls.6,7 Developing exercise and intervention approaches
that improve dynamic stability control and limb support force production
may reduce the risk of falls among older adults.

Tai-Chi (TC) is a traditional Chinese exercise derived from martial art
that has gained increasing attention for preventing falls.8 TC gait is one of
the 24 forms of all-style TC and is the basic but most common leg motions
in TC movements.9 TC gait is a cyclic motion with both legs alternating
between bow-leg posture and high swing while traveling forward (Brush
left knee, twist and roll back, step forward, right palm forward strike;
Brush right knee, twist and roll back, step forward, left palm forward
strike). TC gait also has a periodic motion with temporal patterns similar
to regular gait. In the past two decades, promising evidence suggests that
TC provides multiple benefits that include increased postural stability,
improved muscular strength, pain reduction for patients with arthritis,
decreased stress and enhanced cardiovascular function.10–14 TC demon-
strated superior effectiveness in protecting against falls in older adults
compared to other interventions including conventional physical ther-
apy,15 stretching and multimodal exercise,16 and conventional lower
extremity training.17 In addition, group TC interventions for older adults
and Health Education, TX, USA
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Abbreviations

TC Tai-Chi
MED Medial ground support perturbation
LAT Lateral ground support perturbation
CWS Comfortable walking speed
MoS Margin of stability
ML MoS Mediolateral margin of stability
CoM Center of mass
XCoM Extrapolated center of mass
VCoM Center of mass velocity
BoS Base of support
GRF Ground reaction force
g Gravity
l Leg length
ASIS Anterior superior iliac spine
ANOVA Analysis of variance
m Meters
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may increase social support and therefore further increase health bene-
fits.18 Consequently, the U.S. Center for Disease Control and Prevention
has recommended TC training as an optional evidence-based fall pre-
vention intervention for older adults.19

Despite being a broadly used fall prevention exercise, previous ran-
domized controlled trials showed inconsistent results in the effectiveness
of TC on fall prevention among older adults.8,20,21 This is, at least in part,
because the direct balance control mechanisms that are involved during
TC movements remain largely undetermined.22 Such knowledge gap
limits the ability to design specific TCmovements for targeted deficits. As
a result, previous clinical trials included multiple complex TC forms and
the outcomes represent a net effect of various mixed types of movements.
Identifying the biomechanical mechanisms by which TC movements can
improve balance control in older adults will enhance the development of
more effective TC exercise interventions.

During a fall, rapid reactions are commonly required to adjust posture
for balance recovery. A recent study reported that treadmill-based reac-
tive balance training resulted in better rapid balance responses compared
to TC training alone,23 reflecting a potential limitation for traditional TC
exercise. This is likely because TC typically practices slow and mindful
voluntary control of motion that does not target reactive movements. In
contrast, studies that applied external perturbations such as using a
movable ground support or cable systems to pull the body triggered rapid
balance recovery reactions. Recent perturbation-based training has
shown positive outcomes in older adults24–26 and other clinical pop-
ulations27,28 likely because such rapid reactions are required to prevent a
fall. Since balance regulation involves both voluntary and reactive
movements, developing an approach that targets both voluntary and
reactive aspects of balance control is likely to be more effective than
exercises that focus on a single aspect alone. To date, the feasibility of
combining TC gait with external perturbation exercises and their effects
on dynamic stability and limb support remain unknown.

To address the aforementioned knowledge gaps, this study aimed to
compare the dynamic stability and limb support force production during
normal walking, TC gait, and TC with medial (MED) and lateral (LAT)
ground support perturbations in younger and older adults. It was hy-
pothesized that compared to regular walking, conditions involving TC
will show decreased dynamic stability with increased limb support force
in both younger and older adults. In addition, we hypothesized that by
shifting the foot more medially, MED will induce the least margin of
stability (MoS) amongst all conditions tested.
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2. Materials and methods

2.1. Participants

Ten older adults and 11 younger adults participated in the study. Data
from 1 younger adult was not analyzed due to missing markers. Data for
the remaining 10 younger adults were included in the study. The inclu-
sion criteria were: (1) Able to walk for at least 10 minutes(min) without
an assistive device or assistance from another individual. (2) Have suf-
ficient cognitive function to follow the instructions. Participants were
excluded if they have a medical history that includes lower extremity
orthopedic, neurological, vascular, or metabolic pathological conditions
affecting gait.
2.2. Ethical approval

The study was approved by the Institutional Review Board of the
University of Texas at Austin. All participants provided written informed
consent to participate. Approval number: STUDY00001792.
2.3. Testing procedure

Prior to data collection, a TC instructor demonstrated TC gait to each
participant. The participant practiced the movement until the instructor
confirmed correctness of movement. Next, participants wore a safety
harness connected to an overhead support beam. Comfortable walking
speed and TC gait speed were determined by gradually increasing the
treadmill speed until the subject reported comfortable speed attained. A
familiarization period was provided for walking and TC gait until par-
ticipants confirmed that familiarization has been achieved (Fig. 1). Next,
each participant performed three tasks on a split-belt treadmill:
comfortable speed walking (CWS), TC gait, and TC gait with treadmill
medial (MED) and lateral (LAT) ground support perturbations. During
the TC gait with perturbation, the treadmill translated (3 cm within 370
ms) medially or laterally during early single leg stance phase. The di-
rection of the perturbation was pseudo-randomized to minimize partic-
ipants’ anticipation. Treadmill perturbations occurred during single limb
stance phase of the gait cycle in the MED and LAT conditions. The time
interval between each perturbation was at least 3 second (s) to allow
recovery to regular TC gait.
2.4. Data recording

Reflective markers were placed on the forehead and bilaterally on the
acromion process, lateral epicondyle of the humerus, distal end of the
radius, anterior superior iliac spine (ASIS), posterior superior iliac spine,
greater trochanter (hip), lateral epicondyle of the femur (knee), lateral
malleolus (ankle), secondmetatarsal, and heel. An additional marker was
placed on the treadmill platform to track the treadmill movement during
perturbation trials. Body segment position data were recorded using a 10-
camera motion capture system (Vicon-USA, Denver, CO) sampled at 120
Hz and then low-pass filtered at 6 Hz in the Visual3D software (C-Motion,
Inc., Rockville, MD, USA). Ground reaction forces (GRF) were measured
by an instrumented treadmill (M-gait, Motek, Netherland) sampled at 1
000 Hz and then low-pass filtered at 30 Hz in Visual3D. For CWS, a 30 s
trial was recorded (~27 strides). For TC, a 2 min trial was recorded (~16
strides). For TC MED and LAT conditions, a 6 min trial was recorded (16
MED and 16 LAT steps).
2.5. Data analyses

Lateral margin of stability (MoS) was used to characterize dynamic
stability (Fig. 2).29 The extrapolated center of mass (XCoM) was calcu-
lated by.30



Fig. 1. Participants underwent a Tai-Chi (TC) familiarization period on
a treadmill.
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XCoM¼CoMþ VCoM
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(1)
Fig. 2. The inverted pendulum model51 illustrates the mediolateral margin of
stability (ML MoS) in the frontal plane. ML MoS was calculated by the distance
between the extrapolated center of mass position (XCoM) and the lateral border
of base of support (BoS) which is defined by the second metatarsal marker of the
stance limb. Center of mass velocity (VCoM), gravity (g), constant (9.81 m⋅s�2),
leg length (l), defined as the distance from the anterior superior iliac spine
marker to the medial malleolus, multiplied by 1.34, were used to calculate
XCoM. An arrow illustrating the direction of the medial ground support
perturbation during single limb stance is shown beneath the ground support.
� ffiffiffir

where center of mass (CoM) and velocity of CoM (VCoM) were the lateral
position and velocity of the center of mass (VCoM) relative to the walking
surface, respectively. g was the gravity constant (9.81 m⋅s�2), and l was
leg length, defined as the distance from the ASIS to the medial malleolus,
multiplied by 1.34.30 Lateral MoS was calculated by using

MoS ¼ BoS - XCoM (2)

where base of support (BoS) was the lateral boundary of the base of
support defined by the second metatarsal marker of the stance limb. The
minimal value of MoS during the single leg stance phase was used to
determine dynamic stability. Positive MoS values indicated more stable
(XCoM within BoS) and negative MoS values indicate less stable (XCoM
outside BoS).31 Limb support was characterized by calculating the time
integral of the vertical GRF during single stance phase (i.e., vertical force
impulse).32 For CWS and TC conditions, Lateral MoS and vertical force
impulse were calculated for each step and averaged across trials within
each condition. Vertical force impulse was normalized to body weight.
For perturbation conditions, only the perturbed steps were analyzed.
Single limb stance phase was defined as the time between contralateral
limb liftoff/toe-off to contralateral limb heel-strike. Heel strike and
toe-off events were determined as the instant that vertical ground reac-
tion force exceeded or dropped below 20 N,33,34 respectively.

Since external balance perturbations may result in aborted steps, we
additionally determined the proportion of aborted steps by calculating
the ratio of the number of aborted steps over the total number of
210
perturbed steps. The aborted steps were characterized by initial foot lift-
off followed by an immediate compensatory step (rapid foot plant down
identified by increases in vertical GRF) instead of entering a swing
phase.35 Lateral MoS and vertical force impulse data from the aborted
steps were excluded from the final statistical analyses because the bal-
ance recovery effort transferred to the contralateral limb and not the
perturbed limb.36

2.6. Statistical analysis

Two-way (condition � age group) mixed model analysis of variance
(ANOVA) was performed to analyze mediolateral MoS, vertical force
impulse, and gait speed. If the interaction or main effect was significant,
Bonferroni post-hoc test was performed for pairwise comparisons. All
statistics were performed in SPSS (version 22.0, SPSS, Inc.) with a two-
sided alpha level of 0.05.



Fig. 4. Vertical force impulse for older and younger adults during comfortable
walking speed (CWS), Tai-Chi (TC) gait, TC with lateral ground support
perturbation (LAT), and TC with medial ground support perturbation (MED).
Older adults are labeled red and younger adults are labeled green. Outliers are
represented by the black circles above and below the whiskers of the clus-
tered boxplot.
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3. Results

3.1. Demographics and gait speed

The younger group was 40% (4/10) female with the following means
and standard deviations for baseline characteristics: age (27.8 � 5.05)
year, height (1.73 � 0.11) m, weight (70.08 � 14.57) kg, and the 10
older adults (5/10 female) had the following baseline characteristics: age
(69.7 � 5.35) year; 5 females; height (1.67 � 0.06) m; weight (69.46 �
10.5) kg. All participants completed the trials in all conditions with no
falls occurred during the testing trials. During the perturbation condi-
tions, aborted steps were observed in 10% (�21%) of the MED trials and
18% (�32%) of the LAT trials in younger adults. Older adults showed 8%
(�11%) and 16% (�17%) aborted steps during MED and LAT, respec-
tively. During CWS, the speed was (1.005 � 0.06) m⋅s�1 for younger
participants and (0.94 � 0.048) m⋅s�1 for older participants. During TC
conditions, the speed was (0.075� 0.005) m⋅s�1 for younger participants
and (0.08 � 0.005) m⋅s�1 for older participants. A 2-way (age � condi-
tion) ANOVA on walking speed was performed. A main effect of condi-
tion was detected (F[1,18] ¼ 489.439, p < 0.001). Pairwise comparisons
revealed significant mean differences between CWS and TC gait speed in
older adults (mean difference: CWS – TC ¼ 0.957, p < 0.001) and
younger adults (mean difference: CWS – TC ¼ 0.860, p < 0.001). No
interaction or main effect of age was detected.
3.2. Mediolateral margin of stability

For mediolateral MoS, main effects of condition (F[3,30] ¼ 103.51, p<
0.01) and age (F[1,10] ¼ 4.605, p < 0.05) were observed. Post Hoc
analysis revealed that CWS had greater MoS compared to all other con-
ditions (p < 0.01, between condition differences: CWS – TC ¼ 0.036,
CWS – LAT ¼ 0.044, CWS – MED ¼ 0.045 m) and MED has smaller MoS
compared to all other conditions (p < 0.01) (Fig. 3). In addition, older
adults showed increased MoS compared to younger adults (p< 0.05). No
interaction was detected.
3.3. Vertical force impulse

For vertical force impulse, a main effect of condition was detected
(F[1,10] ¼ 146.548, p < 0.01) (Fig. 4). CWS has smaller vertical force
impulse compared to all other conditions (p < 0.01, between condition
differences: CWS – TC ¼ �3.705 N*S/BW, CWS – LAT ¼ �17.913 N*S/
BW, CWS – MED ¼ �17.808 N*S/BW). LAT showed reduced force im-
pulse compared to TC (p < 0.01) and MED (p < 0.01) conditions. No
interaction between age group and conditions was detected.

4. Discussion and implications

The present study determined the effects of TC gait and TC gait
combined with ground support perturbation on dynamic stability and
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limb support in younger and older adults. Results showed that compared
to regular walking, all conditions that involved TC gait showed decreased
MoS and increased vertical force impulse. In addition, MED induced the
smallest MoS among all conditions. These findings indicate that
combining treadmill surface perturbation with TC gait may be an effec-
tive and feasible approach to challenge lateral dynamic stability and limb
support force production.

Compared to regular walking, all conditions involving TC gait showed
decreased MoS, reflecting that dynamic stability was more challenged
during TC gait. Because TC gait emphasizes body transfer from one leg to
the other, individuals likely shifted their body closer to the base of sup-
port boundary compared to regular walking that does not focus on
weight shifting. Our finding expanded the results from a recent study that
reported decreased anterior-posterior MoS during TC gait37 by showing
that TC also challenged lateral stability compared to regular walking. In
addition, conditions involving TC gait showed increased limb support
compared to regular walking. This is likely due to the slower pace during
TC gait that led to increased single leg stance duration. While walking at
a slower speed, ground contract duration for each step is typically
increased and thereby generates greater force impulse (the integral of
force� contact duration).42 Taken together, TC gait appeared to increase
the demand for stance leg force production and lateral balance regula-
tion. These results provide potential biomechanical mechanisms under-
lying the reduced fall risks following TC exercises.38–40

Our results showed that older adults generally demonstrated larger
MoS across conditions compared to younger adults. A potential
Fig. 3. Mediolateral margin of stability (ML MoS)
across conditions measured in meters (m). (A) Com-
parisons of ML MoS in older and younger adults dur-
ing Comfortable Walking Speed (CWS), Tai-Chi (TC)
gait, TC with lateral ground support perturbation
(LAT), and TC with medial ground support perturba-
tion (MED). Older adults are labeled red and younger
adults are labeled green. (B) Representative trials of
ML MoS values during single leg stance phase across
conditions. The black line represents the CWS condi-
tion, the blue line represents the TC condition, the red
line represents the MED condition, and the green line
represents the LAT condition. The star symbol on each
line represents minimum ML MoS.
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explanation could be that older adults adopted a relatively conservative
strategy that prioritizes stability during locomotion. In contrast, younger
adults may feel more confident shifting their body toward the base of
support boundary. This observation is in agreement with previous find-
ings that older adults adopted a more conservative strategy during
obstacle crossing41 and following perturbations41,42 compared to young.
Importantly, when TC was combined with medial perturbations, both
groups demonstrated negative MoS. Thus, inducing medial ground sup-
port perturbation may be an effective approach to further challenge
lateral dynamic stability for older adults who tend to use more conser-
vative strategies during voluntary TC exercise. However, older adults did
not show decreased force compared to younger adults. This is similar to
previous findings where no differences in vertical impulse were found
between younger and older adults when approaching raised surfaces43

and during stair descent.44 Older participants in the present study were
relatively healthy and active. Thus, they may retain the force production
ability closer to younger adults. Despite similar force production capac-
ity, previous gait studies have reported that older and younger adults
may use different strategies to produce vertical force during gait.45–47

Future work that compares mechanisms of vertical impulse production
during TC gait in older and younger adults may provide useful
information.

To our knowledge, this is the first study to combine balance pertur-
bation with TC gait. Our results demonstrated that combining TC with
ground support perturbation appeared to be feasible and tolerable as only
a low percentage of trials led to aborted steps. In addition, medial
perturbation during single limb stance induced greater challenges in
dynamic stability and limb support force production compared to lateral
perturbation. This is likely because lateral shift of the support surface
increased the distance between the stance foot and the CoM and partic-
ipants reacted by putting down the swing foot to terminate the single
stance duration earlier to regain stability.48 It is important to note that
while the results showed that MED could better challenge individuals’
ability to maintain lateral stability during single leg stance, the ability to
rapidly plant the swing leg down is also a useful strategy for balance
recovery.49 Thus, MED and LAT perturbations could be used to target
different balance control mechanisms. Findings from this study could
guide future research to develop new rehabilitation protocols that aim to
improve balance ability by combining TC gait with ground support
perturbations.

There are limitations to this study. First, only one perturbation in-
tensity was tested. Different perturbation intensities (e.g. acceleration or
displacement) could induce different levels of challenges in lateral sta-
bility and support force production. In addition, the number of aborted
steps may be reduced by using perturbations with reduced intensity.
Future research that explores the effects of perturbation intensity on
postural reactions during TC gait may provide useful information for
rehabilitation strategy design to target various functional levels in clin-
ical populations. Another limitation is that as proof of concept, only one
TC form was tested in this study. However, TC gait is a basic and most
common leg motion in TC movements and therefore will likely be most
relevant in understanding TC's effect on balance performance and
postural control.42 There are also other types of exercises such as fast
pace or backward walking that requires less learning and may challenge
different aspects of balance regulation. How TC gait affects different
components of balance control compared to other exercises remains to be
determined. Lastly, the inverted pendulum model used for MOS calcu-
lation assumed no changes in leg length. Although the calculated changes
in leg length during the single stance duration in the present study
(averaging 14.9 mm in CWS perturbations and 17.2 mm during TC per-
turbations) appeared to be within an acceptable range compared to
previous gait research that applied the inverted pendulum model and
reported leg length changes of 30 mm,50 this may still affect the accuracy
of estimated dynamic stability.
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5. Conclusions

Compared to regular walking, TC gait induced greater demand in
dynamic stability and limb support force generation. When combined
with support surface medial perturbation, dynamic stability could be
further challenged during TC gait. This information could guide future
research to develop rehabilitation approaches that aim to improve bal-
ance ability in aging.
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