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Plantar Pressure Distribution During Tai Chi Exercise
De Wei Mao, PhD, Jing Xian Li, PhD, Youlian Hong, PhD

ABSTRACT. Mao DW, Li JX, Hong Y. Plantar pressure
distribution during Tai Chi exercise. Arch Phys Med Rehabil
2006;87:814-20.

Objectives: To describe and quantify the plantar pressure
distribution characteristics during Tai Chi exercise and to ex-
plain the beneficial effect of Tai Chi on balance control and
muscle strength when compared with normal walking.

Design: Description and within-subject design.

Setting: A biomechanics laboratory.

Participants: Sixteen experienced Tai Chi practitioners.

Interventions: Not applicable.

Main Outcome Measures: Pressure-time integral, ground
reaction force, and displacement of center of pressure (COP).

Results: During Tai Chi movements, the loading of the first
metatarsal head and the great toe were significantly greater than
in other regions (P<.05). The ground reaction forces varied
between the Tai Chi movements and normal walking. Com-
pared with normal walking, the locations of the COP in the Tai
Chi movements were significantly more medial and posterior at
initial contact (P<<.05), and were significantly more medial and
anterior at the end of contact with the ground (P<<.05). The
displacements of the COP were significantly wider (P<<.05) in
the mediolateral direction in the forward, backward, and side-
ways Tai Chi movements. The displacement was significantly
larger (P<.05) in the anteroposterior direction in the forward
movement.

Conclusions: The plantar pressure characteristics of Tai Chi
movements found in this study may be one of the important
factors that Tai Chi exercise improves balance control and
muscle strength.

Key Words: Balance; Center of pressure; Exercise; Mus-
cles; Rehabilitation; Tai Chi.
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HE FOOT IS THE DIRECT CONTACT between the body

and the external environment. The central nervous system
relies on sensory input from the muscles and cutaneous recep-
tors in the lower extremities to generate effective motor pat-
terns for human posture and locomotion. Feedback that origi-
nates from these receptors provides a constant source of
information on loading, joint kinematics, and plantar pressure
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distribution.' On the plantar surface, the toe, and the metatarsal
head, tactile sensations, which convey information about the
magnitude and direction of even small strains that occur on the
skin, are crucial to the avoidance of falls.> A human can
maintain balance by using toe pressure to correct the many
postural disturbances that are experienced in everyday life.>
There is a significantly negative relation between the sensation
threshold of the great toe and the peak pressure under the great
toe in walking and running.® The tactile sense of the great toe
decreases with age and elderly people are often unable to
sufficiently utilize the muscle of the great toe to maintain
balance control when perturbation occurs.>* Therefore, the
training of the activity of the toe and the somatosensory infor-
mation from the sole may be more appropriate than strength
training as a physical therapy treatment to rectify balance
problems.??

Numerous studies have suggested that the center of pressure
(COP) on the bottom of the foot has an important biomechanic
meaning.® The controlled displacement of the COP has broad
applications, such as the investigation of %ait in amputees,’
vestibular deficits,® and Parkinson’s disease,” or as an index of
postural stability,'® and different designs of footwear.'! Mc-
Caw and DeVita'? suggested that shifting the COP posteriorly
or anteriorly induces significant changes of torque in the ankle,
knee, and hip 7j0ints of the leg during the stance phase of gait.
Schmid et al’ reported that impaired COP displacement in
amputees can lead to difficulties in the adequate control of
dynamic equilibrium. In addition, a few studies have demon-
strated that an increase in the displacement of the COP in-
creases not only the intensity of electromyography,'? but also
the number of muscles that participate in the movement of the
lower extremities when disturbances occur.'®

The ground reaction force is exerted on the foot during
human locomotion and varies continually from the instant of
initial contact until the foot leaves the supporting surface.'*
There have been numerous studies on the ground reaction force
during walking that have showed it is a reliable and repeatable
feature of gait.'*'> However, there have been few studies on
the ground reaction force in Tai Chi movements. Tai Chi is an
ancient Chinese martial art. The broad consensus is that Tai
Chi exercise improves balance control and muscle strength in
the lower extremities.'®!” However, the mechanisms by which
Tai Chi improves balance control and subsequently prevents
falls in older people'®'® are still unclear.

According to the theory of Tai Chi, foot posture and move-
ment are the foundation of the whole body posture, and the
concePt of proper position and direction are always empha-
sized."® Stepping forward, backward, sideways, up and down,
and fixing are the 5 fundamental movements of Tai Chi.'* Wu
and Hitt'® studied the foot ground contact characteristics using
force platforms and pressure plates. They found that the impact
force to the foot was significantly lower and the main pressure
was located in the more medial and anterior of the foot when
compared with walking. Unfortunately, only the stepping for-
ward movement was selected and analyzed. The hypotheses of
this study are (1) the main plantar loadings are located on the
first metatarsal head and the great toe regions during Tai Chi
movements, whereas they are located on the second and third
and fourth and fifth metatarsal head regions during normal
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Fig 1. Foot movements during (A)
forward, (B) backward, (C) side-
ways, (D) up-down, and (E) fixing
Tai Chi movements.

walking; (2) the impact force to the foot is lowered; and (3) the
displacements of COP are wider in the mediolateral (ML)
direction and longer in the anteroposterior (AP) direction dur-
ing all of the 5 typical Tai Chi movements when compared with
normal walking. Therefore, the objective of this study is to
describe and quantify the plantar pressure distribution charac-
teristics in the 5 fundamental Tai Chi movements, and try to
illustrate why Tai Chi movements benefit balance control and
muscle strength when compared with normal walking.

METHODS

We recruited 16 sex-matched elite Tai Chi masters (8 men,
8 women; age, 23.1%+5.5y; height, 166.0=7.6cm; body mass,
62.2+7.8kg; experience of practicing, 8.1%+5.7y) with no pre-
vious diseases or injuries in the year before the study. The
42-form Tai Chi was selected for this study because this style
was designed on the bases of the Yang style and contains the
most re]gresentative components of the other traditional
schools." Tt is likewise the standard for national and interna-
tional competitions'® and has become one of the most popular
styles of Tai Chi exercise.'®'? Five typical movements were
selected for analysis: the brush knee and twist steps, step back
to repulse monkey, wave hand in cloud, kick heel to right, and
grasping the bird’s tail, representing stepping forward, back-
ward, sideways, up-down, and fixing movements, respectively.
We used the Pedar-X insole system® to collect the plantar
forces during performance of the movements. Each insole has
99 sensors and the sampled rate was set at S0Hz. The reliability
of this system has been well documented in the previous
studies.”>' With the aid of the Trublu calibration device,” all
of the sensors of the system were individually calibrated before
testing. Due to the quasi-identity of the left and right cycle
during most Tai Chi movements, ° only the data obtained from
the left foot were selected and analyzed.

The foot movements during the 5 typical Tai Chi movements
are described as follows: (1) forward movement, the left foot
makes contact with the ground first, the right foot then steps
forward, and the left foot leaves the ground at the end; (2)
backward movement, the left foot makes contact with the
ground, the right foot then steps backward, and the left foot
then leaves the ground; (3) sideways movement, the left foot
makes contact with the ground, the right foot then steps side-
ways, and the left foot then leaves the ground; (4) up-down
movement, the right foot leaves the ground, moves upward,
kicks in the air, and then moves back down to the ground; and
(5) fixing movement, the left foot makes contact with the
ground, both feet then make contact with the ground, and the
movement is finished (fig 1).

Each subject performed 3 trials of the 5 movements. To
maintain the continuity and smoothness of each measured
movement, the subject was asked to perform 3 consecutive
movements that included the specific movement to be studied
in the middle. After the performance of the 5 movements, each
subject was asked to walk 15m 3 times at a free speed, and the
plantar forces were recorded. All of the subjects wore the

identical socks and Chinese Tai Chi shoes. The sole of this kind
of shoe is flat and has uniform rigidity. Before testing, the
subjects completed consent forms and were given sufficient
time to warm up.

For analysis, the foot was divided into 9 distinct regions: the
medial heel, lateral heel, medial midfoot, lateral midfoot, first
metatarsal head, second and third metatarsal heads, fourth and
fifth metatarsal heads, great toe, and lesser toes, as illustrated in
figure 2.

In accordance with the definitions of the Pedar-X insole
coordinates system, the most medial and posterior point of the
left foot was defined as the origin (zero point). The x and y
coordinates of the COP were normalized to the maximum
width and maximum length of the insole, respectively. The
locations (x and y coordinates) of the COP at initial and end
contact with the ground and the displacements in the ML and
AP directions were extracted and analyzed. The total forces
that were exerted on the foot were normalized to body weight
and drawn against the stance time. The pressure-time integral
(PTD) of each region were obtained using Novel Database Pro
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Fig 2. Divided plantar regions of the left foot and the definition of
the coordinate system based on this insole system. Abbreviations:
1st MTH, first metatarsal head; 2nd-3rd MTH, 2nd-3rd metatarsal
heads; 4th-5th MTH, 4th-5th metatarsal heads; GT, great toe; LH,
lateral heel; LM, lateral midfoot; LT, lesser toes; MH, medial heel;
MM, medial midfoot.
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software.” The PTI was defined as the amount of loading
maintained through a divided plantar region when the foot
comes in contact with the ground. It was calculated as the
product of the pressure that was exerted multiplied by the time
during which the pressure was exerted.?? PTI values reflect not
only the pressure’s amplitude but also the time duration. Com-
pared with peak pressure, PTI provides more information of the
plantar mechanical loading and has been shown to be a more
sensitive indicator in foot function,” foot injury,* and foot
pain.”> For the Tai Chi movements, the mean of 3 trials for
each parameter were calculated and analyzed. For normal
walking, the mean of 3 left-foot steps in each of the 3 trials was
prepared for comparison with the Tai Chi movements.

The independent ¢ test was conducted to compare the differ-
ences of all dependent variables between men and women. In
this study, the comparison between each of the 5 typical Tai
Chi movements and normal walking is done using a within-
subject design. A repeated-measures analysis of variance
(ANOVA) was employed for the displacement of COP vari-
ables. After finding the significant differences among Tai Chi
movements and normal walking, we used the post hoc Bonfer-
roni adjustment to detect the differences between normal walk-
ing and each Tai Chi movement.

On the other hand, 1 hypothesis of this study is that the main
plantar loadings are located on the first metatarsal head and the
great toe regions during Tai Chi exercise, while they are
located on the second and third and fourth and fifth metatarsal
head regions during normal walking. To test the hypotheses,
the comparisons of PTI among different plantar regions (see fig
2) in each specific Tai Chi movement and in normal walking
were conducted respectively. The 1-way ANOVA with
planned comparisons was employed to detect: (1) whether the
PTIs of the first metatarsal head and the great toe regions were
significantly greater than the remaining regions during each Tai
Chi movement and (2) whether the PTI of the second and third
and fourth and fifth metatarsal head regions were significantly
greater than the remaining regions during normal walking. A
significance level of .05 was chosen for all the statistical
analyses.

RESULTS

No significant difference was found in any of the parameters
between the male and female groups (P>.05), and thus the data
from the 2 groups were pooled and averaged for further anal-
ysis.

Results show that the PTIs of the first metatarsal head and
the great toe were the 2 largest values (fig 3, table 1) and were
significantly greater (P<<.05, Cohen d=0.7) than those of the
other regions across all 5 Tai Chi movements. However, during
normal walking, the PTIs of the second and third metatarsal
heads and the fourth and fifth metatarsal heads were the 2
largest values (fig 3, table 1) and were significantly greater than
those of the other regions (P<<.05, d=0.9).

Figure 4 illustrates that the forces exerted on the foot varied
between the 5 Tai Chi movements, which also shows lower
magnitudes and different shapes of ground reaction forces than
in normal walking.

Figures 5 and 6 and tables 2 and 3 show the statistical results
of x and y coordinates of the COP at initial and end contact with
the ground and the displacement during contact when com-
pared between normal walking and each Tai Chi movement.
Compared with normal walking, the x coordinates (see fig 5,
table 2) of the COP at initial and end contact were significantly
less (P<<.05, d=0.8) in the forward, backward, sideways, and
fixing movements, which indicates a more medial position of
contact. The y coordinates (see fig 6, table 3) of the COP at
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ATC movements

B Normal walking

Fig 3. Comparison of PTI among 9 plantar regions during (A) Tai Chi
(TC) movements and (B) normal walking. *Indicates the 2 largest
regions significantly greater than the remaining regions (P<.05).

initial contact were significantly greater (P<<.05, d=13.4) in
the backward and sideways movements, and the figures show
that the contact positions were located in the forefoot region.
The y coordinates (see fig 6, table 3) of the COP at initial
contact were significantly less (P<<.05, d=1.5) in the forward
and fixing movements, which indicates that the positions of
contact were more posterior. The y coordinates (see fig 6, table
3) of the COP at end contact were significantly greater (P<<.05,
d=0.8) in the forward, backward, and sideways movements,
and the figures show that the positions were more anterior. In
addition, the forward, backward and sideways movements had
significantly wider (P<<.05, d =7.4) displacements in the ML
direction (see fig 5, table 2). The forward movement had a
significantly larger (P<<.05, d=3.5) displacement in the AP
direction (see fig 6, table 3).

DISCUSSION

Generally, straight and forward walking during daily activity
differs from Tai Chi exercise, which combines and repeats
different support patterns and step directions.'® However, sev-
eral studies have demonstrated that Tai Chi and walking are
both moderate forms of exercise that are suitable for older
people. Both exercises have beneficial effects on balance con-
trol, muscle strength and cardiorespiratory responses in the
elderly population,'6-'7-26-28

The main finding of this study is that plantar pressure dis-
tribution during Tai Chi movements differs when compared
with normal walking.

Pressure Distribution

Figure 3 and table 1 show that in the Tai Chi movements, the
2 greatest PTIs were located in the first metatarsal head and
great toe regions, whereas in normal walking, they were lo-
cated in the second and third and fourth and fifth metatarsal
heads regions. The results further strengthen the findings of
other researchers,'® who reported that the main loading in Tai
Chi movements occurs in the regions of the great toe and first
metatarsal head, whereas the loading maintained in slow walk-
ing occurs in the third metatarsal head region. These results
reveal that the main plantar loading shifts from the second and
third and fourth and fifth metatarsal head in normal walking to
the first metatarsal head and the great toe in Tai Chi move-
ments. Some studies have demonstrated that the great toe and
the forefoot play a very important role in both cutaneous
feedback and the muscle activity of the toe in maintaining
balance control during gait.>* Nurse and Nigg'* investigated
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Table 1: Statistical Results of PTI When the 2 Largest Regions Are Compared With the Remaining Regions for the 5 Tai Chi Movements

and During Normal Walking

2nd-3rd

MH LH MM LM MTH 4th-5th MTH LT
Movement Two Largest Regions t d t d t d t d t d t d t d
Forward 1st MTH 8.3 1.8 8.2 1.7 17.2 3.8 15.9 3.5 11.8 2.5 13.8 3.0 11.2 24
GT 4.4 1.0 4.3 0.9 13.8 3.2 12.5 2.8 8.1 1.8 10.3 2.3 7.5 1.6
Backward 1st MTH 8.3 15 8.2 1.4 17.2 2.7 18.9 1.9 11.8 1.1 13.8 1.3 11.2 1.3
GT 6.6 1.7 6.2 1.6 12.0 3.5 8.4 2.2 4.4 1.2 5.4 1.4 5.5 1.4
Sideways 1st MTH 4.0 1.0 41 1.0 8.9 2.4 6.9 1.8 2.4 0.9 3.5 0.9 3.5 0.9
GT 6.3 1.4 6.4 1.4 10.7 2.6 8.9 2.1 4.8 1.1 5.8 1.3 5.8 1.3
Up-down 1st MTH 2.3 0.7 24 0.8 6.6 1.5 3.7 0.8 2.8 0.9 2.8 0.8 2.3 0.7
GT 5.5 1.4 5.7 1.4 11.1 2.8 7.5 1.9 6.5 1.5 6.6 1.6 5.2 1.2
Fixing 1st MTH 9.9 2.4 9.6 2.2 16.1 3.9 15.1 3.7 9.7 2.1 12.8 3.1 10.8 2.4
GT 4.0 1.4 3.2 1.1 12.2 4.3 11.0 3.9 2.8 1.0 7.7 2.7 4.1 1.5

MH LH MM LM 1st MTH GT LT
Walking 2nd-3rd MTH 3.0 1.1 2.7 0.9 17.2 6.1 12.4 4.4 2.6 0.9 3.8 1.3 3.9 1.4
4th-5th MTH 29 1.0 2.6 0.9 14.6 5.2 10.8 3.8 2.6 0.9 3.7 1.3 3.7 1.3

Abbreviations: 1st MTH, first metatarsal head; 2nd-3rd MTH, 2nd-3rd metatarsal heads; 4th-5th MTH, 4th-5th metatarsal heads; GT, great toe;

LH, lateral heel; LM, lateral midfoot; LT, lesser toes; MH, medial heel;
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Fig 4. Normalized (percentage of body weight) ground reaction
forces (GRFs) against the time during the stance phase in the Tai Chi
movements and normal walking. Legend: Thick lines (==) indicate
the (A) forward; (B) backward; (C) sideways; (D) up-down; and (E)
fixing Tai Chi movements; dotted lines (‘) indicate 1 standard
deviation (SD) from the mean of the Tai Chi movements; thin lines
(—) indicate normal walking.
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Fig 5. Comparisons of the x coordinates of the COP at initial and
end contact with the ground and the displacements during contact
in the Tai Chi movements and normal walking. NOTE. Values are
mean * SD. *Significantly greater than normal walking (P<.05);
significantly less than normal walking (P<.05), which were de-
tected by 1-way ANOVA with repeated measures using a Bonferroni
adjustment.
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Fig 6. The comparisons of the y coordinates of the COP at initial and
end contact with the ground and the displacements during contact
in the Tai Chi movements and normal walking. NOTE. Values are
mean * SD. *Significantly greater than normal walking (P<.05);
Tsignificantly less than normal walking (P<.05), which were de-
tected by 1-way ANOVA with repeated measures using a Bonferroni
adjustment.

Ground Reaction Force

The shapes and amplitudes of the ground reaction forces
of the 5 Tai Chi movements varied depending on the move-
ment (see fig 4). The amplitudes of the ground reaction force
during the Tai Chi movements were lower than in normal
walking, which is consistent with the results of other stud-
ies'® that found that the peak vertical force is about the same
as the body weight. The lower impact that is exerted on the
foot may be explained by the fact that Tai Chi is character-
ized bg/ slow and smooth motions, and light and steady
steps.?” He®” stated that the steps in Tai Chi are made “as
quietly as a cat walks,” and the exertion is “so mild that it
looks like reeling raw silk from a cocoon.” This suggests
that Tai Chi is a safe weight-bearing exercise'® and is
suitable even for patients who suffer from rheumatoid ar-
thritis.>® The shapes of the ground reaction force in the Tai
Chi movements were varied and different from those in
normal walking, which may reflect the complex gait of Tai
Chi movements, which combine various foot support pat-
terns and step directions.'® Different support patterns and
step directions may be the reason for the differences in
ground reaction force between the different Tai Chi move-
ments and normal walking.

Center of Pressure

The COP loci were significantly displaced posteriorly at
initial contact in the forward and fixing movements, and
were displaced anteriorly at end contact with the ground in
the forward movement compared with normal walking. Mc-
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Caw and DeVita'? reported that, during stance phase of gait,
shifting the COP posteriorly increases the flexor torque at
the ankle, knee, and hip joints of the present leg. Con-
versely, shifting the COP anteriorly increases the extensor
torque at the ankle, knee, and hip joints of the present leg.
Further, =0.5-cm and *1.0-cm shifts in the location of the
COP cause about a 7% and 14% change in the maximum
joint torque and angular impulse values, respectively. When
the location of the COP is more posterior at initial contact,
the ankle posture is more dorsiflexed, and when the location
of the COP is more anterior at end contact, the ankle posture
is more plantarflexed. The increase in the range of motion
(ROM) of the ankle in the sagittal plane in Tai Chi move-
ments may thus be expected. Some studies®'** have re-
ported that there is a positive relation between the ROM of
the ankle joint and balance control and muscle strength in
the lower extremities. This may partly explain why muscle
strength was improved in the lower extremities after Tai Chi
exercise.'”?® Further kinematic investigation on the ROM of
the ankle joint is required in the future.

A previous study’? demonstrated that the base of gait and
angle between the feet are significantly greater in Tai Chi
movements than in normal walking. These increases may
result in the more medial locations of the COP both at initial
and end contact with the ground in Tai Chi movements. In
addition, the results show that the forward, backward, and
sideways Tai Chi movements have wider displacements in
the ML direction, and the forward movement has a greater
displacement in the AP direction than in normal walking.
Szturm and Fallang'® investigated the electromyographic
activity and the displacement of the COP on the bottom of
the foot when disturbance occurs. They found that there is a
positive relation between the displacement of the COP and
the magnitude of the electromyographic activity in the lower
extremities. Nakamura et al'® found that an increase in the
displacement of the COP not only increases the magnitude
of the electromyographic activity, but also the number of
muscles that are used in the lower extremities. Thus, the
larger displacement of the COP in Tai Chi movements may
induce the lower extremities to recruit more muscles that
contract at a higher level®* than in normal walking.

It is expected that the understanding of the characteristics
of Tai Chi exercise has a special clinical relevance for
people who have problems maintaining balance. The find-
ings of this study may provide useful information toward the
development of strengthening programs, strategies for the
prevention of falls, and the promotion of a physically active
lifestyle.

Table 2: Statistical Results of the x Coordinates of the COP at Initial and End Contact With the Ground and the Displacements During
Contact When Walking Normally Compared With Tai Chi Movements

Walking
Initial End Displacements
Movements F dfaldfg/dfa.g d F dfp/dfs/dfa.g d F dfaldfg/dfag d
Forward 9539 4/15/60 15 812 3/15/45 1.6 14775 3/15/45 —14.2
Backward 71 1.0 -9.8
Sideways 5.8 0.8 -7.4
Up-down - - -
Fixing 1.3 - -

Abbreviations: df,, degree of freedom for repeated-measures term; df, s, degree of freedom for interaction term; dfy, degree of freedom for

subjects’ term.
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Table 3: Statistical Results of the y Coordinates of the COP at Initial and End Contact With the Ground and the Displacements During
Contact When Walking Normally Compared With Tai Chi Movements

Walking
Initial End Displacements
Movements F dfpldfg/dfsg d F dfaldfg/dfsg d F dfa/dfs/dfs.g d
Forward 11362 4/15/60 1.6 4905 3/15/45 0.9 8384 3/15/45 —-3.5
Backward -16.3 0.8 16.8
Sideways —-13.4 1.1 14.6
Up-down - — -
Fixing 15 — -

Abbreviations: df,, degree of freedom for repeated-measures term; df, s, degree of freedom for interaction term; dfy, degree of freedom for

subjects’ term.

CONCLUSIONS

Based on the results observed from this study, the Tai Chi
movements have greater anteromedial plantar loading, lower
ground reaction forces, and larger COP displacements both
in the direction of AP and ML when compared with normal
walking. It is speculated that the plantar pressure character-
istics in Tai Chi exercise may benefit to intensify the plantar
cutaneous tactile sensory input from the first metatarsal head
and great toe areas, increase the muscle strength of the lower
extremities, and subsequently improve balance control.
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