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Abstract

Background: As an alternative and complementary practice, Tai Chi is becoming increasingly popular in the
United States, especially among the elderly. Although several interventional and qualitative biomechanical studies
have been performed, a quantitative approach, such as multi-joints kinetics synergy of ankle, knee and hip, has yet
to be performed. To better understand the biomechanics of Tai Chi, the characteristics of the total support moment
synergy were studied during Tai Chi gait and compared to normal gait.

Methods: Ten healthy, experienced (two years) Tai Chi Chuan practitioners performed normal walking and Tai
Chi gait while data was collected using high-speed infrared motion analysis cameras. The joint distributions of the
ankle, knee, and hip were calculated by ratio between individual joint moment impulse and total support moment
impulse. Using a paired t-test, the joint moment distributions of the lower limb were compared between Tai Chi gait
and normal walking.

Results: The total support moment of Tai Chi walking was predominated by the contribution of the knee (ankle:
32.78 ± 1.25%; knee: 58.68 ± 1.84%; hip: 8.54 ± 1.91%) whereas the ankle was the primary contributor to support in
normal walking (ankle: 67.86 ± 2.76%; knee: 26.18 ± 2.69%; hip: 5.96 ± 1.83%). The contributions of all three joints
studied differed significantly (p<0.05) between Tai Chi gait and normal gait.

Conclusion: This study demonstrates different kinetics synergy patterns between Tai Chi gait and normal gait.
Importantly, Tai Chi gait places a high mechanical demand on the knee joint. Our results provide biomechanical
basis of Tai Chi’s benefits on increasing knee joint range of motion and muscle strength, also suggest that
prescribing Tai Chi as a potential therapy for people with joint disease, it needs a careful consideration of evaluating
mechanical response of people with joint disease during Tai Chi exercise due to higher mechanical demand on the
knee joint.

Keywords: Tai chi; Total support moment; Gait; Support strategy

Background
Tai Chi Chuan (TCC) exercise is becoming an increasingly popular

complementary and alternative approach for both healthy people and
patients with a variety of medical conditions in the United States [1].
In the past two decades, promising evidence suggests that TCC
provides multiple beneficial effects that include improved balance,
increased postural stability, and decreased fall risk [2]. Increased
muscular strength, pain reduction for patients with arthritis, reduction
of stress, and enhanced cardiovascular function have been proposed as
potential benefits of TCC [3-6].

Although TCC has been shown to have many benefits, the
mechanism of TCC at the neuromuscular and musculoskeletal levels is
less understood. As a form of physical activity, TCC is a continuous,
slow and rhythmic movement, involving dynamic weight shifting
strategies between two limbs during loading and unloading. These
characteristics of TCC require coordinated control of the ankle, knee,
and hip [7]. Quantifying the biomechanical characteristics of TCC will
aid in our understanding of the movement strategies used in TCC,

provide direct evidence of the neuromuscular and musculoskeletal
responses of the human body during TCC, and lead to the
development of more effective TCC treatment.

Previous studies on the biomechanical quantifications of TCC
mainly focused on essential and basic TCC movements such as Tai Chi
gait (TCG) due to the fact that TCC has varieties of forms and styles.
We believe TCG to be an ideal movement to study for biomechanical
analysis because TCG and walking are both a means of bipedal
forward locomotion and each have distinct double support and single
stance phases.

Since the same gait analysis terminology has been used to describe
TCG, it has been referred to as a specific gait strategy. Past research has
examined temporal and spatial measures of TCG, such as stride length;
basic kinematic descriptive information, such as range of motion
(ankle, knee, and hip joints); and kinetics, such as the ground reaction
force (GRF), joint moment, and contact force of the lower extremities
[8,9].

This biochemical information gives insight into the movements of
TCC by isolating individual joints. The main motor function of
walking and TCG is to support the body and prevent lower limb
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collapse, which is described as vertical support. Vertical support of the
body during gait requires synergistic muscle moments around the hip,
knee, ankle.

The total support moment (TSM) has been used to determine joint
distributions of this kinetic synergy effect [10]. The total support
moment is a summation of the moments of the individual segments of
the limb. Despite considerable variability at individual joints, the total
support moment shows decreased variability due to the nature of the
limb to act as a system whose individual segments can accommodate
changes within that system [10]. As a method of analysis that considers
the limb as a single unit comprised of individual parts, the support
moment synergy is ideal for studying multi-joint movements. Based on
our knowledge, few studies have investigated the multi-joint
coordination and distribution of lower extremity joint moments
during TCG.

In this paper, we quantify the lower limb joint moment distributions
of TSM during TCG compared to walking. We hypothesized that joint
moment distributions of TSM during TCG will be different than
normal walking (NW). 

Methods

Subjects
Ten healthy participants (5 women, mean age 58 years) were

enrolled from local Tai Chi clubs and martial art schools. A minimum
of two years of TCC (24 simplified forms derived from Yang Style)
experience was required.

Exclusion criteria included significant orthopedic and/or chronic
pain conditions, depression, and pulmonary or renal failure. Written
informed consent was obtained in compliance with the Institutional
Review Board requirements at the University. Subjects were asked to
stand quietly in a neutral position to capture calibration trial for five
seconds. They were then instructed to perform four NW and TCG
trials, respectively.

Data collection
Seven VICON MX-10 high-speed infrared motion analysis cameras

(VICON Technology, CA) were used to record TCG and NW with a
sampling rate at 100 Hz. Reflective cluster markers were attached to
the bony landmarks at the trunk, pelvis, thigh, shank, and foot (Figure
1).

Two force platforms (Advanced Mechanical Technology Inc.,
Watertwon, MA, USA) embedded in a 3 m (width) × 10 m (length)
walkway were used to record ground reaction forces (GRF) at 1000 Hz
during the stance phase of gait.

The two force plates were synchronized with the VICON cameras so
that the coordinates of each marker and GRF were simultaneously
collected. Three-dimensional marker data were collected by VICON
Nexus Software (VICON, CA) and filtered with a Butterworth low-
pass filter (6 Hz cutoff).

Right-handed local segmental and lab coordinate systems were
constructed so that the x-axis was directed laterally to the right, the y-
axis was directed anteriorly, and the z-axis was directed superiorly.
Figure 1 illustrates the experimental set up and the orientation of the
global and local coordinate systems.

Figure 1: Experimental set-up and marker placement on lower
extremity.

Data analysis
The dependent variables used were distributions of ankle, knee,

and hip joint moments of the total support moment. Firstly, 3-D
segmental Euler kinematics (x-y-z sequence) angles were computed
based on the rotation matrix between global and local coordinate
systems of each segment. Consequently, joint angular displacement,
velocity, and segmental angular velocity were derived from 3-D Euler
angles [10]. A traditional inverse dynamics approach was used to
compute internal joint moment by using the above kinematic and
ground reaction force information [10].

The total support moment (TSM) was calculated by summation of
the ankle, knee, and hip moments in the sagittal plane [10]. The area
under the TSM, called the TSM impulse, was derived by integration of
the TSM over the gait cycle.

Finally, the ankle, knee, and hip moment impulses were derived and
divided by the TSM impulse. The ratios were then normalized by
100%. A paired t-test was used to compare the ankle, knee, and hip
joint distributions to the TSM impulse differences between NW and
TCG. The statistical significance level for all comparisons was set at
p<0.05.

Results

Normal gait findings
Study of ten healthy subjects showed consistent support strategies

(Figure 2). The ankle (67.86 ± 2.76%) was found to be the primary
contributor to the total support moment.

The knee (26.18 ± 2.69%) participated less than the ankle, and the
hip (5.96 ± 1.83%) contributed the least (Figure 3).
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Figure 2: Illustration of time series of Individual joint distributions
of total support moment during Normal Walking (NW). Extensor
moment (+).

Figure 3: Bar plots of Individual joint distributions of total support
moment during normal walking (NW) and Tai Chi Gait (TCG).

Figure 4: Illustration of time series of Individual joint distributions
of total support moment during Tai Chi Gait (TCG). Extensor
moment(+).

Tai Chi gait findings
While performing TCG, subjects showed little variation in support

strategy as shown in Figure 4. During TCG, knee involvement was
greater in TCG (58.68 ± 1.84%). Following the knee, the ankle (32.78 ±
1.25%) was the second most dominant contributor, and the hip (8.54 ±
1.91%) participated the least (Figure 3).

Normal gait vs. Tai Chi gait
Using a paired t-test, the contributions of each joint (ankle, knee,

and hip) in NW and TCG were compared. In contrast to NW, TCG
showed significantly different involvement of all three joints (Figure 5).
The contributions of the knee (mean difference: 32.50 ± 2.87%) and
hip (mean difference: 2.58 ± 1.03%) were found to be significantly
greater in TCG than in NW (p<0.05). The ankle (mean difference:
35.08 ± 2.87%) contributed less in TCG compared to NW (p<0.05).

Figure 5: Comparison of the ankle, knee and hip joint moment
distributions of total support moment between normal walking
(NW) and Tai Chi gait (TCG). *Significant difference between NW
and TCG (P<0.05).

Discussion
Our results for NW are consistent with those found in the literature.

In our study, the ankle (67.86 ± 2.76%) was the primary contributor to
the total support moment followed by the knee (26.18 ± 2.69%) and
hip (5.96 ± 1.83%). Similar results were obtained by Torry et al. who
determined the ankle, knee, and hip contributions(71.73 ± 14.90%,
15.59 ± 14.32%, and 12.73 ± 8.83%, respectively) to the total support
moment in a control group of healthy women [11]. DeVita and
Hortobagyi also reported that the ankle is the dominant contributor to
the total support moment [12].

Compared to normal walking, TCG was found to utilize a
significantly different support pattern: the knee showed greatly
increased contribution to the total support moment. Although there
are no known studies of TCG using the total support moment, other
studies have compared TCG to normal walking and inferences can be
made from these findings.
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Several studies have noted the increased knee flexion required to
perform TCG in comparison to NW. Wu reported an increase in
duration and magnitude of knee and hip flexion by 139% and 66%
respectively in elderly subjects performing TCG compared to NW [13].
In a similar study comparing TCG and NW, knee flexion in normal
walking (7.4° - 46.0°) was observed to be less than in TCG (13.1° -
46.5°). During TCG, the knee was observed to be constantly flexed as
compared to NW, which showed variable flexion over the gait cycle
[14]. Taking into consideration that TCG requires constant knee
flexion and is thus mechanically different in nature compared to NW, it
is reasonable to see changes in the composition of the total support
moment. As indicated by this study, a greater contribution of the knee
is required to support the leg in the flexed stance that is necessitated by
TCG. This pattern is further supported by electromyographic data of
the various muscles of the leg.

Electromyographic evidence further corroborates the increased
support moment contribution of the knee during TCG. The increased
flexion of the knee in TCG has been shown to be correlated with
increased activation of the knee extensors [14]. In one study, both the
rectus femoris and tensor fasciae latae showed markedly increased
activation magnitudes (403% and 252%, respectively) in comparison to
normal gait [13]. Greater peak muscle activity during TCG has also
been observed in other knee extensor muscles, such as the vastus
lateralis and vastus medialis [14]. The results of these
electromyographic studies are further supported by observations of
increased knee extensor strength in experienced Tai Chi practitioners
[15].

While performing TCG, increased flexion of the knee and use of
the knee extensors results in greater shear forces on the knee. Between
the ankle, knee, and hip joints, the knee experiences the greatest peak
shear force. Increased shear force during TCG is due to the greater
knee flexion and displacement of the knee from the center of gravity.
Although the peak shear force is increased in the knee during TCG,
compressive force is reduced [9]. These increased forces on the knee
further support our results, which indicate that the knee is the primary
contributor to the total support moment during TCG. Because the
contribution of the knee to the total vertical support is markedly
increased when performing TCG, a strikingly high mechanical
demand is placed on the knee joint.

Considering the load experienced by the knee, it is not surprising
that research has shown Tai Chi to be beneficial to knee health. Both
greater knee strength and proprioception have been documented. In
Tai Chi intervention studies using healthy, elderly subjects, increased
knee extensor strength in comparison to controls has been reported
[15-17]. In addition to increased knee strength, Tai Chi training has
been associated with improved proprioception about the knee
compared to controls [17]. Several studies have examined the
biomechanics of Tai Chi in healthy adults and have provided insight
into the biomechanical mechanisms underlying the changes seen in
practitioners of Tai Chi [7-9,13].

Surprisingly, all biomechanical Tai Chi research to date has focused
on healthy subjects. Although understanding the biomechanics of Tai
Chi in people free of injury or disease is an important first step towards
the evolution of Tai Chi as a therapy, if it is to be used for therapeutic
purposes, the biomechanics of Tai Chi in subjects with disease must be
elucidated. It is unclear how these people would handle the increased
mechanical demand placed upon the knee during Tai Chi. For
example, how would a person with knee osteoarthritis (OA) handle the
increased knee mechanical stress associated with Tai Chi? Interestingly,

there is evidence that Tai Chi is an effective therapy for people with
knee OA. Interventional studies have shown that Tai Chi can reduce
knee pain and stiffness as well as improve physical function [4,18].
These results are quite perplexing. Based on the current research, it
would seem that the increased mechanical demand on the knee during
Tai Chi would prove to be detrimental in people with knee OA.
However, randomized controlled trials have provided evidence
contrary to this conclusion. Future research into the biomechanics of
Tai Chi in people with joint disease is required to answer these
puzzling questions.

Conclusions
This study demonstrates different kinetics synergy patterns between

Tai Chi gait and normal gait. Importantly, Tai Chi gait places a high
mechanical demand on the knee joint. Our results provide
biomechanical basis of Tai Chi’s benefits on increasing knee joint range
of motion and muscle strength, also suggest that prescribing Tai Chi as
a potential therapy for people with joint disease, it needs a careful
consideration of evaluating mechanical response of people with joint
disease during Tai Chi exercise due to higher mechanical demand on
the knee joint.
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