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ABSTRACT
Postural stability and balance can be quantified by measuring the displacement of a person’s
center of pressure (COP) using a force platform while having a subject perform body sway tests. The
effectiveness of balance training programs can be assessed by comparing COP displacement during sway
tests before and after training. The purpose of this study was to conduct a proof-of-concept study, develop
a new “sitting-to-standing” transitional task protocol for an AMTI force platform, and prove a 3D balance
training program can improve a healthy subject’s balance and postural stability. The primary outcome
was the analysis of COP displacement among six different conditions (sitting-to-standing with both legs
eyes opened, both legs eyes closed, left leg eyes open, right leg eyes open, left leg eyes closed, right leg
eyes closed). While many studies exist using COP displacement to evaluate balance training, there are no
studies that use a force platform for 3D balance training requiring visual feedback from the subject to
control their own center of pressure. There are also no studies that perform sway tests having subjects
begin the trial sitting. It was hypothesized that since this balance training required visual feedback, that
improvement in balance would be seen in eyes-open stances rather than eyes-closed; and that since no
single leg training is involved, more improvement would be seen in two-legged stances. Twenty healthy
Penn State students were tested six times over the course of three weeks for 3D balance training where
COP displacement was collected before and after training. The results showed improvement in all six
conditions with statistically significant differences (p<0.05) among one-legged stances for eyes open and
left-leg stances eyes closed. Two-legged stances with eyes open and eyes closed went from having
significant differences (p<0.05) before training to minimal differences after training (p>0.05). The
positive results of this study suggest that this 3D balance training program could be used as potential
treatment on patients suffering balance disorders. More studies should be conducted to analyze the long
term effects of this treatment and further develop the benefits of this device and training program.
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Chapter 1
Introduction
Balance disorders are becoming more prevalent across the population, with
approximately 40% of the population in the United States expected to experience some form of
dizziness or balance difficulty over the course of a lifetime (NIDCD, 2014). In 2013, about 15%
of American adults (33 million) had a balance or dizziness problem (Ward et al., 2014) and in
2016, more than 1 in 20 children, between ages 3 and 17, had a balance or dizziness problem
(NIDC, 2016). Additionally, 1 in 3 elderly people fall each year due to a balance disorder or
weakness (Noohoo, Dey, & Hussain, 2014). Balance disorders can result from many uncontrollable
factors that degrade the vestibular system including decreased performance in sensory-motor
system due to aging, neurological and musculoskeletal disorders, and trauma. More specific
examples of these include lower back pain, chronic ankle injury, stroke, and concussion, among
many more (Madeleine et al., 2004). It is clear that a sufficient and normal balance system is an
essential feature for humans to maintain postural stability, protect themselves from falls, and
complete desired actions successfully (Huang et al., 2013).
Postural stability and balance can be quantified by measuring the displacement of a
person’s center of pressure (COP). COP refers to the point at which the pressure of the body over
the soles of the feet would be if it were concentrated in one spot. The displacement of COP is not
a true record of body sway, but rather a measure of the activity of the motor system in moving
away from the COP. (Ruhe, Fejer, & Walker, 2011) More movement creates more deviation from
the body’s center of pressure. Measurement of the displacement of COP has become an
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important tool over the past 20 years for its use as an index to assess postural stability in standing
and human balance (Ruhe, Fejer, & Walker, 2011; Zhu et al., 2017).
Body sway can be assessed by measuring deviations in the location of the center of
pressure (COP) on a supporting surface by using a force platform (Ruhe, Fejer, & Walker, 2011).
Measuring COP deviation during sway tests (standing eyes open, standing eyes closed, etc.) on a
force platform can give numerical value to a person’s balance. Performing before and after sway
testing, these results can be compared to determine the success of different types of balance
training programs in improving a person’s balance and postural stability.

Background
Force platforms are common devices that can give immediate indication of the state of
postural stability and human balance. Different types of force platforms exist and have their own
unique functions and benefits. An Advanced Mechanical Technology Incorporation (AMTI)
force platform is a PC-based test system that communicates with a PC via a serial link where
COP data is recorded using different sensors. This platform is specifically designed for gait and
balance analysis. A portable platform device called a Center of Pressure and Complexity
Monitoring System (CPCMS) measures COP using multivariate multiscale entropy. This device
is low cost in comparison to the AMTI and is easier for mobile assessment of patients with
balance disorders. Research done by Huang et al. (2013) examined the two platforms mentioned
above using sway tests to analyze the different sway (COP) displacements. The results indicated
that both devices can achieve similar results with quantifying human balance. For this thesis
study in particular, an AMTI force platform was used.
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Currently, there are various types of balance training that exist to improve balance problems
in different populations. Visual feedback training is commonly used in many clinical settings.
External visual feedback has had reported success with patients learning about spatial location
and displacement of their bodies, thereby producing a sufficient enhancement in their balance
control (Walke et al., 2000). Force platform visual feedback balance training (FPVF) has been
shown to improve balance and functional outcome in patients in the chronic phase after stroke
(Srivastava et al., 2009). This thesis also incorporated visual feedback training on a force
platform to improve balance.
Two different studies by Kilby et al. (2016; 2017) investigated the manipulation of COP
and COM (center of mass) in balance control by comparing augmented visual feedback to no
feedback conditions. The first study manipulated real-time kinematic feedback of the motion of
the whole body COM and COP to investigate the variables actively controlled in quiet standing
of young adults. The findings showed that the distance of both COP and COM to the respective
stability boundary was greater during the feedback trials compared to a no feedback condition,
indicating that visual feedback was the better tool for manipulating COP. The second study also
compared visual feedback to determine the impact of visual real-time feedback on the
coordination of the joint motions in postural control. They found that the COP-COM
manipulation had the lowest use of motion properties under the feedback conditions but overall,
the qualitative pattern of the joint motion structures was preserved within the respective static
and dynamic balance conditions. This showed that manipulating COP and COM under visual
feedback conditions was effective in actively controlling balance.
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Purpose
This study was done as a proof of concept study to create a new protocol for an AMTI
force platform and prove that a 3D balance training program can improve a patient’s balance and
postural stability by analyzing COP displacement in healthy individuals before and after training.
COP displacement was examined using a variety of sway tests (eyes open vs. eyes closed, one
leg vs. two legs, etc.). This balance training program would also be considered a form of visual
feedback training. Balance improvement would be determined based off observed decreases in
COP displacement. Healthy subjects were used with the intent that if training proved successful,
this treatment could be used on patients with balance disorders (strokes, concussions, ankle
injuries, etc.) who would benefit more than healthy individuals. While many studies exist using
COP displacement to evaluate balance training improvement, there are not many studies that use
the force platform for balance training as well. There are also no studies, to my knowledge, that
use 3D balance training for visual feedback or use sitting-to-standing task prior to sway test
assessment.

Hypothesis
It has been hypothesized that postural sway COP displacement will show differences
between eyes open and eyes closed, as well as, two-legged stance versus one-legged stance. With
eyes open, postural sway is classified as more random, but less variable, whereas eyes closed it is
the opposite (Bartlett, Gratton, & Rolf, 2012). Double-legged stance is also significantly more
stable than one-legged stances on either leg (Bartlett, Gratton, & Rolf, 2012). While the visual
system is the dominant system for postural balance, some studies have shown that vestibular and
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somatosensory systems can significantly affect postural balance as well (Gaerlan et al., 2010;
Garcia et al., 2012;). The visual channel responds to the direction of a moving object, whereas
the vestibular channel responds entirely to the motion of the head (Zhu et al., 2017). This
information guided the hypotheses of this study. Since this balance training study required visual
feedback while following a moving object and used both legs the entire time, it was hypothesized
that improvement in balance would be seen more in decreased COP displacement with eyes open
stances than eyes closed. Additionally, since no single leg training were involved in this
program, there would be more improvement seen in the two-legged stances.
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Chapter 2
Review of Literature
Several studies have been done analyzing the effect of different types of balance
training on improving center of pressure displacement. Sample size characteristics, training
methods, COP analyses, and results vary from study to study. Most studies have been related to a
specific balance disorder with the intent of using the results of the study as proof of treatment.
This review will analyze studies of five different balance disorders that involve COP
displacement, sway tests, balance training, or force platforms. This is important for this thesis
since if training proves successful, the program could then be applied to people with balance
disorders that could benefit more from the training than healthy individuals. With that being said,
studies conducted on healthy subjects without balance problems will also be reviewed as it
relates to the sample size chosen for this thesis.

Strokes

Standing balance deficits are common in individuals after stroke. Several studies have
been conducted to provide visual feedback training to improve balance control and postural
stability. Force platforms are often used, but not always.
Work by Hendrickson et al. (2014) discovered training of COP displacement was
effective at enhancing the balance and gait of hemiplegic patients. Further studies by Kim (2015)
looked at the effects of symmetric COP displacement training with feedback on the gait of stroke
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patients. Researchers examined 20 patients with hemiplegia (paralysis of one side of the body)
due to stroke through a six-week training program with five training sets repeated 10 times over
the course of 15 minutes for each session. However, no force platform was used. Instead, for the
training, subjects stood on both feet wearing an F-scan system while staring at a monitor that
displayed their COP. An F-scan system provides dynamic pressure, force, and timing
information for foot function and gait analysis through ultra-thin, in-shoe sensors. Each subject
was asked to perform lateral symmetry training while watching the COP displayed on the screen
(visual feedback training). The study concluded this feedback training of COP displacement was
more effective at enhancing gait and balance of hemiplegic patients than other feedback training
used before. These studies have similarity to this thesis as it displayed COP movement on the
screen during training. It is also the only one found for this review that used COP displacement
with visual feedback.
Another study from Tsaklis, Grooten, and Franzén (2012) evaluated the effect of weightshift training on functional balance, weight distribution, and postural control during standing and
forward reach tasks in chronic stroke patients. The training lasted for 4 weeks with COP
measured on a force platform before and after each testing session during double-legged stance.
COP displacement significantly improved (a decrease in score) from 10.6 to 3.0. The study
concluded that weight-shift training improved balance control and postural stability, but not
weight distribution. This thesis also involved weight shifting, distributing the force of your foot
to control your center of pressure with a visual feedback to follow.
In contrast to this finding, a study using force platform indicators found only
improvement in postural stability, but not balance control, when using a force platform for visual
feedback training. The study also found that force platform visual feedback training improved
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stance symmetry, but not sway while standing (Barclay et al., 2004). These results contradict the
hypotheses of this thesis.

Age-related balance problems

It is commonly known that aging is correlated with degradation of the vestibular system.
Age-related changes in the sensorimotor and neuromuscular system affect performance in
postural control, even in healthy older adults. In relation to COP displacement measurements
and aging, it has been shown that there is a natural steady increase in COP excursions and sway
velocity under eyes opened and closed standing conditions compared to young adults (Era et al.,
2006; Maki et al., 1996).
Two studies in 2014 by Kirby, Slobounov, and Newell examined aging, the recovery of
postural instability, and the complexity of spatial-temporal distributional patterns in human
stance. The first study looked at recovery of postural stability from taking a single volitional step
that varied in direction onto force platforms comparing young adults to old adults. The recovery
of postural stability was determined from the dynamic stability of the motions of the COP, COM,
and virtual time to contact (VTC). The findings showed that in all step directions the older adults
required more time to securely perform the step and were less stable after the second foot contact
with the surface of support (Kirby, Slobounov, & Newell, 2014). The second study also
compared young adults to old adults and investigated 2D COP, COM, and VTC to detect the
postural stability deficits of healthy older people compared to young adults. The findings showed
that for old adults the stability boundary was contracted (COP and COM) and VTC was reduced.
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The highest postural instability also changed in aging compared to the young adults (Kirby,
Slobounov, & Newell, 2014).
Work done by Lesinski et al. (2015) examined the effects of balance training on agerelated declines in balance performance and preventing falls in old age. Healthy older adults
were put through balance training and the effects on postural control and mobility were
documented. These authors quantified training frequency, period, and volume. No force platform
or visual feedback training was used. Analyses revealed that balance training is effective in
improving postural control and mobility, as well as, performance on balance test batteries in
healthy older adults. Interestingly, their studies revealed that quantifiers like training period,
frequency, and volume contributed significantly to the improvements observed in balance of
healthy older adults. Overall, a balance training protocol to improve balance performance in
healthy older adults involved: a training period of 11–12 weeks, a frequency of 3 sessions per
week, a total number of 36–40 training sessions, a duration of 31–45 min of a single training
session, and a total duration of 91–120 min of BT per week. This protocol is not similar to the
protocol used for this thesis as conducting training for three months was unfeasible.
Additionally, we hypothesized a three-week period with six training sessions would be a
sufficient amount of time to observe changes.
Using force platforms, Suzuki et al. (2017) conducted a COP displacement balance study in
community-dwelling elderly. Frequency analysis of the COP in tandem stance was looked at
among a sample size of 18 females (mean age 72.9). Before entering the study, 11 participants
had difficulty maintaining stance for 20 seconds. Tandem stance involves placing the feet in a
toe-to-heel position along the midsagittal plane, with the toe of one foot touching the heel of the
other and is laterally unstable. COP was measured on a force platform where patients stood
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barefoot while maintaining the tandem stance. Significant differences were observed between the
tandem stance females who could hold a stance for 20 seconds and who could not at initial
testing. The subjects that could not hold the stance had a much higher frequency of deviation
from COP. This thesis also evaluates different stances on a force platform measuring COP
deviation. However, the stances chosen were not similar to tandem stances.

Lower Back Pain

Lower back pain is a common musculoskeletal disorder, with 20% of people developing
the chronic condition which requires constant medical attention. While age is a major factor in
balance stability, lower back pain could account for up to 9% of the variance in balance. A
review by Ruhe, Fejer, and Walker (2011) examined COP excursion as a measure of balance
performance in patients with non-specific low back pain (NSLBP). The majority of the papers
they identified (14/16, 88%) found that that NSLBP patients have increased COP mean velocity
and overall greater COP excursions as compared to healthy individuals. This finding was
statistically significant in the majority of studies, emphasizing that those with NSLBP have
greater postural instability than healthy controls. The review highlights that the presence of low
back pain contributes to balance instability, however there was no correlation between pain
intensity and the magnitude of COP excursions.

11
Concussions

Postural instability and balance degradation are common symptoms seen in concussion
patients right after injury. The effects of concussions on balance and postural control can persist
for longer than the initial days after injury, even among athletes with no initial signs of
unsteadiness. Using balance has also become a valid tool for concussion assessment in clinical
settings.
A study by Teel and Slobounov (2015) validated a virtual reality (VR) balance module for
use in clinical concussion assessment. Subjects included 60 control and 28 concussed
participants who completed the VR balance module. All but one of the VR balance composite
scores were significantly correlated with the center of pressure data obtained from a force
platform. When examining group differences, the concussed group did significantly worse
(p<0.01) on all measures compared with the control group. This proved validation of a VR
balance module as a tool for concussion assessment in clinical settings.

A second study by Teel et al. (2016) established the sensitivity and specificity of the
VR balance module for detecting lingering balance deficits and compared these findings to
previously used concussion balance modalities. For the VR balance module, a cutoff score of
8.25 was established to maximize sensitivity at 85.7% and specificity at 87.8%. These results
showed that the VR module has a high sensitivity and specificity for detecting balance deficits
after concussive injury and may be able to detect ongoing balance deficits not readily detectable
by Balance Error Scoring System or Sensory Organization Test. VR balance modules may be a
beneficial addition to the current clinical concussion diagnostic battery.
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Complete recovery of balance and postural control after concussion is a major factor in
determining the athlete's ability to return to play. A study by Cavanaugh et al. (2006)
investigated recovery of postural control after concussion using approximate entropy (ApEn)
values on a force platform with COP. They hypothesized that using ApEn values with COP
could be a way to determine when athletes are ready for return to play post-concussion. ApEn
values reflect the amount of randomness contained in COP oscillations. This is similar to COP
displacement, however displacement focuses on the deviation away from the center of pressure,
not necessarily the randomness. In a previous experiment conducted by Cavanaugh et al. in
2005, equilibrium scores of ApEn reflected the amplitude of COP oscillations indicating postural
stability (Cavanaugh et al., 2005; 2006).
In a follow-up study by Cavanaugh et al. (2007), a secondary cognitive task was introduced
to concussed patients so that ApEn values could be used to assess changes in randomness of
COP oscillations immediately post-concussion. This secondary cognitive task was a two-legged
sway test on a force platform with eyes open and eyes closed. Results showed that ApEn values
significantly declined with both eyes open and eyes closed immediately after injury in both
steady and unsteady injured athletes. ApEn values continued to remain depressed even 96 hours
after injury. These results indicate ApEn values for COP provide important information related
to the status of concussion that may not have been known before. The conclusion was drawn that
measures of postural stability using approximate entropy on force platforms would be a useful
clinical tool for return-to-play decisions in sport.
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Ankle Injuries
One of the most common symptoms of an ankle injury, besides pain and discomfort, is an
effect, either short or long term, on balance performance and postural stability. Unlike the other
balance disorders discussed above, ankle injuries are the most closely related in proximity to the
location of COP under the foot. A study by Pope et al. (2011) examined COP location in relation
to the sole of the foot . The study found that COP location indicates where forces are distributed
on the foot and can provide information about the spatial distributions of force application under
the foot. This is a useful tool when evaluating the stability and function of the foot after injury.
Relating to this thesis, the balance training program required distributing force application under
the foot to move COP location.
Another study, done by Mettler et al. (2015), involved patients with chronic ankle
instability. Chronic ankle instability (CAI) occurs in some people after an ankle sprain that
results in residual feels of instability and episodes of the ankle “giving away”. CAI patients
demonstrated poor balance control and COP displacement during a single-limb balance task on a
force platform. This indicates that measurements of COP displacement is effective in confirming
poor balance control of CAI patients.
It was hypothesized in this thesis that balance training is effective at modulation (altering
is “negative issues” COP displacement measures. Work done by McKeon et al. (2008) examined
if spatial locations of COP data points would change after a 4-week training program.
Participants were randomly assigned to a 4-week balance-training program or no balance
training. Those in the balance-training group completed the program (three 20-minute sessions
per week, 12 supervised sessions total). This program was intended to challenge the ability to
maintain a single-limb stance during various balance activities such as hop to stabilization, hop
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to stabilization and reach, hop-to-stabilization box drill, progressive single-limb-stance balancing
with eyes open, and progressive single-limb-stance balancing with eyes closed. Over the course
of 4 weeks, participants progressed through 7 difficulty levels for each activity COP data was
collected before and after balance training. Collection involved participants performing 3 10second trials of eyes-open and eyes-closed single-leg stance on a force platform. Both eyes open
and eyes closed trials after training reported significant differences. The group that did not
perform balance training had no improvements in their COP measurements.
Another similar study by Verhagen et al. (2005) compared eyes open and eyes closed for
single leg stances after a balance training program was given to injured and uninjured
individuals. Injured individuals currently reported ankle or foot problems. The study hoped that a
5.5-week balance training program would lead to decreased postural sway shown through
reduced COP displacement. Measurements of COP took place on a force platform before and
after training, where training (around 15 minutes) consisted of 14 basic exercises on and off a
balance board with variations on each exercise. Unlike the studies reviewed so far, no significant
differences in COP displacement were found between either group after training. The only
noticeable result was eyes-closed situations in both groups showed a tendency towards improved
COP displacement. However, it was still not significant. The study had to conclude that balance
training does not lead to improvements in COP for non-injured and injured subjects.

15
No Balance Disorders

Since this thesis does not include a group with balance disorders it is important to review
studies where balance improvement was investigated only among healthy subjects without
balance disorders.
A study by Yoshida et al. (2014) used healthy subjects to examine whether the dominant
foot could affect the postural control mechanism using a body tracking test (BTT). The BTT
assessed body balance during the movement of a visual target where the subject was asked to
move his/her COP according to the movement of the target. While the subject is tracking the
movement of this target, the COP they are controlling is recorded and analyzed. BTT is practical
because the ability to maintain postural balance while staring at a moving target is usually
performed during daily activities
Another study on healthy individuals involved four sway tests (eyes open, eyes closed, eyes
open with water pad, and eyes closed with water pad) to produce different COP displacements.
The purpose of this study was to see if portable force platforms could produce the same result as
non-portable force platforms after balance training. After a four-week training program occurred,
improvement was seen in both eyes open and eyes closed with greater improvement in the eyes
closed test (Huang et al., 2013).

16

Chapter 3
Methodology
3D Balance Training Program Setup

The 3D balance training protocol and software was designed at the VR/Concussion
Laboratory in the Department of Kinesiology and aimed at improving postural stability and
balance by presenting a series of 3D graphical templates to a patient positioned on an AMTI
force platform. Each template can be modified in several ways, for example changing the width
of the channel, or the length of the template. Colors for various template features can also be
modified. A red and white dot, referred to as a puck in this program, is fixed in the center of each
template. The puck represents the current center of pressure. When the program enters one of the
two modes, the puck will begin to move and it is the patient’s job to shift their weight
accordingly on the platform to keep the puck in the green area of the template.
The two modes of the program are practice and trial. Practice mode allows the patient to
get comfortable on the platform and orient themselves on how the system works before starting
the real collection. Once the patient is ready, you can switch to the trial mode. A score is
presented to the patient at the end of each trial.
The score presented to the subject is a ratio of the total number of samples in the template
divided by the number of samples which were in the channel or channels of the particular
template. Keeping the puck in the green zone is registered as a ‘hit’. If the cursor is not in a
segment it is registered as a ‘miss’. In other words, it is the amount of time during a set time limit
the puck remains in the green area of the template. The score can range from 0 (no hits) to 100
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(no misses) (Figure 1). There are currently 7 templates, with letters A through G. Templates A
through E were used for this study (see Figures 2-6 for details). Each of the templates has 3 to 4
green dots spaced out evenly across the template. To make the program more challenging, it is
essential to instruct patients to not only try to remain in the green zone, but also move the puck
back and forth hitting each of the dots displayed.

Figure 1. Sample Score

Figure 2. Template A

Figure 3. Template B
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Figure 4. Template C

Figure 5. Template D

Figure 6. Template E
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Balance System Protocol

Each time the 3D balance training is opened on the desktop, the force platform must be
placed where it can be used with nothing on or around it. The computer must also be connected
to a projector so that the 3D templates can be projected onto a big screen. Once the program
agrees that nothing is on the platform, offsets will be collected from the force platform to zero
the platform. Collecting offsets helps to increase the accuracy of the collected readings. Once
this is complete the platform is ready to use.
The main window has four sections. The platform section is used to zero the platform,
which will need to be done every time a new person is about to use the program. Under this
section is also where a person’s weight can be calculated (See Figure 7).

Figure 7. Patient Weight Calculation

The training section (Figure 8) displays a menu of the 7 different 3D templates that can
be selected to be displayed on the screen. This section also displays an option to Plot COP. This
displays a grid with four quadrants where the patient’s center of pressure can be monitored on
the screen. The moving dotted line displayed on this grid (Figure 9) when a patient is performing
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a task shows a measure of the activity of the patient’s vestibular system in moving the location of
the COP. This can also be referred to as the level of COP displacement reflecting the amount of
randomness and deviation contained in center-of-pressure oscillations. A lower score indicates
less deviation and more concentration and stability in one spot.

Figure 8. Training Menu

Figure 9. COP Trace
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There is also an option to overlap a COP trace with a template while a patient is performing a
task. This was determined to be distracting to the patient and was not used in this experiment.
Running COP trials and template training trials requires first choosing either Plot COP or picking
a certain template. Once this is determined, in options menu (Figure 10) is where the trial length
and number of trials can be set. This is also where all of the data for each of the trials will be
saved.

Figure 10. Options dialogue menu

On the right side of the main window is a slider which can change the sensitivity of the
COP, so for the same change in the COP applied by the patient, the amount of movement in the
puck would vary, making the program more or less difficult. By decreasing sensitivity, the puck
may be a little easier to control. However, the patient may have problems moving larger
distances. By increasing sensitivity, the puck may become harder to control. For this study the
sensitivity slider (Figure 11) was kept at the midpoint value of 205.
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Figure 11. Sensitivity Slider
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Subjects
All subjects are current Penn State students (n=20) with no present postural stability or balance
problems. All are considered healthy at the time of training. Subject demographics can be found
on the individual in Table 1 and on the group level in Table 2. All subject demographics were
asked in person except for weight. Weight was obtained in pounds using the weight calculator of
the program.
Subjects were obtained by asking for volunteers among peers and students working in Dr.
Slobounov’s research lab and were not compensated for their involvement.

Table 1. Individual Subject Demographic Information
Subject
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Gender
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female

Age
(years)
22
21
22
21
21
22
21
20
22
20
21
22
21
22
21
21
21
22
21
22

Height
(inches)
68
70
74.5
72
67
71
72
70
69
73
67
60
67
61
63
61
68.5
65.5
62
70

Weight
(pounds)
151.26
182.81
200.38
149.18
151.00
170.96
138.09
170.09
145.50
165.05
136.21
156.54
133.05
143.35
163.53
157.94
148.15
150.65
127.74
173.48

Footedness

Balance History

Right
Right
Right
Right
Right
Right
Right
Right
Left
Right
Right
Right
Right
Right
Right
Right
Right
Right
Left
Right

yes- left ankle injury
yes-right ankle injury
yes-left ankle injury
no
no
no
no
yes-left ankle injury
no
no
no
no
yes-right foot injury
no
yes-concussion
yes-concussion
no
no
no
no
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Table 2. Average Subject Demographic Information
Descriptive
Age (years; mean ± std dev)
Height (inches; mean ± std dev)
Weight (pounds; mean ± std dev)
Gender (n (%))
Male
Female
Footedness (n (%))
Right
Left
History concussion (n (%))
Yes
No
History Ankle (n (%))
Yes
No

Mean
21.5 ± 1.23
67.6 ± 4.3
155.75 ± 17.9
10 (50)
10 (50)
18 (90)
2 (10)
2 (11)
18 (88)
5 (25)
20 (75)

Experimental Setup

Participants signed up for six times over the course of three weeks to come into the lab where the
AMTI platform and program are set up. Ten subjects were trained in the fall semester and ten
subjects were trained in the spring semester. A minimum of one to two days were in between
each of their training sessions. The first and last visit were approximately 30 minutes while the
other four visits were approximately 15 minutes. Study design and protocol for each day is
described in Figure 12.
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Figure 12. Study design and protocol for each day of training.

Demographics
COP
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•A
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•A
•B
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•A
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•A
•B
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• EO
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• LEO
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• REO
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Templates
•A
•B
•C
•D
•E

• Templates
•A
•B
•C
•D
•E

COP Displacement Measurements

The sway “sitting to standing transition” tests performed were done on the platform involving six
different conditions where all subjects began their test sitting down. The subject would sit on a
stool with both of their feet placed in the center of the platform with a square taped in the middle
of the platform for proper feet placement (Figure 13). A height adjustable stool was used so that
a 90-degree angle could always be obtained. The stool was adjusted accordingly dependent on
the person’s height and a protractor was used to properly measure the angle (See Figure 14 for
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example). Once proper subject position was obtained the COP trials using sway tests could
begin.

Figure 13. The platform that was used with blue marked squares

Figure 14. Subject sitting on stool with a 90-degree angle.
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The six conditions used were transition from sitting to standing both legs with eyes open (EO),
standing both legs with eyes closed (EC) (See Figure 15), left leg eyes open (LEO), right leg
eyes open (REO) (See Figure 16), left leg eyes closed (LEC), and right leg eyes closed (REC).

Figure 15. Subject performing two-legged eyes closed sway test.

Figure 16. Subject performing one-legged eyes open sway test.
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Each trial lasted 30 seconds and all subjects would perform these six conditions three times
so that a mean could be obtained. Data collection started once the participant had stood up from
the chair. Their hands were not allowed to help them get off the chair. For one-legged stances
subjects were required to put their hands on their hips. For eyes open stances an “X” was placed
on the wall in front of the subjects for them to focus on during those trials. If during one legged
stances, a subject was unable to keep their balance and fell off the platform before time had
stopped, that trial would end.
At the end of each trial a COP displacement score was given indicating the significance of
the different sway displacements and how much their body deviated from the COP location. A
low score indicated less displacement from COP and a high score indicated the opposite. These
values were recorded for all six conditions under three trials where a mean was obtained.

Template Measurements

Each of the six balance training sessions were exactly the same for all subjects. Facing
the projector, they were presented Templates A-E (Figures 2-6). Templates F and G were not
used for the first study done with this platform because they proved too difficult. Subjects were
instructed to move the puck, initially placed in the center of the template, back and forth in the
green zone hitting all of the dark green dots present. The puck is their current center of pressure
and it is the subject’s task to practice distributing force under their foot in order to control the
puck and move it in different directions (See Figure 17 for example).
Each template was practiced three times per training session, starting with A and ending
at E. Before officially starting each trial of a template, a practice mode occurred for a few
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seconds to give subjects time to get situated before actual data collection began. Trials were set
for 30 seconds and at the end of each trial a score appeared. The score reflects time spent in the
green zone of the template on a 0 to 100 scale. An average score was calculated for each of the
six training sessions.

Figure 17. Subject during training on Template D.
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Chapter 4

Results

COP Displacement Results

COP displacement before training (Day 1) and after training (Day 6) was compared for all
20 subjects after the three trials performed at each time were averaged (Table 3). On an
individual level, data were examined to see overall changes (increase or decrease) in COP
displacement for the 6 conditions (Table 4). Overall, all subjects improved on at least four
conditions over time.
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Table 3. COP Values Before and After Balance Training
Subj ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Time
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After

EO
6.96
3.37
4.26
2.72
2.17
3.36
3.12
2.42
5.36
3.86
2.15
2.44
7.99
24.83
11.61
5.27
3.70
2.05
5.15
4.84
7.68
3.06
1.94
1.58
3.96
4.95
6.96
3.34
3.08
3.58
2.88
2.83
2.40
2.04
1.86
3.03
4.13
1.34
4.33
3.51

EC
5.51
6.47
6.03
3.35
4.61
4.30
3.81
2.65
3.40
4.58
3.41
1.78
8.02
9.95
13.29
4.35
3.64
2.84
7.78
6.46
14.83
8.59
1.51
2.17
4.08
5.78
6.24
4.81
4.62
1.47
4.11
3.80
4.25
3.01
4.24
3.23
2.55
2.03
9.37
4.77

LEO
23.57
10.42
30.07
25.10
11.55
10.23
31.22
7.23
26.95
9.09
7.81
6.11
13.75
12.20
86.77
7.55
15.90
8.04
72.30
14.70
44.05
18.50
41.27
6.63
21.50
19.23
13.76
6.65
8.67
11.06
9.59
9.31
8.70
7.28
10.02
4.99
11.15
7.42
11.49
11.77

REO
15.60
9.02
20.43
26.70
12.40
9.41
14.21
8.99
19.91
10.72
7.57
9.50
33.37
10.15
126.91
42.88
37.90
28.20
104.00
19.30
34.67
10.07
29.40
5.19
28.43
17.80
9.36
9.74
10.45
6.40
6.86
8.71
13.73
8.03
9.27
7.00
8.75
4.88
37.87
14.00

LEC
64.07
62.27
127.67
55.13
379.20
81.93
41.83
30.93
65.63
47.20
32.30
31.30
46.57
43.36
158.00
99.80
223.00
100.03
137.00
182.00
441.00
270.33
63.73
28.10
282.67
195.00
37.57
27.67
71.33
39.33
107.77
51.03
49.23
46.77
72.93
32.70
325.83
37.20
57.60
29.63

REC
85.00
53.57
123.73
66.60
83.17
59.53
104.23
26.43
70.00
71.97
148.70
41.33
54.83
30.00
246.67
166.63
262.67
146.50
193.00
52.50
398.00
448.00
83.67
21.70
125.17
106.33
40.70
32.60
76.73
47.30
109.93
103.80
53.33
52.87
138.57
36.37
101.37
72.93
62.33
39.30
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Table 4. Number of conditions and subjects that showed improvement

Number of conditions
improved
6 conditions
5 conditions
4 conditions

Number of subjects
improvement
6
11
3

For each individual, COP displacement was examined to see if it decreased after the three
weeks for each individual condition (Table 5). It was shown that left and right eyes closed
conditions (both single leg stances) had the greatest number of subjects improve over time while
eyes open (both legs) had the least improvement over time.
Table 5. Number of subjects with improvement for each condition.

Overall improvement
(decrease in COP score)

EO

EC LEO REO LEC REC

14

17

18

16

19

19

A history of balance problems was examined (primarily due to ankle and foot injuries) to
see if there was an improvement in COP displacement in their previously injured leg. An
increase in COP displacement was seen in all subjects (n=5) who had reported previous injury.
These improvements were seen in both eyes open and eyes closed conditions.
Table 6. Number of subjects with improvement in the previously injured leg.

Eyes Open vs. Eyes Closed
injured leg eyes closed
injured leg eyes open

Overall Improvement
(Decrease in COP Score)
5
5

Statistical analysis was done on all of the COP displacement data. Descriptive tests
calculated the mean, standard deviation, and variance before training (Table 7) and after training
(Table 8). Group analysis confirmed that there was a decrease in mean values for all 6 conditions
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(which we saw at the individual level). Standard deviations varied depending on the type of
condition and subject being tested as each subject is expected to not have the same balance
performance. The means of Table 7 and 8 were combined in a graph (Figure 20.)
Table 7. Mean, standard deviation, and variance of COP data before training.

EO
EC
LEO
REO
LEC
REC

Mean
4.58
5.77
25.00
29.05
139.25
128.09

Standard Deviation
2.54
3.42
21.70
31.59
124.16
87.72

Variance
6.45
11.69
470.72
998.03
15416.87
7694.16

Table 8. Mean, standard deviation, and variance of COP data after training.

EO
EC
LEO

Mean
4.22
4.32
10.68

Standard Deviation
4.96
2.24
5.15

Variance
24.639
5.017
26.499

REO
LEC
REC

13.33
74.59
83.81

9.49
66.42
94.13

90.117
4412.200
8861.287
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Figure 18. Graph of the mean COP displacement for each condition before and after training.

Mean Center of Pressure Displacement
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REC

Condition

A paired t-test (significance p<0.05) was done comparing EO-EC, REO-REC, LEO-LEC,
REO-LEO, and REC-LEC for the before balance training session and the after balance training
session (Table 9). Before balance training, there were significant differences for EO-EC
(p<0.05), LEO-LEC (p<0.05), and REO-REC (p<0.05).
After balance training was completed, significant differences were found for LEO-LEC
(p<0.05) and REO-REC (p<0.05). EO-EC had a p-value of 0.91, indicating that the COP results
after testing were almost the same as before testing. Before and after balance training, right and
left leg comparisons, with both eyes open and eyes closed, performed similarly (p>0.05).
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Table 9. Paired t-test p-values for before and after training.
Before
Training
0.263
0.630
0.027*
0.00*
0.000*

LEO-REO
LEC-REC
EO-EC
LEO-LEC
REO-REC

After
Training
0.222
0.496
0.910
0.000*
0.003*

*For a p-value <0.05

Finally, an independent t-test was done comparing each condition before and after
balance testing (Table 10). Results showed significant differences (p<0.05) with LEO, REO, and
LEC over time. EO results showed minimal changes in performance before and after balance
training.
Table 10. Independent t-test p-values for before and after training.
Condition
EO
EC
LEO
REO

p-value
0.772
0.122
0.007*
0.040*

LEC

0.047*

REC

0.122

*For a p-value <0.05
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Balance Training Results

The balance training scores were averaged for each template (A – E) and each day of
training (6 total) for all subjects. The average score per day and per template for the sample size
as a whole were found (Table 11). These averages were put through statistical analysis. The
overall mean, standard deviation and variance for each template was calculated (Table 12).
While all subjects had overall improvement from their first training day, the scores started to
plateau by training session 2 or 3 with slight variation after that time point. A graph of Table 11
can be found in Figure 21. The graph indicated that Template A was the most difficult to perform
on as its average scores per day never reached above 90 like the rest of the templates.
Table 11. Average balance training score of sample size for each template and training day.

Training Day 1

Template A
77.07

Template B
84.6

Template C
75.56

Template D
80.73

Template E
78.38

Training Day 2

85.17

93.21

86.28

89.19

86.74

Training Day 3

88.2

94.4

89.5

90.99

90.12

Training Day 4

88.16

94.71

90.73

91.52

92.04

Training Day 5

89.39

96.04

93.57

93.61

93.16

Training Day 6

90.12

95.22

92.47

92.38

92.21

Table 12. Average balance training score of sample size for each template across all days.
Mean

Standard Deviation

Variance

A

86.3511

8.79326

77.321

B

93.0294

9.60556

92.267

C

88.0166

12.05150

145.239

D

89.7375

9.79925

96.025

E

88.7713

11.23643

126.257
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Figure 19. Mean Balance Training Scores for Each Template Across the Six Days.
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Finally, statistical analysis was done to look for correlations between height, weight, and
gender with COP displacement. No significant correlations were found (p>0.05).
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Summary of Main Results



All subjects had tendency to modulate the COP displacement after transition from
sitting to upright stands in at least four to six of the conditions performed during
the sway test. (Table 2)



Transition to one-legged upright stances had more improvement then two legged
stances with eyes open having the least and right and left leg eyes closed having
the most (Table 3).



Subjects who reported previous leg injuries in the past had improvement in their
bad leg with eyes closed and eyes open (Table 4).



As a sample size, the COP displacement mean was higher after training for all six
conditions (Table 6).



After training eyes open and eyes closed with both legs had almost no different
between them with p-value .910 (Table 7).



After training there was significant p-value in left leg eyes open (.007), right leg
eyes open (.040), left leg eyes closed (.047) (Table 8).



Balance training scores plateaued after days 2 and 3 with template A appearing to
be the most difficult template to perform on in comparison to the other four
(Figure 21).



No correlations exist between height, weight, and gender and COP displacement.
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Chapter 5

Discussion
The purpose of this study was to conduct a proof-of-concept study, develop a new
protocol for the AMTI platform, and prove a 3D balance training program can improve a healthy
subject’s balance and postural stability by analyzing center of pressure (COP) displacement
among six different conditions using sway tests. The novel sitting to standing transitional
postural task was implemented to assess the efficacy of balance training. It was hypothesized that
since this balance training required visual feedback by controlling a moving object with applied
force on both legs, that improvement in balance would be seen more in eyes-open stances than
eyes-closed; and that since no single leg training is involved, more improvement would be seen
in two-legged stances. This study was comprised of twenty Penn State students participating in
3D balance training on a AMTI force platform to improve their balance through decreased COP
displacement after training was complete. All participants were healthy and reported no current
balance problems. Seven participants had previous history of balance disorders with two being
due to concussions and five being due to ankle injuries.
Literature review of balance disorders showed several examples of studies that saw
improvements by decreasing COP displacement through a set balance training program. Force
platforms also proved effective devices in measuring the location of COP and tracking its
movements and deviations. Some of the balance training programs described also used the force
platform and visual feedback training by either having the subject control the COP to a
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movement of a target (BTT) like this study or watch it move on a screen while a separate task
was being performed. Finally, many studies used similar sway tests with either both legs or
single-leg stances in eyes opened or eyes closed conditions where decreased COP displacement
improved in all or some of these conditions.
The results of this study show overall success of the 3D balance training program in
improving balance through decreased COP displacement in healthy individuals. While
significant differences in reduction of COP displacement before training versus after training
varied by condition, the findings discussed below are interesting and provide room for many
more studies to be done with this device and its protocols.
The main results revealed that all subjects improved their balance while performing the
sitting-to-standing task (via COP displacement measures) in at least four to six of the conditions
performed during sway test analysis conducted before training and after balance training was
complete. In contrast to the hypothesis, transition to-one-legged stances had more improvement
with eyes open and eyes closed than transition to-two legged stances with eyes open and eyes
closed. EO had the least amount of improvement after training and REC and LEC had the
greatest improvement. This suggests that there was more improvement with EC during this study
than EO. Independent t-tests further confirmed the significant improvement in one-legged
stances before balance training and after balance training with LEO (p=0.007), REO (p=0.040),
and LEC(p=0.047). Both legs with EC (p=0.772) had a high p-value indicating little change
between before and after training.
While it was hypothesized that transition to both leg stances would improve more due to
the training program this was not the case. Keeping in mind that these are healthy individuals
without balance problems, it would not be expected that they would have much room for
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improvement in their daily sitting to standing condition of both legs eyes open. This realization
can explain why after training there was not much improvement in the COP displacement of both
legs eyes open. On the other hand, both legs eyes closed improved more as this condition is not
commonly used on a daily basis. Additionally, one-legged stances had greater room for
improvement because they are not used daily. While the program requires the use of two feet the
whole time, the subject is consistently practicing distributing their weight to move the COP with
each of their legs. Therefore, when it came time to perform sway tests again after training, the
subject can easily use the techniques they learned during the training program and apply it to one
leg.
These results are supported by previous published literature. Huang et al. (2013) found
60-70% of improvement in COP analysis of the EC test and 35-60% of improvement in the COP
analysis of the EO test, showing more improvement with EC. Additionally, while much of the
Verhagen et al. (2005) study had discouraging results, the only finding they had that was positive
was the result that EC situations in all groups showed a tendency toward smaller COP excursion
after balance training. Finally, the Tsalikis et al. (2012) study confirmed that weight-shifting
training can improve a person’s balance control of both legs showing that the subjects in this
study could have more balance control of each of their legs after going through a similar weightshifting balance training program. These studies explain why EC for both legs had greater
improvement than EO and why it is possible that there was more improvement in one-leg stances
than two-leg stances.
Statistical analysis on the sample group showed the mean, standard deviation, and
variance for COP displacement before and after training. It was found that COP displacement
decreased after balance training was complete for all six conditions, indicating balance
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improvement. This finding is important for studies going forward as it can support the potential
effectiveness of this 3D balance training program on subjects with balance disorders who are
likely benefit more from the program than the healthy subjects used in this thesis. Standard
deviation and variance varied depending on the condition, as each subject was different on
certain conditions highlighting the individual variability involved with balance.
Another finding that is important for studies going forward was the individual subject
results for the five subjects that reported previous balance problems due to ankle injuries in the
past. All five subjects had decreased COP displacement after balance training in their previously
injured leg for both eyes closed and eyes open conditions. This indicates balance improvement
and further confirmation that this training program going forward is likely to significantly
improve balance for patients with current balance problems.
One of the most interesting results of this study came from the paired t-test analysis.
Before balancing training, there was significant difference (p<0.05) in COP displacement
between EO-EC (p=0.027), LEO-LEC (p=0.000), and REO-REC (p=0.000). After balance
training, significant difference still existed between LEO-LEC (p=0.000) and REO-REC
(p=0.003), however EO-EC values became almost the same, with a p-value of 0.910. This
finding can be explained by the fact that very little improvement occurred with EO conditions
during this study, while EC conditions had greater room for improvement. Healthy subjects also
have little room for improvement in the EO condition as they are constantly performing similar
tasks on a daily basis without minimal problems. There is however, room for improvement
within EC conditions as these are more unique and likely to perturb normal functioning.
The average balance training scores throughout the course of the six training days, for
each template (A-E) were calculated. Subjects overall performed similarly on all the templates,
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with template A appearing to be the most difficult (lowest average score per day). This confirms
self-reports from many subjects that template A was by far the hardest to perform on, due to
difficulty in controlling horizontal movement. All other templates involved some form of vertical
or diagonal movement. This finding is very relatable to real world situations as day to day
walking and movements tend to be mostly vertical or diagonal.
While all subjects had overall improvement from their first training day with each
template, the scores started to plateau by training session 2 or 3 with slight variation after that
time point. This is expected because the training score is out of 100 so a ceiling effect is created.
Once scores reached a certain point, the program became more of a repetitive practice since there
was little room for improvement. This could be viewed as beneficial since repetition of the same
movements of the foot could attribute to the effectiveness of this weight shifting balance
program in developing balance control. Improvement in a person’s balance control through this
training program explains why their COP displacement became lower and improved after
completing the training program.
Lastly, statistical analysis was done to look for correlations between height, weight, and
gender with COP displacement. No significant correlations were found (p>0.05). Footedness was
also recorded under subject demographic. No significant correlation was found between
dominant foot and better or worse balance scores both before and after training.
These findings are supported by studies that also showed a lack of correlation in balance
COP displacement scores and subject demographics. A study by Davies (2009) examined the
effects of a 4-week single leg stance balance training program to determine any differences
between gender for balance performance. Results showed balance improved in the trained and
untrained leg and that men and women are nearly identical in balance performance and cross
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education improvements. A study by Alonso et al. (2012) aimed to evaluate the influence of
height, weight and gender, on postural balance in adults. The analysis revealed poor correlation
in all three characteristics.
While it can be concluded that this 3D balance training program on an AMTI force
platform improved healthy subjects’ balance, based on lower COP displacement scores after
training, there are still many limitations to the study. Going forward, the hope would be to take
this platform into the community and use it on people with any of the balance disorders
previously mentioned. However, since this program is through an AMTI force platform
connected to a PC, this would prove difficult. Low-cost portable platforms exist and have proven
successful in producing the same results as an AMTI platforms in quantifying balance (Huang et
al, 2013). To further this research, this 3D balance training program needs to be developed into a
mobile and portable setting that could be connected to a low-cost portable platform. Virtual
reality goggles could be a possible solution.
Another limitation would be the length of study and inability to analyze long term effects
on the subjects. There is no way to know if the improvement seen in decreased COP
displacement after balance training will last after the study ended without further training. There
is also no way to know what would happen if more or less training occurred. Additionally, it
would be useful to know at what point in the balance training improvements started to occur
since the balance training scores plateaued early on in the study and could not be correlated with
COP displacement improvement.
The frequency, period, and volume of study were chosen randomly for this study.
Looking at the Lesinski et al. (2013) study, he discovered a training period, frequency, and
volume that heavily contributed to the improvements of balance in older adults. The training
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period of 11-12 weeks was four times longer than this study of 3 weeks. The frequency of
training was 3 times a week whereas this study it was 2, and the volume was 31-45 minutes for a
single training session while this one on average was 15. Based off this comparison, it is clear
that frequency, period, and volume could be increased in this study to see more significant
balance improvement. Finally, one last limitation was sample size (n=20) as it would not be
considered large enough for results to be truly generalized to a larger population.
If this study were to be conducted again, there could be implementations that could be
added to the current methodology. A control group should be introduced that does not perform
balance training at all in order to compare COP displacement to the group that goes through
training. Secondly, to avoid any influence of fatigue, COP displacement sway tests before and
after training should be done on separate days to avoid overlap with the training program. Some
subjects on the last day self-reported a little fatigue when doing the sway tests immediately after
finishing the balance training program.
Going forward, this training program could be applied to a population with balance
problems and disorders where the subjects can hopefully benefit more than the healthy subjects
used for this study. Secondly, finding a portable force platform and a way to make this training
program portable and not PC dependent would allow this treatment to leave the lab setting and
be used in the community. Finally, further studies could be done involving manipulation of the
parameters of the 3D training program. For example, research could be done to examine the
effects on balance improvement if the difficulty increase. This could be done by creating more
challenging 3D templates or altering the sensitivity slider in the program to make the puck
(person’s COP) harder to move.
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Summary

This thesis was a proof-of-concept study to develop a new protocol for the AMTI
platform and prove a 3D balance training program can improve a healthy subject’s balance and
postural stability by analyzing center of pressure displacement among six different conditions
(EO, EC, LEO, REO, LEC, REC) using “sitting-to-standing” sway tests before and after testing.
The results showed improvement in all six conditions with statistically significant difference
(p<0.05) among one-legged stances and some eyes closed stances. The positive results of this
study provide proof that this 3D balance training program can now be used as potential treatment
on patients suffering balance disorders such as stroke, concussions, ankle injuries, and others.
More studies could now be conducted to analyze the long term effects of this treatment and
further develop the benefits of this device and training program.
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