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Abstract

A balance ability measurement system for older
people based on the Wii balance board

Ao LI

Background
Fall-related injuries may have huge and enduring impact on older people, resulting in
chronic pain, disabled mobility and reducing the quality of life. Fall injuries is becoming
a worldwide problem among older people and as a result, the measurement of
balance ability for older people is of great importance.

In this master thesis, a system used to measure balance ability will be introduced. The
system allows participants to perform a series of balance tasks with the help of Wii
balance board (WBB) which is a low-cost, commercial gamming instrument. Previous
work has showed the possibility and reliability of using WBB to measure the balance
ability for older people.

Methods
Mean sway velocity (MSV) is used to measure the tandem stance test.  Five-Repetition
Sit-to-Stand (STS) test is measured by STS time. Since the system has high
requirements on the input validity, input validation is also a main part of this thesis.
Matlab is used to check the output validity of the program.

Results
For the tandem stance test, our results (mean = 7.87) are much larger than the
results from previous work (mean = 4.27). The results indicate that experimental
factors such as standing posture and testing time have great impact on the average
MSV results for tandem stance test.

For the five-repetition Sit-to-Stand test, our young participant did 9.97 seconds on
average which is close to previous work (8.2 for average young people without
balance disorders)

The results from output validation test for tandem stance show that the correctness
of the program is highly reliable.

Conclusions
We found standing postures and testing time is very sensitive to MSV. To conduct a
tandem stance test, the hardware should also be considered to be one of the main
factors that affects MSV. Testing results again indicate STS time is a good
measurement for STS test. In our input validation test for tandem stance, we also
found an effective and sensitive interval for the arguments which can be considered to
be a good discriminator to distinguish between valid and invalid inputs.
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Chapter 1 Introduction 
1.1 Motivation  

Fall-related injuries among older people are a huge and growing health problem worldwide. Of 
course, falls occur during physical activity, but reducing the level of activity cannot be the solution, 
since this would have other detrimental effects on the health. Hence, keeping an adequate level of 
physical activity that is adjusted to the individual abilities is important. One fundamental ability is 
the balance, and so having easy access to a reliable assessment of balance may have great value for 
a large population group. 

1.2 Goal of the thesis 

The goal of this project is to develop a system that allows the user to perform three different balance 
tests which can measure the balance ability for older people. The system is composed of a Nintendo 
wii balance board (WBB) and a program that is runnable on Windows environment. 
 
The recommended balance tasks are: 
1.Tandem stance. The user stands with the heel of one foot in front of and touching the toes of the 
other foot for 10 seconds. 
2.Rise from a chair and sit down 5 times.(Five-repetitions Sit-to-Stand test). The user stands up and 
sits down as fast as possible for five times with the feet on the WBB. 
3.Rapid-Step-Test. The user starts by standing on the WBB and step one leg out in one of three 
random directions (front, side and back). In Chapter 2, details of these balance tasks will be 
introduced. 
 
The program should be easy to use for the older people, and should perform a very good guidance of 
the three tasks for users who experience the system for the first time. 

1.3 Related work 

A lot of previous work has been done on using WBB to treat and measure balance disorders for older 
people. The combination of WBB and balance measurements is not a new topic.  
 
Usually, measures of center of pressure (COP) recorded from a force platform (FP) are considered 
the gold standard measure of balance[2]. WBB is often used as a substitute for FP. One research 
about the validity and reliability of the WBB has been conducted. In that research, participants are 
invited to do different kind of balance tasks on FP and WBB respectively. It is shown that the WBB 
exhibits excellent test–retest reliability for COP path length assessment and possesses concurrent 
validity with a laboratory-grade FP [3]. 
 
Other research are related to the balance assessment and balance disorder treatment for older people. 
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In one of these research, an 86 year-old woman with balance disorders has been trained by 
practicing different wii games on WBB. They found that after 4 sections of training, the balance 
ability of the patient improved. [1].  

1.4 Outline of the thesis 

In Chapter 2, we will introduce the three balance tasks. The program architecture will also be 
included in this chapter. Chapter 3 will cover the measurement of different balance tasks. It also 
contains the feasibility study of the RST. The detailed implementation of tandem stance 
measurement will be covered in Chapter 4. In this chapter, the idea if a balance game will also be 
introduced, which I think is an additional implementation of this thesis. Chapter 5 will show the 
result of different balance tasks. Discussions of these results will also be included. Chapter 6 will 
discuss input/output validation. Since input/output validation is very important for this project, it 
will be a main part of this thesis. Chapter 7 will introduce some future work. 
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Chapter 2: Background and Problem 
Description 

2.1 Introduction to Balance tests 

2.1.1 Introduction to tandem stance test 

Tandem stance test measures static balance ability of older people. For the tandem stance test, 
subjects are asked to stand with the heel of one foot in front of and touching the toes of the other foot 
for 10 seconds (See figure 2-1). Subjects should keep arms by their sides and try not to shift their 
feet.  

 
Figure 2-1 tandem stance 

 
It also should be noticed that to perform tandem stance test, subjects should wear shoes with low or 
no heels.  
 

2.1.2 Introduction to Five-repetitions Sit-to-Stand test  

Sit-To-Stand Test(STS) measures the ability of older people to rise from a chair repeatedly. 
Repeated chair rise test requires lower limb strength, range of motion, balance, and endurance.  
 
For the sit-to-stand test with five repetitions subjects are asked to rise from a standard height (43cm) 
chair without armrests, five times, as quickly as possible with their arms folded across their chest.  
 

5



 
Figure 2-2 STS test 

 
It is important that the subject should be able to perform a single STS before five-repetitions 
Sit-To-Stand test can be conducted. 
 

2.1.3 Introduction to Rapid Step Test 

Subjects were instructed to step out with one leg as quickly as possible and return the leg to the 
initial starting position. Subjects then continued with rapid stepping in response to the tester’s next 
leg-direction command. The experimenter gave the command for each leg and direction (e.g., 
‘‘left-front’’) in a random order that included four steps in each of six leg-directions, for a total of 24 
repetitions. Subjects first practiced random sequences of six steps on each leg and then proceeded to 
the 24-step protocol. 
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Figure 2-3 Rapid step test 

 
Before the RST test, the maximum step lengths (MSL) of the participant to the front, back, and side 
should be determined for each foot by taking the average of five trials in each direction [9]. Subjects 
were required to step at least 80% of their maximum step length (MSL) for all directions as marked 
with a taped line on the floor. 

2.2 Application to be implemented 

2.2.1 Application structure 

The purpose of the program is to test and measure the balance ability of older people. As showed in 
figure 2-1, the program first shows a series of balance tasks on the screen of the computer. 
Subjects(probably older people) are invited to do these tasks on the WBB. The WBB measures the 
pressure(data) and sends it to the program via Bluetooth. The program then analyses these data and 
measures the balance ability of this subject according to the data received, and keeps the data as well 
as the balance results in two forms of files: XML files and files that can be read into Matlab. 
 
It is necessary to have a Bluetooth software installed in the computer as well as a Nintendo WBB to 
run the program. 
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Figure 2-1 application overview 

 

2.2.2 Environment 

This program is developed by using vb.net in windows XP system.  
 
Build the runnable environment 
A Nintendo WBB is necessary.  
 
A Bluetooth adaptor is necessary. 
 
A Bluetooth driver. (IVT BlueSoleil v6.4 is recommended 
 
Windows.Net 4.0 is necessary 
 
Run the program 
Connect the WBB to the BlueSoleil driver. To do this, we need to press the tiny red button on the 
WBB in the battery zone. At the same time. Right click the mouse icon in the BlueSoleil program 
and select the “connect” option. 
 
If the WBB is successfully connected to the computer, the BlueSoleil small icon becomes green and 
the program can be ready to run. 
 
Build the developing environment 
 
It needs any version of Visual studio that supports vb.net.  
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To validate and testify the resulting files which support the Matlab, any version of Matlab is 
required.  

2.2.3 The role of WBB in this project 

The WBB acts as a data collector in this thesis. A WBB has four sensors which measure vertical 
force at each corner. As subject performing a balance task, pressures are collected by the WBB and 
sent to the program running on the computer via blue tooth. 
 
A WBB sends discrete signals rather than continuous signals with 100Hz working frequency. That 
means that the WBB measures the pressure every 0.01 seconds. 

2.2.4 Library that supports WBB 

To collect data sent from WBB, a library that supports Nintendo hardware must be used. 
WiimoteLib 1.7 is adopted for this object. WiimoteLib is a .NET managed library for using a 
Nintendo Wii remote and extension controllers from a .NET application [16]. WiimoteLib supports 
most of the Wii extension controllers such as WBB, guitar and joystick. In this project, APIs for 
WBB are used, which is only a small part of WiimotLib. 
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Chapter 3: Methodology and feasibility 
studies 

3.1 Balance ability measurements  

3.1.1 Five-Repetition Sit-to-Stand time 

Previous work has been done to show that STS time is highly related to subject’s balance ability. 
One team found that Slower sit-to-stand times have been related to balance disorders in older 
adults.[4] Another Analysis supported the relationship between five-Repetition Sit-to-Stand test 
time and knee extension strength.[7]. Slower sit-to-stand times have been shown to be helpful in 
predicting further disability [5][6]. STS time is easy to measure since STS time can be measured 
only by a stopwatch. In summary, it is a good choice for this project. 
 

3.1.2 Mean sway velocity 

Mean sway velocity (MSV) is defined as the length of the center of pressure (COP) trajectory 
traveled per second. MSV was chosen as the primary outcome measure of tandem stance because it 
is known to be a reliable and valid measure of standing balance[10]. 
 
A WBB works in constant frequency of 100Hz. When it is working, discrete signals containing COP 
messages are sent to the program. To compute MSV, we first compute the distances of adjacent 
COPs. Then we add the distances up and divide it by time.  

3.2 RST feasibility studies  

As mentioned above, to conduct a RST test, the maximum step lengths (MSL) of the participant 
should be measured. More than one paper[8][9] reported that MSL is a precondition of RST. To 
measure the MSL, foot positions are usually used. In one previous work, researchers used 
Optoelectronic markers(Optotrak 3020, Northern Digital, Inc., Waterloo, Canada) to measure foot 
position [11]. A Optoelectronic marker is a motion capture system which is expensive: It costs more 
than 10,000 European dollars. In another research on the RST results compared between 
balance-impaired and unimpaired women, Optotrak 3020 was used again [9]. 
 
Moreover, RST inputs are considered to be invalid if the participant fails to pass the target line, i.e. 
80% of his/her MSL. Thus judging if the participant passes the target line or not during RST test 
becomes crucial for the input validation check. Without the help of the motion capture system such 
like Optotrak 3020, we have to leave this job to macroscopic observation which is inconvenient and 
inaccurate since the participants are asked to perform RST as fast as possible. In summary, input 
validation check is very hard to implement.  
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Chapter 4: Implementation 
4.1 Implementation for Tandem Stance Test 

a. Collect the total 15 seconds testing data of a user, omitting the first 5 seconds, leaving the last 10 
seconds of data for further analyses. 
b. Calculate the conventional standard deviation r of x and y COP trajectories respectively for 
further normalization. 
c. Normalize the x and y trajectories to unit variance. To achieve this, we should divide the 
time-series by their respective standard deviation 
d. Calculated the Mean sway velocity defined as the length of the COP trajectory traveled per 
second. [12] 
 

4.2 The Game: An additional part of the thesis 

4.2.1 Game introduction 

 
A game: “Catch the gift” has been implemented as the third task. The subject controls a character (A 
cloud) to catch the gifts dropping from the sky. The subject has to stand on the WBB and use his/her 
feet to control the cloud, moving the cloud left or right. When the cloud gets a gift(fruits, gems and 
so on), the subject gets some scores. This game can evaluate the subject’s lateral balance. 
 
Figure 4-3 and 4-4 shows the game graphics. 
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Figure 4-3 

 
Figure 4-4 
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4.2.2 Randomness is necessary 

It is obvious that an experienced game player plays better than the average. If a subject does many 
times of this balance test, he or she will gain experience and performs better in the game test. To 
avoid this, randomness is necessary which makes sure that subject will not get used to the game. 
Game experience will not be a factor to affect the balance evaluation. 
 

4.2.3 Randomness should have limitation 

Although randomness can prevent experienced subjects from gaining more game scores, the 
randomness itself is a factor that may affect the balance evaluation. So randomness constraints must 
be introduced to reduce this side effect. 
 

4.2.4 Constraint of randomness 

Time constraint: all the gifts should be universally distributed through time. (The system should 
drop gifts at the beginning as much as at the end) 
 
For any time interval T of t seconds, gifts dropped during T should in the range of [min, max] where 
T is a time constant (t>=0); min is a minimum number of gifts should be dropped. max is a 
maximum number of gifts should be dropped. 
 
If T is equal to 0, the time interval becomes time point. 
 
Position constraint: all the gifts should be universally distributed through space (the system should  
drop gifts at left side as much as at right sides) 
 
Position can be measured by pixels since the measurement of distance in the game is pixels. For any 
time point, the gifts dropped in any area whose length is L should in the range of [min, max] where 
L is a pixel constant; min is a minimum number of gifts should be dropped. max is a maximum 
number of gifts should be dropped. 
 
Total number constraint: 
The number of total gifts dropped can be random but must be in a certain scope. 
 
For each game play, the total number of dropped gifts should be in the range of [min, max] where 
min is a minimum number of gifts should be dropped. max is a maximum number of gifts should be 
dropped. 
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4.2.5 Constraint of randomness: Score measurement 

Instead of the number of gifts, another measurement is the score. That means all the randomness 
constraints(i.e. time constraint, position constraint and total number constraint) can be measured by 
the scores  
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Chapter 5: Experiments and Testing Results 
5.1 Procedure 

One participants was invited to stand on the WBB. During the experiment, the participant 
conducted tandem stance test and Sis-to-Stand (STS) test according to the direction of the program.  
 
During a tandem stance test, the participant was asked to stand on the WBB for 10 seconds (should 
stand on the board for 15 seconds. the record of first five seconds is cut and discarded, leaving the 
last 10 seconds are recorded for further analyses). Balance ability of the participant was evaluated 
by computing mean sway velocity(MSV) by the program. The participants should keep as still as 
possible to minimize his mean sway velocity. After the test, testing data were collected and recorded 
in XML files. 
 
During STS test, the participant should stand up and sit down for 5 repetitions as fast as possible. 
STS time was collected by the program and saved into XML files. 
 
Experiments were conducted 5 repetitions. 5 tandem stance test results and 5 STS test results were 
collected. 
 

5.2 Results analyses: tandem stance 

5.2.1 Results from tandem stance test 

Figure 5-1 shows the results of tandem stance tests. The average of MSV of this test is 7.87 cm/s. 
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Figure 5.1 results from tandem stance test 

5.2.2 One result from previous work 

One similar research has been done by Stella, Melvyn, An and Peter [12]. In their report, they 
conducted their experiments under four kinds of conditions: 
(1) eyes open  
(2) eyes closed 
(3) eyes open while performing a dual task 
(4) eyes closed while performing a dual task 
A dual task is a cognitive task that designed to withdraw attention from postural control and 
increased the postural task difficulty. 
 
During experiments of this thesis, conditions of our participants are the same with the first 
condition(eyes open). And their average result is 4.27 cm/s. 
 

5.2.3 Possible factors of MSV that may affect MSV 

We notice that there are some differences experimental conditions of our experiments and 
experiments of Stella, Melvyn, An and Peter: 
1. Standing posture. In their experiments, they require their participants to stand in a standard 
Romberg position.(The medial sides of the heels were separated by about 8cm and each foot was 
placed with the toes outward at a 10o angle from the sagittal midline). While in our experiments, 
participants are asked to stand with the heel of one foot in front of and touching the toes of the other 
foot.  
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2. Timing factor. In their experiments, data of 30 seconds were collected rather than 10 seconds of 
ours. 
3. Hard devices. They use a 1x1 m custom-made force plate (FP) instead of WBB. However, the 
sampling rate of the force plate is the same as WBB (100 Hz). 
 
Factor in standing posture will be discussed in 6.2.4. Some experiments are designed to testify 
whether standing posture is a factor or not that affects our testing results. Contents of timing factor 
will be included in 6.2.5. Section 6.2.6 will discuss the difference of FP and WBB on measuring 
MSV.  
 

5.2.4 Standing posture factor 

To recognize if standing posture is a factor that affects the resulting MSV,  I conducted the 
following experiment. 
 
Participants are asked to stand on the WBB with standard posture and casual posture respectively. 
Standard posture means heels should be separated less than 8cm and each foot should be placed with 
the toes outward at a 10o angle from the sagittal midline. Casual posture means heels should be 
separated greatly over than 8cm and participants can stand as comfortably as he/she wants, but the 
legs must be stretched.  
 
Two groups of tests are conducted. In the first group, participants are asked to stand for 10 seconds 
while in the second group, participants are asked to stand for 30 seconds. The experiment also be 
conducted for 5 repetitions for each group. 
 
Figure 5-2 and 5-3 shows the results of the first and second group respectively. During 10-seconds 
experiment, casual posture (mean =7.49) usually has larger MSV than standard posture(mean 
=6.70). Standing postural contributes even more in 30-seconds experiments: mean =10.10 for casual 
posture Vs 5.48 for standard posture. That means tandem stance does contribute larger MSV than 
standard posture. 
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Figure 5-2 Mean sway velocity from different standing postures (10 seconds test) 
 

 
Figure 5-3 Mean sway velocity from different standing postures (30 seconds test) 
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5.2.5 Testing time factor 

From figure 5-2 and 5-3, we can see that time seem to have some relationship with the resulting 
MSV. Also, in previous work, MSV are measured using experiment lasting for 30 seconds which is 
different from our tandem stance testing. 
 
To recognize if testing time is a factor that affects the results of MSV, I conducted the following 
experiment. 
 
Participants are asked to stand on the WBB with standard posture for 10 seconds, 30 seconds and 60 
seconds respectively. This experiment also be conducted for 5 repetitions. 
 
Figure 5-4 shows the results. The mean MSV of 10-second-test, 30-second-test, 60-second-test are 
6.70, 5.48 and 4.40 respectively. We can see that shorter testing time contribute large MSV. 
 

 
Figure 5-4 Result from different tandem stance testing time 

 
Note that the condition of 30 second, standard posture testing is very similar to the previous work. 
Our result (MSV =5.48 cm/s ) is not so far from their result (MSV = 4.27 cm/s)  
 

5.2.6 Hardware factor 

As mentioned in the first chapter, one research about the reliability has been conducted by 
contracting different balance testing results derived from force plate (FP) and WBB. In their results, 
three of the four balance trials showed a bias towards higher mean COP path length values in the 
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tests performed on the WBB [3]. This conclusion can explain why the result of our 30 
seconds-standard posture testing(MSV =5.48 cm/s) is a little bit higher than the result conducted by 
Stella, Melvyn, An and Peter. 
 

5.2.7 Statistical analysis of the testing time factor 

The testing results of section 5.2.5 indicate that testing time is highly related to MSV. 
Unfortunately, no research papers mentioned the relationship between testing time and MSV. In 
this section, statistical analysis are used to verify this relationship. 
 
From the definition of MSV, a suspicious reason can be easily found: the variance. Hence, a 
hypothesis can be proposed: Long testing time results in larger variance and larger variance results 
in smaller MSV. 
 
According to this hypothesis, the variance goes larger as the number of samples increase. That 
indicates that the COP both in x axis and in y axis should not be normally distributed. Otherwise 
the variance should not change at all.  To study the COP distribution, a sample of 60-seconds 
tandem stance is analyzed. Figure 5-5 and 5-6 show the COP distribution. From the two figures, It 
is not very clear if the COP is normally distributed or not. As a result, a Matlab verification is 
needed. 

 
Figure 5-5 COP(x) distribution 
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Figure 5-6 COP(y) distribution 

 
[h1,p1] = lillietest(getcolumn(Data1,1)); 
[h2,p2] = lillietest(getcolumn(Data1,2)); 
% the result:  h1 = 1; h2 =1 
 
Function ‘lillietest’ can be used to testify if the data is normally distributed. Here the first column 
of Data1 contains all the COP in the x – coordinate. The second column of Data1 contains all the 
COP in the y – coordinate. The first element of returning result is a boolean value. H=0 indicates 
that the null hypothesis ("the data are normally distributed") cannot be rejected at the 5% 
significance level. H=1 indicates that the null hypothesis can be rejected at the 5% level. 
 
The result indicates our hypothesis "long testing time results in larger variance" is not wrong at 
this moment. Based on our hypothesis, We can make a conclusion that: if other experimental 
conditions do not change, testing time should not affect the MSV without normalization. 
 
To verify that, An experiment was designed: 5-seconds tandem stance test and 30-seconds tandem 
stance test are conducted both 10 times. The values of MSV were computed before normalization. 
We call this MSV_before_Norm. After normalization, the values of MSV were computed again, as 
MSV_after_Norm. Testing results is attached as an attachment XLS file. 
 
Here a method of single factor analysis of variance can be applied. The following codes can be 
directly copied into Matlab command line if the XLS results file is in the working directory.  
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%varify that MSV_after_Norm is normally distributed 
[x,y]= xlsread('result.xls') 
score_after = x(:,2) 
score_before = x(:,3) 
class = y(2:end,2); 
class_id = x(:,1); 
for i = 1:2 
 scorei = score_after(class_id ==i); 
 % H=0 indicates that the null hypothesis ("the data are normally distributed") cannot be 
rejected at the 5% significance level. H=1 indicates that the null hypothesis can be rejected at the 
5% level. 
 [h,p] = lillietest(scorei); 
 result_after(i,:) = h; 
end 
 
for i = 1:2 
 scorei = score_before(class_id ==i); 
 % H=0 indicates that the null hypothesis ("the data are normally distributed") cannot be 
rejected at the 5% significance level. H=1 indicates that the null hypothesis can be rejected at the 
5% level. 
 [h,p] = lillietest(scorei); 
 result_before(i,:) = h; 
end 
 
%varify that the data are normally distributed with the same variance 
%p indicate the probability of the null hypothes which is the columns of X come from normal 
distributions with the same variance 
% p should > 0.05 
[p,stats] = vartestn(score_after,class) 
 
The result is disappointing: For the MSV_after_Norm, the data does not share the same variance 
for 5 seconds testing and 30 seconds testing. For the MSV_before_Norm, the result is even worse. 
The testing result is not normally distributed. The results indicate that single factor analysis of 
variance is not applicable. 
 
We have to use non-parametric analysis of variance as a compromise. The following codes can be 
directly copied into Matlab command line. 
 
[x,y]= xlsread('result.xls'); 
MSV_after_norm = x(:,2); 
MSV_before_norm = x(:,3); 
class_id = x(:,1); 
A1 = (MSV_after_norm(class_id == 1)); 
A2 = (MSV_after_norm(class_id == 2)); 
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A3 = (MSV_before_norm(class_id == 1)); 
A4 = (MSV_before_norm(class_id == 2)); 
g1 = repmat({'A1'},size(A1)); 
g2 = repmat({'A2'},size(A2)); 
g3 = repmat({'A3'},size(A3)); 
g4 = repmat({'A4'},size(A4)); 
BeforeNorm = [A1;A2]; 
AfterNorm = [A3;A4]; 
groupBefore = [g1;g2]; 
groupAfter = [g3;g4]; 
[p1,table1,stats1] = kruskalwallis(BeforeNorm ,groupBefore); 
[p2,table2,stats2] = kruskalwallis(AfterNorm ,groupAfter); 
 
The Matlab function kruskalwallis returns a p-value. If the p-value < 0.05, the null hypothesis “the 
factor do not affect the result” can be rejected. We have p1 = 2.8e-04 and p2 = 0.68. The result 
indicate that testing time significantly affects MSV after nomination, but do not affect MSV 
before normalization. In other word, these two results indirectly verify our hypothesis “long 
testing time results in larger variance and larger variance results in smaller MSV.” 
 

5. 3 Results analyses: Sit-to-Stand 

5.3.1 Results from TST test 

Five repetitions Sit-to-Stand experiments were carried out and data was collected by the program. 
Figure 5-5 shows the results. (Mean TST time = 9.91 seconds) 
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Figure 5-5 Results from 5 repetitions STS test 

5.3.2 Results from previous work 

A lot of research have been done earlier about the 5-repitition STS time: Some research emphasis on 
the relationship between STS time and people with balance disorders. Bohannon [13] demonstrated 
a significant difference in the time for patients seen in a home care setting (15.8 seconds) and 
healthy matched individuals (12.1 seconds). Whitney et al[14] found that the FRSTST could 
discriminate between young individuals with and without balance disorders. (15.3 seconds vs. 8.2 
seconds). 
 
Other research provided the relationships between STS time and age. Bohannon  calculated[15] 
mean values for use as standards for older adults aged 60 to 69 years (11.4 seconds), 70 to 79 years 
(12.6 seconds), and 80 to 89 years (12.7 seconds). 
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Chapter 6: Input/Output Validation 
6.1 Input Validation for STS test 

6.1.1 Details of a Sit-to-Stand process 

Figure 6-1 showed the changes of WBB pressure when I was doing one single STS process. X-axis 
records the time. Y-axis represents the pressure trajectory recorded by the WBB. Point A showed the 
pressure when I was sitting on the chair with my feet on the WBB. As I standing up, the WBB begun 
to bear my bodyweight and my legs generated an upward force which produces an upward 
acceleration. Near point B, the WBB bears my whole body weight plus an upward force which 
makes an overweight happen. As my legs stretched, the upward force suddenly disappeared at point 
B. So the pressure of WBB goes down. Although the upward force generated by my legs 
disappeared, the acceleration still works, counteracting gravity. As a result, an unloading 
phenomenon appears at point C. Eventually the acceleration disappears and the pressure of the 
WBB appears normal. Now standing up process finished. Point E and F show the sitting down 
process which is a reverse version of standing up process. 
 

 
6-1 Pressure of one Sit-to-Stand action 

 

6.1.2 The input validation algorithm for 5-times repetition STS test 
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The five-repetitions STS test procedure 
Figure 6-2 shows the pressure changes of a subject when doing five-repetitions STS test. This figure 
is plotted by Matlab. Same as figure 6-1, X-axis records the time and Y-axis represents the pressure 
trajectory recorded by the WBB. From this figure, we can see that the pressure measured by the 
WBB changes dramatically during the STS test procedure. It is possible to check the validation 
input from the weight. 
 

 
Figure 6-2 A complete five-repetitions STS test 

 
The checking points 
As showed in figure 6-1, data between point A and point B describe a standing up procedure while 
data between point F and point G record a sitting down procedure. We call points like A, B, F and G 
checking points. Specially, we call points like A and G lower checking points; we call points like B 
and F upper checking points. 
 
Mark the possible upper checking points 
Upper checking points have following characteristics 
(1) Should be greater than 110% of the subject’s bodyweight 
(2) is a maximum point within the scope ω. 
We say that a point in a pressure trajectory is a possible upper checking point if it meets the above 
conditions 
According to rules of thumb, set scope ω to 30 is a good choice. 
 
Strictness of validation check  
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Balance ability varies between different older people. Not all the older people can easily pass the 
110% of their bodyweight when standing up. Further more, some of the older people can easily pass 
it. To meet the needs of various people with different balance ability, a value called strictness of 
validation check is created. 
 
The following shows the improved version of recognizing possible upper checking points: 
A possible upper checking point has following properties: 
(1) Should be greater than (1+α)% of the subject’s bodyweight 
(2) is a maximum point within the scope ω. 
Where α can be retrieved from the strictness of validation check; ω is a constant. 
We say that a point in a pressure trajectory is a possible upper checking point if it meets the above 
conditions 
 
Mark the possible lower checking points 
Lower checking points have following characteristics 
(1) Should be less than (1-β)% of the subject’s sitting weight. 
(2) is a minimum point within the scope ω. 
Where β can be retrieved from the strictness of validation check; sitting weight is the pressure 
measured by the WBB when the subject sitting on the chair which he/her feet on the WBB; w is a 
constant. 
 
We say that a point in a pressure trajectory is a possible lower checking point if it meets the above 
conditions. By using the above algorithm, we can mark all possible checking points for a complete 
5-times repetition STS test. The results are shown in figure 6-3.  

 
Figure 6-3 Possible checking points 
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Filter the possible checking points 
Note that not all the possible checking points are real checking points; Also, not all the checking 
points are useful. For example, in figure 6-1, point a and point b record a standing up process which 
is adequate to recognize one Sit-to-Stand process. 
 
A filter has been implemented to filter all the non-checking points and useless checking points. The 
results are shown in figure 6-4. 

 
Figure 6-4 Checking points after being filtered 

 
Input validation algorithm 
1. Select the appropriate value for α, β and ω. 
2. For a given weight trajectory, compute a list P of all the possible checking points according to the 
strictness. 
3. Filter P, eliminates fake checking points and useless checking points. Then delete the last lower 
checking point. 
4. The input is valid if and only if P contains exactly five (lower checking point, upper checking 
point) pairs. 
 

6.1.3 Experiments for picking up the appropriate value for α, β and ω parameters. 

An experiment has been conducted for choosing the appropriate parameters. A valid input was 
constructed during the experiment. We analyze this valid input with four different values of ω, 
namely ω = 10, 30, 100 and 300. For convenience, α and β are set to 0. That means participant’s 
standard bodyweight and sitting weight are used to recognize possible checking points. Lower and 
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upper possible checking points are calculated according to the algorithm introduced earlier in this 
thesis. 
 
Possible checking points corresponding to different ω are shown in figure 6-5(a) and 6-5(b). Four 
figures correspond to ω = 10, 30, 100 and 300 respectively. Black fluctuant lines indicate valid 
inputs. Blue circles means the possible checking points. Horizontal colorful lines will be mentioned 
later. Notice that the inputs are exactly the same for these four plots. 
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Figure 6-5 (a) checking point marked by different ω value 

 
Figure 6-5 (b) checking point marked by different ω value 

 
As ω increases, the number of possible checking points decreases. That is because for a larger ω, 
checking points are more difficult to be found since checking points should be a maximum or 
minimum value within a very large scope. Moreover, if the ω is large enough, it may eliminate 
“real” checking points and make the validation algorithm fail. Note that if ω becomes infinity, there 
should be only one upper checking point and one lower checking point, i.e. the global maximum and 
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global minimum. In figure 6-5, only 3 upper and 3 lower checking points are found for a very large 
ω (ω = 300). 
 
After possible checking points having been computed, the filter algorithm applied to eliminate 
unnecessary points. Figure 6-6 shows the results after the filter algorithm has been applied. By now, 
if the algorithms are corrected and work fine, five pairs of (lower checking points, upper checking 
points) should be recognized for this valid input. In fact, for the ω = 300, only 3 pairs are recognized. 
That indicates ω = 300 is too large that eliminated “real” checking points that we need. 
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Figure 6-6 checking point marked by different ω value after being filtered 
 

6.1.4 Picking up the appropriate value for α and β. 
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The experiment mentioned in the pervious section can also be used to determine α and β. As 
mentioned before, upper checking points should be greater than (1+α)% of the subject’s bodyweight 
while lower checking points should be less than (1-β)% of the subject’s sitting weight. In figure 6-5 
and 6-6, those colorful horizontal lines indicate these thresholds. For the six upper horizontal lines, 
the yellow line indicates α = 0. Its neighbor line indicates α =  0.04. As color becomes more red, α 
is increased by 0.04 each time. So from color yellow to color red, these six lines indicate α = 0, 
0.04, 0.08, 0.12, 0.16 and 0.20 respectively. The lower six horizontal lines, from color yellow to 
color red, indicate β= 0, 0.08, 0.16, 0.24, 0.32 and 0.40 respectively. As α and β increase, it is harder 
to pass the input validation. 
 
Different people have different balance ability. Unlike ω being chosen by experiments, α and β 
should be changed according to people to meet the various balance ability requirements. 
 

6.1.5 Evaluation for the 5-times repetition STS test input validation algorithm 

Validation against STS times 
 
I did a lot of STS test with “wrong” repetition number to testify if the algorithm is good or not at 
eliminating non-5-times sit-to-stand operation. For example, 6-times repetition STS or 4-times 
repetition tests. For each repetition number, I did 5 times. Totally 25 times of STS tests are 
conducted and marked if it has been considered to be a valid input by the program. All the 
arguments are carefully selected. I choose α =0.2, β = 0.4 and ω =30. The result is shown in figure 
6-7. 

 
Figure 6-7 Validation against STS times 
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From the figure, we can see that all the STS tests with wrong repetition number are checked out by 
the validation program. Meanwhile, all STS tests with the five-times repetition passed the validation 
check. 
 
Validation against cheating by not fully standing up. 
Some subjects may cheat by not fully standing up during STS test. This algorithm is very sensitive 
to the strictness of validation check. So picking up appropriate arguments becomes a key for 
checking out this kind of cheating. 
 

6.2 Input Validation for tandem stance test 

6.2.1 Input validation algorithm for Tandem Stance Test 

Users may fail to generate a valid input when doing tandem stance test. This may be because the 
user’s knee strength was too weak to maintain a tandem stance posture. Other behaviors such like 
jumping or walking down the WBB when doing test also should be considered to be invalid  inputs. 
Also, the first balance task of the program is TST. During a TST, the bodyweight of the patient is 
measured by computing the mean value. As a result, invalid TST input will jeopardize the following 
balance tests. In summary, it is necessary to design an input validation algorithm for tandem stance. 
 

 
Figure 6-8 A valid tandem stance input 

 
Figure 6-8 shows a valid input example. Although the subject’s weight fluctuates, the maximum and 
minimum of the input are relatively near to the mean value (marked as Avg. in the figure). We can 
create an input validation algorithm by utilizing this point. As mentioned above, the WBB sends 
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discrete signals rather than continuous signals. So checking the validation for one single point 
becomes crucial for judging the whole inputs. 
 
Here we introduce a concept Unexpected Point for checking if a point is valid or not. 
 
Definition: We say a point p is an Unexpected Point if it is not in the range [bw*(1-α), bw*(1+α)]. 
Where bw is the subject’s bodyweight; α ∈(0,1). α can be retrieved from the strictness of validation 
check 
 
For example, if a subject’s bodyweight is 80Kg, α = 0.1. Then any points exceed the range [72, 88] 
is considered to be an unexpected point. 
 
We also introduce a validation value (VV) for the over evaluation of the inputs. 
VV =( number of total points - number of unexpected points) / number of total points 
VV ∈ [0, 1] (0 for totally illegal input, 1 for totally valid input). For any input, it is considered to be 
valid if and only if it is greater than or equal to a threshold ω, where ω∈(0, 1). 
 
Input validation algorithm 
1. Select the appropriate value for α and ω. 
2. For a given weight trajectory, compute its length L and the number of unexpected points U. 
3. Compute validation value VV= (L - U)/L. 
4. Compare the VV to the threshold ω. The input is considered to be valid if and only if VV ≥ ω. 
 

6.2.2 Experiments for picking up the appropriate value for α and ω parameters. 

An experiment was designed for researching the relationship between α and validation value. Two 
different kinds of inputs were prepared before the experiment: one valid tandem stance input and 
one invalid tandem stance input. To get the invalid inputs, a scenario was simulated: The participant 
acts as a very old man who was doing tandem stance test. He was too old to maintain a tandem 
stance posture. During the test, one of his legs had to step out to prevent him from falling down. 
Experimental data of two different inputs were collected for further analysis.  
 
We analyzed the two groups of data by setting α with different values. Corresponding VV were then 
computed by Matlab from both valid and invalid inputs respectively. The following Matlab codes 
were generated for this purpose: 
 
% the purpose of this experiment is trying to find the relationship between α and ω. 
% we achieve this by setting α to different values and computing the results of ω for each α. 
%valid input. 
% set up the value for subject’s bodyweight. It can be found in the file 'WiiDataRecord1.xml'.  
bw = 92.77 
% set up the value for α. 
alpha = 0.1 
%compute the length of the sample. 
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sz = size(Data1) 
Len = sz(1) 
%unexpected points 
up =0 
for i = 1:1:Len 
    if Data1(i,3)>= bw*(1+ alpha) 
  up = up +1 
 end 
 if Data1(i,3)<= bw*(1- alpha) 
  up = up +1 
 end 
end 
% validation value 
vv = (Len - up)/Len 
% plot the figure 
plot([1, Len],[bw*(1+alpha), bw*(1+alpha)],'color',[0, 0, 1]) 
hold on 
plot([1, Len],[bw*(1-alpha), bw*(1-alpha)],'color',[0, 0, 1]) 
hold on 
plot(getcolumn(Data1,3)); 
 
Experiments results are showed in table 6-1. To make the results more clearly and straightforward, 
we created figure 6-9 which contains the same information as table 6-1. It is clear that VV are 
sensitive to the chosen α as well as whether the input is valid or not. From the table, we can see that 
the validation algorithm will fail to distinguish from valid and invalid input if α was too big or too 
small. For example, α <0.001 or α >0.1 is a very bad discriminator. According to the table, the VV 
are the most sensitive to α for α∈[0.005, 0.05]. 
 
Notice that if α∈[0.005, 0.05], VV are approaching to 1 for valid input as 0 for invalid input. So an 
intermediate value 0.5 is a good discriminator for the threshold ω. 
 
α Validation value (valid input) Validation value (invalid input) 
0.0001 0.01 0.00 
0.0005 0.12 0.00 
0.001 0.25 0.00 
0.002 0.42 0.00 
0.003 0.57 0.00 
0.004 0.67 0.00 
0.005 0.74 0.01 
0.006 0.80 0.01 
0.007 0.85 0.01 
0.008 0.88 0.01 
0.009 0.92 0.01 
0.01 0.94 0.01 
0.05 1.00 0.07 
0.1 1.00 0.88 

Table 6-1 Validation value (VV) of different inputs 
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Figure 6-9 Validation value (VV) of different inputs 

 

6.3 Output Validation for tandem stance test 

6.3.1 Methods 

The program records the results of tandem stance test into two files: 'Data1.txt' and 
'WiiDataRecord1.xml'. To verify and validate the rightness and accuracy of MSV algorithm, the 
following steps can be followed. 
1. Find the file 'Data1.txt' and paste all the contents to the Matlab command line. 
2. Paste the following Matlab script to the Matlab command line. 
3. Verify the different MSV derived from Matlab and the program respectively 
 
% find the file 'WiiDataRecord1.xml' and paste the duration here  
% for example: duration = 19.515625 
%note that there are small differences between time programmed and the time of test actually  
%being conducted 
duration =  
% compute the mean and standard deviation of collected data 
% meantime, we can validate the rightness of mean and standard deviation method by comparing 
% it to the relevant results in the file 'WiiDataRecord1.xml' 
M = mean(Data1) 
S = std(Data1) 
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% copy the COP(x) and COP(y) to another array A 
A = Data1(:,1:2) 
%normalize the new array A against standard deviation 
A(:,1) = A(:,1)/S(1) 
A(:,2) = A(:,2)/S(2) 
%compute the sum of sway 
S = size(A) 
Len = S(1) 
Sum = 0; 
for i = 2:1:Len 
Sum = Sum+ sqrt( (A(i,1) - A(i-1,1))^2+( A(i,2) - A(i-1,2))^2); 
end 
% now we can verify the different MSV derived from Matlab and the program respectively 
% find the MSV information in the file 'WiiDataRecord1.xml' 
MSV = Sum/duration 
 

6.3.2 Procedure 

An experiment has been carried out to testify the validity of tandem stance output. During the 
experiment, we invite a participant to perform 10-seconds of tandem stance tests for 5 repetitions. 
Experimental results and testing data are collected. We compute the relevant MSVs according to 
testing data by using Matlab and compare it to our experimental results that derived from our 
program. 
 

6.3.3 Results 

Table 6.2 shows the difference between our program results and Matlab results. We can see that the 
results from the program and Matlab are almost the same. It means the rightness and accuracy of the 
outputs are reliable. MSV is measured by cm/s. Mean and Std are measured by cm. 
 
Testing 
number 

Program Testing Results Matlab Testing Results 

 MSV Mean(x, y) Std (x, y) MSV Mean(x, y) Std (x, y) 
1 7.495 -10.004,-1.394 0.290, 0.534 7.491 -10.005,-1.394 0.290, 0.534 
2 6.753 -7.492, 0.213 0.602, 0.353 6.750 -7.492, 0.213 0.602, 0.354 
3 7.573 -9.749, -2.741 0.380, 0.503 7.570 -9.750, -2.741 0.380, 0.503 
4 5.612 -9.639, -3.372 0.546, 0.492 5.609 -9.639, -3.372 0.546, 0.492 
5 8.704 -8.202, -3.592 0.313, 0.501 8.699 -8.202, -3.592 0.313, 0.501 

Table 6-2 MSV results from program vs. results from Matlab 
 

6.4 User impressions 

I invited my grandmothers and asked her to experience the system. My grandmother is an 84 years 
old woman with an impressively good health condition. She can even run when necessary. She 
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followed the instructions which I translated according to the program. Because my grandmother 
has no experience on this system, she did some wrong operations by misunderstanding my 
translations. All the wrong inputs are identified correctly by the validation check. 
 
My grandmother said that the system is a very interesting thing. She had never been invited to 
such experiments like this. She also complained about feeling unsafe when doing tandem stance. 
She likes the game, but thinks that the direction is hard to control. 
 
In one research, a platform system was introduced to protect the older people when doing balance 
testing on the WBB [1]. The balance measurement system proposed by this paper should also use 
such preventions. 
 

 
Figure 6-10 A platform system that prevent older people from falling down [1] 

Chapter 7: Future work 
 
For the RST, the next step is to find a low-cost substitution for the motion capture system that is 
suitable for RST. If the MSL of a participant can be measured conveniently and the validation 
check can be done easily, the RST can and should be implemented on WBB. 
 
Besides, it could be an interesting and challenging work to choose other balance tasks that are 
possible to be implemented on WBB. For example, single leg stance test (stand on one leg for 30 
seconds), 360o turn test (turn around in a complete circle) and alternate step test (place the feet on 
WBB alternating right and left feet) are such candidate tasks. 
 
Further more, it will also be interesting to compare the results from tandem stance and from single 
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leg stance test. 
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Appendix A: raw data collected from 
tandem stance test 

10seconds(Tandem Stance)  7.15  6.58  9.42  9.25  6.96 
 
10seconds(Casual posture)  6.13  7.99  8.16  6.52  8.67 
 
10seconds(Standard posture)   7.23  5.89  6.99  6.91  6.48 
 
30seconds(Casual posture)  9.84  5.94  7.79  16.03 10.89 
 
30seconds(Standard posture)  4.11  6.18  5.59  5.49  6.01 
 
60seconds(Standard posture)  4.62  3.67  5.04  4.33  4.33 
 

Appendix B: raw data collected from 5 
repetitions STS test 

[10.89 9.67  9.16  9.42  10.42] 
 
 

Appendix C: Matlab commend for plotted 
Figures 

Figure 5-1 results from tandem stance test 
data = [7.15, 6.58, 9.42, 9.25, 6.96];  
b = bar(data); 
ch = get(b,'children'); 
set(gca,'XTickLabel',{'first test','second test ',' third test',' fourth test ',' fifth test'}); 
ylabel('Mean Sway Velocity'); 
 
Figure 5-2 Mean sway velocity from different standing postures (10 seconds test) 
data = [6.13, 7.99, 8.16, 6.52, 8.67; 7.23, 5.89, 6.99, 6.91, 6.48];   
b = bar(data);   
ch = get(b,'children');   
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set(gca,'XTickLabel',{' Casual posture, 10s',' Standard posture, 10s'})   
legend('first test','second test ',' third test',' fourth test ',' fifth test');   
ylabel('Mean Sway Velocity'); 
 
Figure 5-3 Mean sway velocity from different standing postures (30 seconds test) 
data = [9.84, 5.94, 7.79, 16.03, 10.89; 4.11, 6.18, 5.59, 5.49, 6.01];   
b = bar(data);   
ch = get(b,'children');   
set(gca,'XTickLabel',{' Casual posture, 30s',' Standard posture, 30s '})   
legend('first test','second test ',' third test',' fourth test ',' fifth test');   
ylabel('Mean Sway Velocity'); 
 
Figure 5-4 result from different tandem stance testing time 
data = [7.23, 5.89, 6.99, 6.91, 6.48; 4.11, 6.18, 5.59, 5.49, 6.01; 4.62, 3.67, 5.04, 4.33, 4.33];   
b = bar(data);   
ch = get(b,'children');   
set(gca,'XTickLabel',{'Standard posture, 10s',' Standard posture, 30s', 'Standard posture, 60s'})   
legend('first test','second test ',' third test',' fourth test ',' fifth test');   
ylabel('Mean Sway Velocity'); 
 
Figure 5-5 results from 5 repetitions STS test 
data = [10.89, 9.67, 9.16, 9.42, 10.42];  
b = bar(data); 
ch = get(b,'children'); 
set(gca,'XTickLabel',{'first test','second test ',' third test',' fourth test ',' fifth test'}); 
ylabel('STS Time'); 
 
Figure 6-5 checking point marked by different ω value 
bodyweight = 92.1 
sitweight = 21.8 
figure;hold on; 
scatter(getcolumn(MaxMinPeaks1,1),getcolumn(MaxMinPeaks1,2)); 
hold on; 
plot(getcolumn(Data2,3), 'k') 
hold on; 
for i=0:5 
    plot([1,1617],[ bodyweight *(1+i*0.04), bodyweight *(1+i*0.04)],'color',[240/255, 
(200-40*i)/255, 10/255]); 
 
    plot([1,1617],[ sitweight *(1-i*0.08), sitweight *(1-i*0.08)],'color',[240/255, (200-40*i)/255, 
10/255]); 
end 
ylabel('Weight (Kg)'); 
xlabel('Time trajectory (1 unit = 0.01 second)'); 
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Figure 6-6 checking point marked by different ω value after being filtered 
bodyweight = 92.1 
sitweight = 21.8 
figure;hold on; 
scatter(getcolumn(NormPeaks4,1),getcolumn(NormPeaks4,2)); 
hold on; 
plot(getcolumn(Data2,3), 'k') 
hold on; 
for i=0:5 
    plot([1,1617],[ bodyweight *(1+i*0.04), bodyweight *(1+i*0.04)],'color',[240/255, 
(200-40*i)/255, 10/255]); 
 
    plot([1,1617],[ sitweight *(1-i*0.08), sitweight *(1-i*0.08)],'color',[240/255, (200-40*i)/255, 
10/255]); 
end 
ylabel('Weight (Kg)'); 
xlabel('After filtered,  ω = 300'); 
 
Figure 6-7 Validation against STS times 
data = [0, 0, 5, 0, 0];  
b = bar(data); 
ch = get(b,'children'); 
set(gca,'XTickLabel',{'3 repetitions','4 repetitions','5 repetitions','6 repetitions','7 repetitions '}); 
ylabel('times recognized as valid input'); 
 
Figure 6-8 A valid tandem stance input  
%max 
plot([1, Len],[max(getcolumn(Data1,3)), max(getcolumn(Data1,3))],'color',[0, 1, 0]) 
hold on 
%min 
plot([1, Len],[min(getcolumn(Data1,3)), min(getcolumn(Data1,3))],'color',[0, 1, 0]) 
hold on 
%average 
plot([1, Len],[mean(getcolumn(Data1,3)), mean(getcolumn(Data1,3))],'color',[0, 1, 0]) 
hold on 
plot(getcolumn(Data1,3)); 
hold on 
%white lines 
plot([1, Len],[96.5243, 96.5243],'color',[1, 1, 1]) 
hold on 
plot([1, Len],[90.5243, 90.5243],'color',[1, 1, 1]) 
ylabel('Weight (Kg)'); 
xlabel('Time trajectory (1 unit = 0.01 second)'); 
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Figure 6-9 
alpha= [0.0001,0.0005,0.001,0.002,0.003,0.004,0.005,0.006,0.007,0.008,0.009,0.01,0.05,0.1] 
%validate inputs (bw =92.77) 
vv1= [0.01,0.12,0.25,0.42,0.57,0.67,0.74,0.80,0.85,0.88 0.92,0.94,1,1] 
%illegal inputs (bw = 89.06) 
vv2=[0.00,0.00,0.00,0.00,0.00,0.00,0.01,0.01,0.01,0.01,0.01,0.01,0.07,0.88] 
plot(alpha,vv1,'color',[0,0,1]) 
hold on 
plot(alpha,vv2,'color',[1,0,0]) 
ylabel('validation value'); 
xlabel('α');  
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		TestingNo		Duration		GroupNo		MSV_after_Norm(cm/s)		MSV_before_Norm(cm/s)		Sdx(cm)		Sdy(cm)

		1		5seconds		1		6.32		2.54		0.56		0.34

		2		5seconds		1		7.31		1.75		0.21		0.29

		3		5seconds		1		10.33		1.63		0.19		0.12

		4		5seconds		1		7.87		1.78		0.21		0.25
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		9		5seconds		1		10.97		1.55		0.13		0.16

		10		5seconds		1		9.72		1.89		0.25		0.15

		11		30seconds		2		5.66		1.77		0.29		0.35

		12		30seconds		2		5.12		1.89		0.4		0.34

		13		30seconds		2		4.96		1.85		0.35		0.41

		14		30seconds		2		6.46		1.74		0.21		0.43

		15		30seconds		2		4.81		1.72		0.29		0.55

		16		30seconds		2		6.74		1.81		0.23		0.37
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