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CHAPTER 5: RESULTS

5.1 Verification Tests

5.1.1 Movement Analysis Using a Robotic Motion

There were six trials recorded during the movement of joint 1. The hip flexion and hip
extension angles calculated by the Vicon and APDM systems at speeds A, B and C are shown in
the following graphs in degrees versus time in seconds. The Vicon system is shown in the plots
by the blue lines and the red lines show the APDM system. Figure 15 shows the angles for both
the Vicon and APDM system during the movement of joint 1, representative of hip flexion at

speed A. Joint 1 hip flexion B and joint 1 hip flexion C are shown in Figure 16 and Figure 17.
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Figure 15 Joint 1 Hip Flexion A
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Joint 1 Hip Flexion B
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Figure 16 Joint 1 Hip Flexion B

Joint 1 Hip Flexion C
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Figure 17 Joint 1 Hip Flexion C

The comparison of the angle measured by the Vicon system and the APDM system for joint 1
hip extension A is shown in Figure 18. The movement of joint 1 hip extension B is shown in

Figure 19. The movement of joint 1 hip extension at speed C is shown in Figure 20.
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Joint 1 Hip Extension A
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Figure 18 Joint 1 Hip Extension A

Figure 19 Joint 1 Hip Extension B
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The knee angle or joint 4 angle was calculated three different ways: the Vicon system,
with the two-sensor algorithm and the sensor directly on the joint. An example of the
comparison between the angles calculated by the Vicon system, two-sensor algorithm and the
sensor on joint 4 are shown in Figure 31. The blue line represents the Vicon system, the red

line is the two-sensor algorithm and the orange line is the sensor directly on joint 4.

Joint 4 Knee Flexion A

=YV¥icon

Angle (Degrees)

=2 Sensor Algorithm

‘Sensor on Joint 4

10 15 20
Time (s)

—
-
o

Figure 31 Comparison Between Algorithm and Sensor On Joint 4

The RMSE between the Vicon and the two-sensor algorithm, between the Vicon and the
sensor on joint 4 and the two-sensor algorithm and the sensor directly on the joint 4 is shown in

Table 5. The Pearson’s R correlation values were all 0.999.
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Table 5 RMSE for 3 Methods of Knee Angle Calculation

RMSE (Degrees)
Vicon and|] Vicon and 2 SeITSOI’
Movement Algorithm
2 Sensor | Sensor on
. . and Sensor
Algorithm| Joint .
on Joint
Joint 4 I Flexion A 1.0 2.0 2.9
Knee Flexion B 14 1.2 1.9
Knee Flexion C 1.1 2.2 2.2
Knee Extension A 1.0 2.3 25
Knee Extension B 0.8 39 4.2
Knee Extension C 0.9 2.1 2.7

Table 6 shows the angular velocity in degrees per second for each of the three systems:

Vicon, APDM and WMRA.

Table 6 Angular Velocity

. Angular Velocity (deg/s)
Link Movement Vicon | APDM | WMRA
Hip Flexion A 2.6 2.7 2.6
Hip Flexion B 3.4 3.3 3.5
. Hip Flexion C 35 3.6 3.6
Link 1 Hip Extension A 25 20 | 25
Hip Extension B -3.1 -2.8 -3.2
Hip Extension C -3.2 -2.9 -3.2
Hip Internal Rotation A -4.3 -4.1 -5.2
Hip Internal Rotation B -4.5 -4.4 -5.7
Hip External Rotation A 4.9 4.5 5.2
Hip External Rotation B 4.7 4.7 6.0
Link 2 Knee Flexion A 6.8 6.3 6.8
Knee Flexion B 10.3 9.7 10.2
Knee Flexion C 10.2 10.1 10.8
Knee Extension A -6.7 -6.7 -6.8
Knee Extension B -9.6 -9.5 -10.1
Knee Extension C -10.2 -10.1 -10.7

53

www.manaraa.com



All three joints were moved simultaneously during the 3-dimensional motion for five

cycles, and two separate trials. The two trials for joint 1 are shown in Figure 32 and Figure 33.

Joint 1 3D Motion 1
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Figure 32 Joint 1 3D Motion 1
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Figure 33 Joint 1 3D Motion
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The movement of joint 3 during the 3-D trials is shown in Figure 34 and Figure 35.
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Figure 35 Joint 3 3D Motion 2
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The movement of joint 4 during the 3-D trials is shown in Figure 36 and Figure 37.
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Figure 36 Joint 4 3D Motion 1
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Figure 37 Joint 4 3D Motion 2
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The RMSE and Pearson’s R correlation between the APDM and Vicon calculations for

3D motion trials 1 and 2 are shown in Table 7.

Table 7 RMSE and R Values for 3D Motion Trials 1 & 2

APDM vs Vicon
Joint 3D Motion 1 3D Motion 2
RMSE (Deg) | Pearson's R | RMSE (Deg) | Pearson's R
Joint 1 1.1 1.0 0.8 1.0
Joint 3 7.0 0.9 6.8 0.9
Joint 4 4.0 1.0 0.8 1.0

5.1.2 Range of Motion Tests

Figure 38 shows the range of motion test during the Vicon data collection.

Figure 38 Range of Motion Test
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The comparison between the knee flexion angle calculated by the WMAS and the Vicon system

during the range of motion test is shown in Figure 39.

Left Leg Range of Motion
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Figure 39 Left Knee Angle Range of Motion WMAS and Vicon

The RMSE and R Correlation for the range of motion tests are shown in Table 8.

Table 8 RMSE and R Values For Range of Motion Tests

Left Knee Angle
RMSE
Trial (Degrees) R
ROM L1 4.0 0.998
ROM L2 4.1 0.998
ROM L3 4.3 0.998
Overall 4.1 0.998
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5.1.3 Sit to Stand Tests
The sit and stand positions, as well as the Vicon plug in gait model and autolabel are
shown in Figure 40. Figure 41 shows the comparison between the WMAS and Vicon calculated

right knee angles during the sit to stand test.

Figure 40 Sit To Stand Test in Vicon Workstation
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Sit to Stand Right Knee Angle
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Figure 41 Right Knee Angle During Sit To Stand

The RMSE and R Values are shown in Table 9.

Table 9 RMSE and R Values For Sit To Stand Testing

Right Knee Angle Left Knee Angle
RMSE RMSE
Trial (Degrees) R (Degrees) R
STS2 4.0 0.999 4.0 0.998
STS 4 5.2 0.999 54 0.999
STS5 4.1 0.998 4.2 0.998
Overall 4.4 0.999 4.5 0.998

5.2 WMAS
The WMAS calculates knee flexion angle, stride length, and cadence. The results for
each of these parameters are in sections 5.2.1, 5.2.2 and 5.2.3 respectively. The graphical user

interface is also shown in section 5.2.4.
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5.2.1 Knee Angle

Examples of the right knee flexion angle with the WMAS and Vicon system overlayed
are shown in the following figures. An example of the right knee flexion angle during one slow
gait cycle is shown in Figure 42. The knee flexion angle in degrees is shown as percent gait

cycle. The WMAS angle is shown in red and the Vicon angle is shown in blue.

Right Knee Flexion Angle During Slow Gait

60
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g 40
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0% 20% 40% 60% 80% 100%

% Gait Cycle

Figure 42 Right Knee Flexion Angle During One Slow Gait Cycle

An example of the right knee flexion angle during one normal gait cycle is shown in Figure 43.
The blue line represents the knee flexion angle in degrees calculated by the Vicon system and

the red line is the knee flexion angle calculated by the WMAS.
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Right Knee Flexion Angle During Normal Gait
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Figure 43 Right Knee Flexion Angle During One Normal Gait Cycle

Figure 44 shows an example of the right knee flexion angle calculated by both the WMAS and

Vicon systems during one fast gait cycle.

Right Knee Flexion Angle During Fast Gait
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Figure 44 Right Knee Flexion Angle During One Fast Gait Cycle
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The WMAS and Vicon knee flexion angles were compared for the all of the gait trials.

The RMSE and R correlations values the knee flexion angle for the slow, normal and fast

speeds is shown in Table 10.

Table 10 RMSE and R Values For Knee Flexion Angle

RMSE Right Pearson's R RMSE Left Pearson's R
Speed Knee Flexion Right Knee | Knee Flexion Left Knee
(Degrees) Flexion (Degrees) Flexion
Slow 3.3 0.992 3.9 0.983
Normal 3.3 0.989 3.9 0.988
Fast 4.1 0.978 4.4 0.987
Overall 3.5 0.988 3.3 0.986

Each gait trial was separated in gait cycles and the maximum knee flexion angle was

identified. The maximum knee flexion angle from the WMAS compared to the Vicon

maximum knee flexion for each gait cycle. The RMSE for both the right and left knees at each

of the three speeds is shown in Table 11.

Table 11 RMSE For Maximum Knee Flexion

RMSE Right RMSE Left Knee
Speed Knee Max Flexion Max Flexion
(Degrees) (Degrees)
Slow 2.6 2.3
Normal 2.6 2.8
Fast 3.5 3.4
Overall 2.8 2.8

The maximum knee flexion angle for one subject during slow gait as calculated by the
WMAS and Vicon systems are compared in the Bland Altman plots shown in Figure 45. The
top dashed line represents the mean of the APDM angle (degrees) minus the Vicon Angle

(degrees) plus two standard deviations. The bottom dashed line represents the mean minus two
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standard deviations. The upper and lower dashed lines are the limits of agreement. The center
dashed line represents the mean for the maximum knee flexion angle in degrees. The Bland
Altman plot for the maximum knee flexion during normal gait is Figure 46. The Bland Altman

plot for the maximum knee flexion during fast gait is Figure 47.
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Figure 45 Bland Altman Plot: Maximum Knee Flexion During Slow Gait
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Maximum Knee Flexion During Normal Gait
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Figure 46 Bland Altman Plot: Maximum Knee Flexion During Normal Gait

Maximum Knee Flexion During Fast Gait
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Figure 47 Bland Altman Plot: Maximum Knee Flexion During Fast Gait
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5.2.2 Stride Length
The average stride length in meters at the slow, normal and fast speeds is shown in
Table 12. The Pearson’s R correlation values, RMSE and percent difference for stride length

between the WMAS and Vicon system is shown in Table 13.

Table 12 Average Stride Length

Average Stride Length (m)
Speed Vicon APDM
Slow 1.08 1.11
Normal 1.29 1.25

Fast 1.54 1.48
Overall 1.30 1.27

Table 13 Stride Length Statistics

. Percent
Speed Pearson's R | RMSE (m) Difference
Slow 0.91 0.056 1.96%
Normal 0.88 0.067 0.37%
Fast 0.87 0.136 5.31%
Overall 0.89 0.091 2.11%

Bland Altman plots for stride length are shown for the slow, normal and fast gait speeds for one

subject in Figure 48, Figure 49 and Figure 50.
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Stride Length During Slow Gait
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Figure 48 Bland Altman Plot: Stride Length During Slow Gait
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Stride Length During Fast Gait
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Figure 50 Bland Altman Plot: Stride Length During Fast Gait

5.2.3 Cadence

Cadence was calculated from the WMAS and Vicon system and the results are shown in

Table 14. The average cadence is reported in steps per minute at each of the three speeds.

Table 14 Average Cadence

Speed WMA$ Vicon_ Pearson's R
(steps/min) | (steps/min)
Slow 70 71 0.951
Normal 96 94 0.933
Fast 123 120 0.908
Overall 96 95 0.931
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5.2.4 Graphical User Interface

A graphical user interface (GUI) was created in Matlab to display the knee angle

analysis as shown in Figure 51. The GUI has a drop down menu to select which trial to plot.

WMAS Knee Angle Analysis

[ plot(N1_Time,N1_RKneeDeah_Adj) Update

3] I

Right Knee Angle
150 T T T T

Time (s)

Left Knee Angle

150

Angle Degrees

50 L ! ! I
0

Time (s)

Figure 51 Knee Angle GUI

The GUI can also display two knee angle trials on top of each other as shown in Figure 52.

This is a useful feature if you want to compare two separate trials, or a new to a baseline trial.

WMAS Knee Angle Analysis
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Figure 52 Knee Angle GUI Comparing Two Knee Angles
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CHAPTER 6: DISCUSSION

6.1 Verification Tests

The purpose of the verification tests was to show that the WMAS algorithm calculated
the knee flexion angle within 5 degrees of error relative to the gold standard Vicon motion
capture system.

The first step of the verification testing used a robotic arm to provide a repeatable
movement. These movements allowed for the comparison between the Vicon optical motion
capture system and the APDM Opal IMU system in terms of joint angle calculation, angular
velocity and trajectory recognition.

During the linear or single joint movements, the calculated joint angles from the Vicon,
APDM and WMRA systems shown in Figures 4-6 were very similar. The three speeds did not
seem to have a significant effect on the joint angle calculations. The joint angles calculated by
the Vicon and APDM systems for the linear movements had an average RMSE of 1.2 degrees.
The Vicon and APDM systems were also strongly correlated with a Pearson’s R correlation
value of 0.998. According to manufacturer, the APDM Opal sensors have a static roll/pitch
orientation accuracy of 1.15 degrees, a static heading orientation accuracy of 1.50 degrees and
dynamic orientation accuracy of 2.80 degrees [82]. Therefore, the quaternion-based algorithm
improved the accuracy of the APDM sensors. The largest deviations in joint angle between the

three systems were most apparent in the joint 3 hip internal and external rotation movements.
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The APDM sensor begins to drift towards the end of each trial. Joint 3 hip internal and external
rotation trials have an average RMSE between the Vicon and APDM sensors of 2.1 degrees;
nearly double the average RMSE for all linear movements. This is because the APDM sensors
begin to drift at the end of each trial.

When the Vicon system and two-sensor algorithm was compared the average RMSE for
the knee flexion angle was 1.0 degree. Since the Vicon system is considered the gold standard
for gait analysis, this shows that the two-sensor algorithm accurately calculates the knee flexion
angle within a clinically acceptable range. The RMSE was less than the results reported by
Schiefer et al. and Toffola et al [44, 45] and the manufacturer’s specifications. The comparison
between the Vicon system and sensor directly on joint 4 had a RMSE of 2.3, which was nearly
double the error calculated by the two-sensor algorithm. The RMSE between the two-sensor
algorithm and the sensor directly on the joint was 2.6 degrees.

The angular velocity measurements from the APDM sensors came directly from the data
from the gyroscope sensor and the manufacturer’s calibration, whereas the Vicon and WMRA
angular velocities were calculated using the time and angle measurements. The correlation
between the Vicon system and APDM average angular velocities was the highest with a
Pearson’s R-value of 0.999 and RMSE of 0.29 degrees per second. The WMRA and Vicon had
a correlation value of 0.997 and an average RMSE of 0.57 degrees per second. The WMRA
and Vicon systems had an R-value of 0.997 and an average RMSE of 0.69 degrees per second.
Since the APDM sensor directly measures the angular velocity, it makes sense that the APDM
and Vicon comparison has the highest correlation and lowest RMSE, followed by the APDM
and WMRA comparison. The APDM angular velocity towards the end of each trial the

measurements did not drift significantly, the signals were a little noisy but remained relatively
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constant. This is likely due to the calibration of the gyroscope data. The raw gyroscope data
was noisier than the calibrated data, and contained some drift. When the joint angles were
calculated by integrating the gyroscope signal, the drift continually increased and the error was
compounded over time. However, the manufacturer’s calibration seems to correct the
gyroscope drift, so drift was not a significant problem in this study.

The last trials collected were the two three-dimensional trials where all three joints
moved simultaneously for five complete cycles. All three systems had been running for several
hours and the calibration files were not reset for any of the systems. The largest differences
between the three systems joint angles, particularly the WMRA, were evident in the 3-
dimensional motion trials. These trials also had some of the highest RMSE, particularly for joint
3. Before beginning the study, time-based effects were expected to be a factor and source of
error. Knee angle calculations using the two-sensor algorithm for both 3-D trials 1 and 2 were
still within a clinically acceptable range, even after several hours of data collection.

The management of several hours of IMU data in this study was possible due to the
MATLAB (Mathworks, Natick, MA) algorithm and the ability to save each trial separately in
the Motion Studio program. However, the APDM Opal sensors are capable of on board data
storage, which would allow for continuous data collection outside of a laboratory setting during
activities of daily living. The calculations of the joint angles would be similar to having
separate trials, however the processing time of the MATLAB algorithm would be increased.
The problems with data management would arise when attempting to separate different

activities.
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The manufacturer’s calibration of the APDM sensor gyroscopes limited the drift and
time-based effects. As a result, the APDM sensor algorithm accurately calculated the joint
angles well within a clinically acceptable range relative to the gold standard Vicon gait analysis
system.

The range of motion and sit to stand tests were an additional method used to verify the
WMAS knee angle calculation algorithm. Both the range of motion and sit to stand tests had a
RMSE of less than 5 degrees when compared to the Vicon system. A potential source of error
in these tests was the height of the stool that the subject sat on. The stool did not allow the
subject to begin with their legs at a 90-degree angle and it was difficult for the subject to sit
completely upright. However, the stool was used rather than the chair used during the rest of
the gait trials because the RPSI and LPSI markers were blocked from the view of the cameras
by the back of the chair. Since three markers are needed to define a segment, the pelvis could
not be defined at the start of the trials due to drop out of two of the four pelvis markers. The
pelvis is used as a reference segment for the legs, and as a result the knee angles could not be
calculated using the chair. Another potential source of error was movement of the pelvis
markers during the trial. The pelvis markers were attached to the elastic belt on the APDM
strap, and moved slightly during the trials. However, these tests showed that WMAS was able to
accurately measure the knee flexion angle within the goal of 5 degrees error relative to the

Vicon system and within clinically acceptable range.

6.2 Comparison Between Vicon and WMAS
The Vicon and WMAS were compared for three gait parameters: knee flexion angle,
stride length and cadence. The three verification tests were the first methods that were used to

compare the WMAS and Vicon system. As mentioned previously, the Vicon motion analysis
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system is the gold standard for gait analysis and was used to validate the algorithms and
accuracy of the WMAS.

The goal of the WMAS knee angle calculations was to have less than 5 degrees of error
relative to the Vicon system. The RMSE for the WMAS was less than 5 degrees for both the
entire trial comparisons and the maximum knee flexion angle comparison. For the entire gait
trial comparisons, the RMSE for the right knee during the slow, normal and fast speeds was 3.3
degrees, 3.3 degrees and 4.1 degrees respectively. The left knee flexion RMSE were slightly
higher than those calculated for the right knee. Slow, normal and fast RMSE for the left knee
were 3.9 degrees, 3.9 degrees and 4.4 degrees. For both the left and right knee flexion angles,
the R correlation values were between 0.983 and 0.992. The overall RMSE and Pearson’s R
correlation values for the right knee were 3.5 degrees and 0.988, whereas the left knee was 3.3
degrees and 0.986.

The maximum knee flexion angles were also well within under the goal of 5 degrees of
error with an overall RMSE of 2.8 degrees. Analysis of the bland altman plot shows that the
maximum flexion angles were well with an error of 5 degrees, with the exception of a few
outliers. The bland altman plot was used to show a comparison between the Vicon and WMAS
measurements, and to validate if the WMAS is an acceptable alternative to the gold standard.
Unlike Pearson’s R correlation, the bland altman plot does not assume a linear relationship
between the values. The limits of agreement are the top and bottom dashed lines in the figure
representing the mean +/- two standard deviations. Since the limits of agreement fall within a
clinically acceptable range, it can be assumed that the WMAS is a reliable alternative to the

Vicon system.
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There are several potential sources of error for the knee angle calculations. The
potential error sources related to the Vicon system include misplacement of the knee markers.
These markers are difficult to locate properly, and a slight offset could affect the location of the
knee joint center. An additional source of error related to the Vicon system is the movement of
the pelvis markers during the trials due to their placement on an elastic belt on the waist and the
movement of the subjects shirt and in turn the reflective markers. The potential error sources
related to the WMAS include misalignment of the APDM sensor with the axes of the thigh and
shank, magnetic interference and movement of the sensors during the trials. Magnetic
interference may have occurred due to the force platforms, solo step, cameras and computer
system, but did not seem to have a major effect on the results. Lastly, the sensors were not
calibrated before each data collection. The Motion Studio software has been updated since the
collections for this study were completed and now includes a calibration feature that can
recalibrate the gyroscopes and magnetometers before beginning data collection. It is expected
that recalibrating the sensors before every data collection would improve the results.

Another goal of this study was to improve the stride length calculations in a previous
study using the APDM sensors by Simoes. Simoes reported stride length R correlations of
0.776, 0.8 and 0.817, which correspond to normal, fast and slow speeds, and an overall
correlation of 0.861 [3, 35]. In this study the stride length calculations were improved at all
three speeds as well as in the overall correlation. The highest correlation value for stride length
in this study was 0.91 at slow speed. The normal and fast correlation values were 0.88 and 0.87
respectively. Overall the stride length correlation was 0.89. In addition to the correlation
values, the overall average RMSE was 0.091m, with the slow speed having the lowest RMSE at

0.056m. The limits of agreement from the stride length Bland Altman plot for slow gait also
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show that the error between the two methods at slow speed was approximate 0.05m. Since the
literature has shown that subjects with TBI tend to walk slower, so the WMAS will be able to
calculate the TBI parameters accurately. The overall percentage difference between the WMAS
and Vicon stride length calculations was 2.11%.

In the WMAS, a peak detection method was used to identify the heel-strike and toe-off
gait events from the angular velocity signal. However, manual inspection was necessary to
avoid selection of noise in the signal rather than a peak or gait event. A filtering technique
should be used in the future to eliminate the need for manual inspection of the locations of the
gait events.

The WMAS was able to achieve the goals of 5 degrees or less of error in the knee

flexion measurements and improve upon previous stride length results.

6.3 Comparison Between WMAS and Previous Work

There are several differences between the WMAS and the previous work with IMUs
mentioned in Chapter 2. One significant difference is a lot of the systems contain wires
connected to a data logger, and are not small or practical for a person to wear during their
activities of daily living. Another difference between previous work and the WMAS is the gait
parameters were calculated directly not from integrating gyroscope or accelerometer signals.
This resulted in a smaller error due to the elimination of error propagation and drift
accumulation during integration. The WMAS was also validated against a gold-standard,
industry leading, Vicon optical motion capture system rather than a video camera based,
magnetic or ultrasound system. No extensive filtering, such as Kalman filtering, was used in
the WMAS but was popular in previous work. The WMAS is different from the iTUG plug-in

used by Simoes because the data is based off individual subject measurements rather than a
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normative database, the data is output into columns and graphs that are editable rather than a
standard template report that cannot be edited, and the equations and calculations are known to
the user rather than a “black box” type software. The other major advantage to the WMAS is
the gait parameters and knee angles are calculated directly from the orientation data rather than
the integration of the sensor data. In addition the WMAS can be used for other activities and
gait tests, other than just the TUG test, which is the only test Simoes was able to perform [3,
35].

The WMAS RMSE for knee flexion angle was 3.3 degrees for the normal and slow
speeds and 4.1 degrees for the fast speed during gait, which were lower than those reported in
the literature. For example, Schiefer et al. used accelerometers and gyroscopes to calculate knee
flexion during several activities of daily living compared the data to an optical camera system
with a RMSE between 4.6 and 7.1 degrees [46]. Watanabe reported RMSE of 4-5 degrees, and
7 degrees without a Kalman filter, which are also higher than those from the WMAS [46].
Pochappan reported a RMSE of 9.12 degrees, nearly triple the error calculated by the WMAS
[48]. The Xsens MTx sensors are a similar product to the APDM Opal sensors, however
Cloete and Scheffer reported RMSE of 7.6 degrees for the knee flexion angle using the Xsens
software [47]. RMSE from the WMAS were not as small as Dejnabadi [83] or Cooper [59],
however, these systems were not validated with an optical motion capture system. Lastly, Favre
reported lower average RMSE for knee flexion angle but used several calibration and alignment
procedures prior to data collection [52, 54, 55], which were not used with the WMAS.

The work by Aminian [38] and Salarian [39] was used in the WMAS to identify the gait
events or heel-strike and toe-off from the angular velocity signal from the shank IMU.

However, unlike Aminian [38] and Salarian [39], the gyroscope data was not integrated to get
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