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Introduction
In the Human Machine Integration laboratory, we have been 

designing wearable robots, specifically robotic ankle foot orthoses,1,2 
robotic knee orthoses, and robotic ankle prostheses.3,4 For all of 
these robotic systems, the user’s walking pattern and intent must be 
determined to generate appropriate motor outputs. In the past, we have 
used tunable gait patterns,3 variable stiffness patterns,1,5 and a new 
tibia based controller.6 The tibia based controller is very promising 
because the phase-plane diagram is used to determine the percent gait 
cycle. It also eliminates time directly from the analysis because the 
progression of the phase angle or phase angles is used as a metronome. 
The more important question is how do these phase angles of the tibia 
and foot progress in time? Do they follow each other? Does one loop 
around in two periods while the other loops around in one period? Is 
the relationship between the phase angles invariant to walking speed 
and other types of tasks? In this work, we study only the joint angles 
of the ankle and knee as well as the elevation angles of the foot and 
shank (tibia). We study these angles in walking, walking quickly, and 
walking up or down slopes. We are studying the elevation angle of the 
thigh and other tasks such as jogging and running, but will not discuss 
those results here. 

Elevation angles are measured against the vertical component 
(measured against gravity), see Figure1. We believe they are 
extremely valuable because they are a direct measure of the moment 
caused by gravity against the member (or limb). Research groups, 
Lacquaniti and others,7–15 have shown that the elevation angles follow 
a planar covariance law. Computer graphics groups at the University 
of Pennsylvania have used the elevation angles to simulate/model 
gait.16 Blaya and Herr have also measured the elevation angles in their 
powered ankle foot orthosis.17,18

In this paper, we will analyze the joint angles and the elevation 
angles of the lower limb to determine if they can be used as inputs to 
our robotic systems.

Methods
Four subjects were recruited to participate in a single data collection 

session at the Center for the Intrepid, Brooke Army Medical Center. 
All subjects signed an IRB approved informed consent document prior 
to participating. Each subject was fitted with a minimum of four retro-
reflective markers per limb segment. A 26 camera Motion Analysis 
Corporation motion capture system collected marker position data 
at a rate of 120 Hz. Walking surface slopes was modified using an 
instrumented motorized platform. Each subject was asked to walk 
over level ground at medium and fast speed. Subjects were asked to 
walk up and down a 10 degree slope at their self-selected pace. 

Marker position data were labeled and recorded using EvART 
software (Motion Analysis Corp.). Visual 3D software (C-Motion 
Inc.) was used to calculate joint and segment displacements using an 
Euler angle approach. Matlab was used to analyze the raw angle data 
from Visual 3D. In this work, we did not filter any of the data, and 
the angular velocity data was calculated by a finite difference method 
using the diff function in Matlab. To calculate the phase angle, atan2 
and unwrap functions were used in Matlab to determine an angle 
between 0 and 360 degrees.

The “ankle angle” was determined using shank and foot local 
coordinate system data. The neutral or 0 degree position is observed 
when the long axis of the foot is perpendicular to the shank segment. 
The knee joint angle is measured between the thigh and shank with 0 
degrees in the neutral standing position. This angle is labeled as “knee 
angle.” In the right diagram of Figure 1, the angles are measured 
clockwise and are thus negative.

The foot elevation angle is measured in world coordinates between 
the foot and the vertical with 0 degrees in the neutral standing position. 
This angle is labeled as “foot angle.” The shank elevation angle is 
measured in world coordinates between the shank and the vertical 
with 0 degrees in the neutral standing position. This angle is labeled as 
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Abstract

In the Human Machine Integration laboratory, we have been designing wearable robots. For 
our robotic systems, the user’s walking pattern and intent must be determined to generate 
appropriate motor outputs. In the past, we have used tunable gait patterns, variable stiffness 
patterns, and a tibia based controller. In this paper, we focus on understanding human gait 
and the underlying patterns by studying phase curves. For example, we use the progression 
of the shank phase angle as a metronome to determine the user’s percent gait cycle. We go 
one step further by studying the phase angle of the shank as a function of the phase angle of 
the foot. A signature pattern between the two phase angles is shown. The pattern seems to 
be invariant to different tasks such as walking, walking quickly, and walking on slopes. In 
the future, it is hoped that a shank phase angle with a unique orientation and angular speed 
can be used to determine a unique foot phase angle allowing the generation of appropriate 
motor outputs.
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“shank angle.” In the left diagram of Figure 1, the angles are measured 
clockwise and are thus negative. In some research fields, the elevation 
angles are called segmental angles. The segmental angles are the 
angles of the limb calculated in world coordinates.

Figure 1 The definitions of the angles for the foot, shank, and knee are shown.

Data analysis
Ankle and foot angle data from six level walking cycles collected at 

medium speed are shown in Figure 2. The average gait cycle duration 
was 1.142 seconds. The foot elevation angle has one peak and one 
minimum per cycle. The ankle joint angle has two peaks and two 
minima per cycle. The elevation angle is very smooth and repeatable. 

Figure 2 The ankle joint angle and foot elevation angle are shown for six gait 
cycles.

The ankle angle and foot angle were numerically differentiated to 
determine their respective angular velocities. A phase plot is shown 
in Figure 3 plotting the corresponding ankle angular velocity with 
the ankle angle at each point in the gait cycle. All six gait cycles are 
shown in Figure 3 with each phase plot making two loops per gait 
cycle.

A phase plot demonstrating the relationship between foot angular 
velocity and foot angle is shown in Figure 4. The data is smooth 
with little variability. Each of the six unique loops within the figure 
corresponds to a single gait cycle; therefore, each phase angle 
corresponds to a unique point in the gait cycle.

Figure 3 The phase plot of the ankle joint angle vs ankle angular velocity.

Figure 4 The phase plot of the foot elevation angle vs foot angular velocity.

The knee and shank angles for the same six cycles are shown in 
Figure 5. The shank elevation angle is smooth with one peak and 
minimum while the knee angle has two peaks and minima. Again, the 
elevation angle is smooth and repeatable.

Figure 5 The knee joint angle and shank elevation angle are shown for six 
gait cycles.

The knee angle and shank angle were numerically differentiated 
to determine their respective angular velocities. A phase plot 
demonstrating the relationship between knee angular velocity and 
knee angle throughout the gait cycle is shown in Figure 6. Each of the 
six gait cycles shown in Figure 6 form two loops per gait cycle. The 
data appears noisy and is variable.
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Figure 6 The phase plot of the knee joint angle vs the knee angular velocity.

Similar to Figure 4, a phase plot of shank angular velocity and 
the shank angle includes only one loop per gait cycle and the data is 
smooth with little variability. Because there is only one loop per cycle, 
each phase angle corresponds to a unique point in the gait cycle.

These findings are consistent with previous efforts using shank 
phase angle to determine percent gait cycle to control a powered 
prosthetic ankle.6 In the work by Holgate, shank phase angle was 
found to be consistent across varied stride lengths.6

The ankle phase angle calculated using data from Figure 3 is shown 
in Figure 7. It is determined by converting each point in the phase plot 
into polar coordinates. The distance to each point is measured by a 
length r, and the angle is measured by Phi. The ankle phase angle data 
in Figure 7 is noisy because the data in Figure 3 is noisy.

Figure 7 The ankle phase angle is shown for six gait cycles. The angle is 
unwrapped.

In Figures 3, 4, 6, & 8, the scales of the vertical and horizontal 
axes are not the same. The range of angular velocities is very large as 
compared to the range of angles. Because of the paucity of data points 
between -50 and 50 deg/s in Figure 6, phase angles are not close to 
0, 180, or 360 degrees in Figure 9. This same reasoning follows for 
Figure 3 & 7, Figure 4 & 10, and Figure 8 & 11. The phase points in 
the plots are connected by lines which can make it seem that there are 
more data points than are actually collected.

Figure 8 The phase plot of the shank elevation angle vs shank angular velocity.

Figure 9 The knee phase angle is shown for six gait cycles. The angle is 
unwrapped.

Figure 10 The foot phase angle is shown for six gait cycles. The angle is 
unwrapped.

The knee phase angle calculated using data from Figure 6 is shown 
in Figure 9. Because the data in Figure 6 is noisy, the knee phase angle 
is noisy.

Lastly, the phase angle of the knee was plotted against the phase 
angle of the ankle. The axes have equal length to determine if there 
is any relationship or signature pattern. The data is scattered in four 
areas, because both phase angles are noisy producing large jumps 
in phase angle data. All data is shown and no outliers are removed 
(Figure 12).
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Figure 11 The shank phase angle is shown for six gait cycles. The angle is 
unwrapped.

Figure 12 The ankle phase angle vs the knee phase angles are shown for six 
gait cycles. The angles are unwrapped.

The foot phase angle calculated using data from Figure 4 is shown 
in Figure 10. The foot phase angle is smooth because the data in 
Figure 4 has little variability.

The shank phase angle calculated using data from Figure 8 is 
shown in Figure 11. The shank phase angle is smooth because the 
data in Figure 8 is smooth. Holgate in6 uses the phase angle of the 
shank to act as a metronome to control his robot. He uses the polar 
length as a measure of stride length. If the stride length, percent gait 
cycle, and gait duration are known, then the velocity of the person can 
be determined.

The phase angle of the shank was plotted against the phase angle 
of the foot, see Figure 13. The axes have equal length to determine 
if there is any relationship or signature pattern. All data is shown 
and no outliers are removed. A signature pattern is shown relating 
the shank phase angle to the foot phase angle. First, the foot phase 
angle decreases quickly from -100 to -250 degrees while the shank 
phase angle changes very little. Then, the shank phase angle decreases 
quickly while the foot phase angle changes very little.

The same data analyses were repeated for six additional gait 
cycles from the fast walk condition. The pattern of the shank phase 
angle and foot phase angle is reported in Figure 14. The average gait 
cycle duration was 0.909s which is 20% shorter than the previous 
data set. It should also be noted that in the fast walk condition stride 

length increased and cycle duration decreased. As the stride length, 
increases, the size of the loop in Figure 8 increases but the shape 
remains very similar.6

Figure 13 The foot phase angle vs the shank phase angles are shown for six 
gait cycles. The angles are unwrapped. (1.142s duration for walking cycles).

Figure 14 The foot phase angle vs the shank phase angles are shown for 12 
gait cycles. The angles are unwrapped. The second group of gait cycles are for a 
person walking very fast, and are shown in red +’s (0.909s duration for fast gait 
cycles). The first set of six gait cycles from Figure 13 are shown in blue dots.

It was remarkable to see the signature pattern shown in red +’s for 
the fast walking gait cycles closely matches the pattern for moderate 
walking (Figure 13). A pattern in the ankle phase vs. knee phase was 
not detected.

The same data analyses were repeated for two gait cycles from the 
10 degree (17.6% grade) slope ascent and descent condition. A pattern 
was not detected in the ankle phase angle vs. the knee phase angle. 
The foot phase angle vs the shank phase angle, as shown in Figure 15, 
demonstrated a pattern similar to Figure 13.

In Figure 16, all data points for all trials and conditions are 
superimposed: walking, walking quickly, walking up a slope, and 
walking down a slope. The shank phase angle vs. the foot phase 
angle showed a consistent signature pattern for all conditions. There 
are slight differences between the curves, but they follow a similar 
pattern.
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Figure 15 The foot phase angle vs the shank phase angles are shown for 2 
gait cycles. The angles are unwrapped. The first gait cycle is for walking up a 
10 degree slope and the second gait cycle is for walking down a 10 degree 
slope (17.6% grade).

Figure 16 The foot phase angle vs the shank phase angles are shown for all 
data.

Discussion
Firstly, should one focus on or use elevation angles when 

controlling a biped or prosthetic ankle? We believe there are very 
important reasons to use elevation angles. Elevation angles are a 
measure of the moment caused by gravity against the limb. They 
are also a measure of whether the leg will strike or scuff the ground 
during gait. Lastly, the variability is low and they are very repeatable. 
Marken19 shows that the variables the human use to control a task are 
those variables with the least amount of variability even when the 
system has perturbations. In his example, if you want to determine 
which variable is being controlled by a heating system, you look for 
a variable that remains constant even if a window is opened. The 
temperature remains constant in a heating control system and is thus 
the “controlled variable.” We argue that the human is controlling the 
elevation angles because they are very smooth and repeatable.

Secondly, it has been said elevation angles are not important 
because one must still convert back to joint angles, for example, to 

control the ankle joint. We disagree because a low level feedback 
loop does not have to be around a joint angle. For example, we use 
the progression of the shank phase angle to determine the percent 
gait cycle. Then, the percent is used to determine the amount of pull 
needed on a spring in our robotic tendon actuator. We have a low level 
feedback loop around the input or proximal position of the spring. We 
do not calculate joint angles when controlling our prosthetic ankle. 

Lastly, the analysis of elevation angles is not new, but we believe 
Figure 13, 14, 15, & 16 are new. We show that the two phase angles 
progress together in a particular signature pattern regardless of the 
tasks of walking, walking quickly, and walking on slopes. In these 
tasks, the joint angles vary, and the phase loops might grow or shrink 
in size. For example, when walking fast with a larger stride length, the 
polar radius increases in size. Even though the polar radius changes, 
the progression of the two phase angles remains similar in the 
different tasks. We believe this is important because the progression 
of the shank phase angle can be used as a metronome in our robots. 
If the shank phase angle is determined using sensors, the foot phase 
angle can be calculated to determine the desired position and velocity 
of the foot. We use this data to control the force applied to the foot. In 
our previous work, we showed that the shank phase angle is invariant 
to different stride lengths.6

Conclusion
In the Human Machine Integration laboratory, we have been 

designing wearable robots. For our robotic systems, the user’s intent 
must be determined to generate an appropriate motor output. We are 
developing controllers based on elevation angles because they are 
smooth and repeatable. We have been studying the phase angle of 
the shank and foot to determine their progression and to find any 
invariant patterns. We believe the signature pattern shown in Figure 
16 is invariant.

In our robotic systems, we use the shank phase angle as a 
metronome to determine the percent gait cycle of the user. In this 
work, we showed the shank and foot phase angles progress in a 
signature pattern for different walking speeds and walking up or down 
slopes. We believe this finding is unique and that the shank phase 
angle can be used to control bipeds and prostheses. In the future, we 
are focusing on studying the underlying patterns of the phase angles 
expanding our work to jogging and running.
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