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Abstract—Pneumatically powered lower limb 

exoskeletons are designed to actuate during walking in 
accordance with the timing of the user’s stride cycle. 
The project I am working on involves the actuation of 
the ankle exoskeleton during level ground treadmill 
walking. The current testing method utilizes force 
plates underneath a split belt treadmill to determine 
ground reaction forces throughout walking trials. 
These forces can be used directly to detect when the 
subject’s heel hits the ground. Given this gait event 
detection, the controller can actuate the device 
accordingly.  However, this method occasionally does 
not detect certain instances of heel strike due to a 
subject’s misstep across the midline of the treadmill. 
This misstep can cause the exoskeleton to actuate at the 
wrong time, ultimately posing a threat to the safety of 
the user. In order to avoid this, I designed a sensing 
method that was attached to the exoskeleton instead of 
the treadmill. I applied my knowledge and skills gained 
through assisting with subject testing, such as knowing 
the optimal location for electrode placement in order to 
gain a clean muscle signal or the importance of correct 
marker placement to help navigate my design criteria. 
These skills helped me to design a prototype of an 
electrical foot switch, where gait events are detected 
from a sensor on the exoskeleton rather than the 
treadmill’s force plates. This new method decreases the 
risk of misfire of the exoskeleton by utilizing a force -
sensitive resistor (FSR) in a voltage divider circuit to 
more effectively measure heel strike. Then, the time 
when the output voltage first crosses a predetermined 
threshold voltage is the time of heel strike. This 
threshold will be optimized prior to testing to reduce the 
gait event detection error. 
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I. INTRODUCTION  

Throughout this semester, I have been working to 
learn more about pneumatically powered lower limb 

exoskeletons. Exoskeletons fall under a branch of robotics  
called rehabilitation robotics, which aims to help people 
recover from severe physical trauma or assist people with 
daily life activities. I first learned about rehabilitation 
robotics last spring when I visited the Rehabilitation 
Institute of Chicago (RIC), which is what inspired me to 
begin research on this project with the University of 
Michigan’s Human Neuromechanics Laboratory as well 
as the Robotics and Motion Laboratory. I was particularly 
motivated by work being done in these labs because they 
combine human subject testing with research, similarly to 
how RIC combines patient care and research. 

This paper illustrates the research process completed 
throughout the University of Michigan’s Winter 2015 
semester as a part of the Department of Mechanical 
Engineering’s Research, Innovation, Service, and 
Entrepreneurship (RISE) program. My primary goals for 
this project were to gain clinical skills throughout subject 
testing and data collection in order to better understand 
human walking dynamics and help to improve upon the 
current testing method. 

II. CURRENT TESTING METHOD 

A. Ankle Exoskeleton 

Robotic lower limb exoskeletons can alter joint 
mechanical power output in order to study the 
relationship between the mechanics and the energetics 
of human motion. The exoskeleton used for testing in 
the Human Neuromechanics Laboratory consists of a 
foot component and a shank component attached by a 
rotational joint. The shank consists of metal orthotic 
rods and the shoe is a standard orthotic shoe modified 
with metal attachments, which combines for a total 
weight of 2.08 kg (0.81 kg at foot, and 1.27 kg at 
shank). An artificial pneumatic muscle is attached 
posteriorly to power plantar flexion.  

This pneumatically powered ankle exoskeleton is 
similar to the one built by Sawicki and Ferris, which 
is controlled by the user’s soleus electromyography 
(EMG) to determine whether mechanical assistance at 
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the ankle joint could reduce the metabolic cost of 
level ground, steady-speed human walking [1]. 
Sawicki and Ferris have shown that when using a 
proportional myoelectric controller with bilateral 
ankle exoskeleton, the metabolic cost of the user is 
reduced. This specific type of controller, the 
proportional myoelectric controller, utilizes custom 
software to regulate the air pressure in the artificial 
muscle of the exoskeleton proportional to the 
processes soleus EMG amplitude [2]. The only 
difference between the controller we used in the lab 
and a controller developed by Gordon and Ferris is 
that the adjustable gain to scale the control signals 
dynamically adapts to the user during testing. The 
picture shown in Fig. 1 depicts the exoskeleton, 
which during testing, is connected to the air supply 
and worn by the subject. 
 

 
Fig. 1. Right ankle exoskeleton used in the Human Neuromechanics 
Laboratory during subject testing. 

 

B. Subject Testing 

During testing, subjects practiced level ground 
walking with bilateral ankle exoskeletons on a 
motorized split-belt treadmill set to 1.20 m s-1. 
Throughout these walking trials, vertical ground 
reaction forces were measured through two separate 
force plates beneath the treadmill, where one force 
plate corresponded to the right foot and one to the 

left, as shown above in Fig. 2. These ground reaction 
forces were the primary method of detecting gait 
events, such as heel strike, when the subject’s heel 
hits the ground. This detection was critical since the 
actuation timing of the exoskeleton directly depended 
on the time of the heel strike.  
 In addition to the vertical ground reaction forces, 
which were measured throughout the trial, many other 
quantities were measured as well. As shown in Fig. 3, 
the subject testing set up includes a metabolics mask 
and controllers, 39 reflective motion capture markers, 
and 16 electrodes placed on key muscles. The 
positions of these reflective markers are determined 
through triangulation by the 10 cameras around the 
room in order to detect the positions of certain 
landmarks throughout the body. The electrodes are 
placed on key muscles to record muscle activity.  
 Throughout the semester, I had the opportunity 
of assisting with subject testing. I was able to gain 
clinical skills when interacting with subjects as well 
as learn more about how to place electrodes on 
primary muscle groups and markers throughout the 
body. The placement of the electrodes is really 
critical, since the quality of the EMG signals depends 
on it. The ideal position for an electrode is right in the 
belly of the muscle, where the noise and interference 
from other muscles is minimal. Additionally, the ideal 
placement for the reflective motion capture markers is 
on boney landmarks on the body so that the models 
are as accurate as possible throughout the post-
processing.  
 

 
Fig. 2. Split-belt treadmill used during testing. 
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Fig. 3. Subject testing setup, including metabolics mask, reflective motion 
capture markers, and electrodes. 

C. Vicon 

In addition to subject testing, I was also able to 
help with the post-processing of motion capture data. 
In particular, the positions of all of the motion capture 
markers are tracked by cameras around the room, and 
then imported into a motion-processing program 
called Vicon. After all of the data is imported, Vicon 
can recreate a 3D version of the test subject based on 
the positions of the markers, as shown in Fig. 4. I 
learned more about the importance of correct marker 
placement as well as the process of auto-labeling the 
markers. Additionally, I learned that imported data 
sets are far from perfect, and sometimes certain 
markers are blocked at a certain point in the stride by 
another object. When a marker is temporarily 
missing, a process called gap filling is necessary. Gap 
filling is a process in which Vicon uses the 
trajectories of the markers in previous strides in order 
to determine the position of the marker in the current 
stride. While gap filling is a helpful tool, it is never 
entirely 100% accurate.  

Especially since markers often flash in and out of 
view of the cameras, the marker placement is 
extremely important. In order to minimize the error 
when gap filling, the number of correct markers at 
any particular time needs to be as high as possible in 
order to more accurately determine the positions of 
the missing markers.  

 

 
Fig. 4. Vicon motion capture post-processing model of subject during 
walking trial. 

D. OpenSim 

After the motion capture data is analyzed in 
Vicon, the labeled model can be imported into 
OpenSim, a program used to simulate the walking 
trials. OpenSim can also depict which muscles are 
activated as well as the location and magnitude of the 
ground reaction forces throughout all of the positions 
of the stride. Small inaccuracies that are a result of 
gap filling in Vicon compound into more inaccuracies 
in OpenSim. Since OpenSim model uses body 
landmarks from Vicon to analyze inverse kinematics 
and dynamics, the correct placement of markers is 
further reinforced in order to create the most accurate 
model and simulation. 

III. FUTURE TESTING 

For future testing however, there will be a new 
controller for the exoskeleton actuation, where the 
timing of the actuation relies directly on the timing of 
the heel strike. This means that it is absolutely crucial 
to have an accurate measurement of the exact time the 
user’s heel hits the ground. The primary issue with the 
current method is that there is a high chance of 
misstep, where the subject crosses over the midline of 
the treadmill. This not only gives an inaccurate value 
for the time of the heel strike, but it also poses a threat 
to the safety of the subject if the wrong exoskeleton 
fires at the wrong time. This risk motivated a redesign 
for how gait events are detected. 
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A. Design Criteria 

When redesigning, safety was definitely a 
priority. We wanted to ensure that there was minimal 
risk that the exoskeleton misfired. Also, since the 
testing set up is already so elaborate, we wanted to 
minimize the potential for wires to be in the way of 
walking or motion capture with a minimal and 
discreet design. We also needed to the design to be as 
accurate and repeatable as possible, while still having 
the ability to accommodate on a subject-by-subject 
basis due to slight changes in how different people 
walk. 

B. Proposed Solution 

The proposed solution includes a force sensitive 
resistor (FSR) as part of a voltage divider circuit, 
where one resistance is held constant and the other 
varies depending on how much force is applied. The 
FSR will be either directly applied to the bottom of 
subject’s heel or the inside sole of the exoskeleton, 
using athletic pre-wrap. A single FSR is applied to the 
bottom of the heel of a subject, as shown in Figure 5.  

 

 
 

 
Fig. 5. Applications of FSR using athletic pre-wrap to the bottom of 
the heel. 

Figure 6 shows the FSR used in the circuit. It is 
relatively small in size, with a 0.5” diameter sensing 
area, overall length 2.375”, and overall width 0.75”. 
This particular FSR maintains an inverse power 
relationship between force and resistance, so as the 
force increases, the resistance decreases, and can 
sense applied force anywhere in the range of 100g - 
10kg.  

The voltage divider circuit implemented for this 
new method is represented in Fig. 7, where Vin 
represents the constant voltage supplied by the power 
supply, 9V, and Vout represents the measured output 
voltage difference across the voltage divider. R1 is a 
constant resistance, while R2 is the force-varying 
resistance supplied by the FSR. The value of R1 is 
520Ω, as this was determined experimentally to 
provide the largest sweep of voltage values when R2 
varied, where Vout can be related directly to R2 
through the following Eq. (1): 

                  (1) 
 

 
Fig. 6. Force sensitive resistor (FSR).  

 

 

Fig. 7. Voltage divider circuit implemented for the foot switch, in 
which R1 is held constant, and R2 is a force-variant resistance from 
the FSR. 
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Fig. 8. Top (a) : Graph of force, in Newtons, over the 20 second pilot 
trial, where blue stars indicate heel strike. There is an  instance 
of subject misstep, at 15 seconds, where heel strike is not 
detected. 

 

C. Pilot Testing 

In order to test the proposed solution, we piloted 
a trial with three test subjects, who completed the 
same level ground split-belt treadmill walking trial as 
before. They walked for 20 seconds each, and one 
FSR was applied to the bottom of the right heel. Then, 
the output voltage was measured, and a certain 
threshold voltage was determined after the data 
collection, where if the output voltage dropped past 
the threshold, that time would be indicative of heel 
strike.  

 
 

 

 
Ultimately, the ground reaction force method 

would be the “gold standard”, and the chosen 
threshold voltage would minimize the difference 
between this proposed solution and the standard.  

Figure 8(a) is a graph of force, in Newtons, for 
one of the 20 second walking trials, where the blue 
stars indicate instances of heel strike when the force 
went above 25 N. As indicated by the lack of a blue 
star around 15 seconds, there is a misstep, where the 
subject crossed the midline of the treadmill and was 
therefore not recorded as a heel strike. However, the 
graph in Fig. 8(b) shows the same trial, but the output 
voltage from the force sensitive resistor circuit rather 
than force. In this method, the heel strike is recorded 
by the change in voltage regardless of which side of 
the treadmill the subject was walking. 
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Fig. 9. Footswitch circuitry inside, with BNC cables for input 
resistance from the FSR and output voltage to dSpace. 

IV. FOOTSWITCH METHOD 

A. Implementation 

After the pilot trial, I made the circuitry more 
permanent by soldering wires into a circuit board, 
rather than a temporary breadboard setup. I also 
included four identical voltage dividers in order to 
eventually accommodate four FSRs, one for each heel 
and toe, which will easily be connected to the already 
existing setup through BNC cables. This footswitch 
method designs all of the redesign criteria, especially 
the safety of the user, since the risk of misfire is 
significantly decreased. Also, the wires are minimal, 
as to avoid conflict with the motion capture and the 
already complex testing setup. 

B. Optimization 

Additionally, the threshold voltage can be tuned 
on a subject-by-subject basis. This is incredibly 
important, as peoples’ gaits each vary slightly from 
one another, and these slight differences could 
account for a different threshold voltage depending on 
the subject. Additionally, the placement of the FSR 
may not be exactly the same on every person, so the 
custom thresholds will be able to account for this 
difference. I was able to use Matlab’s fmincon 
function in order to set the threshold voltage to 
minimize the error between the footswitch heel strike 
and the gold standard of the ground reaction force 
heel strike. The function fmincon attempts to find a 
minimum of a scalar function of several variables 

starting at an initial estimate, as a constrained 
nonlinear optimization. The function that was 
minimized was the function in Eq. (2), which is a sum 
of squares of the difference between the measured 
times of heel strike using the foot switch method and 
using the ground reaction force method.  

                 (2) 
Using this optimization, the measurement for 

heel strike is within 0.002 ±	 0.000624s	 of the gold 
standard, which is accurate enough in order to 
correctly fire the exoskeleton. 

 

 

Fig. 10. Complete footswitch circuitry contained in an organized and 
discreet box. 

V. CONCLUSION 

In conclusion, I combined my experience with subject 
testing and becoming comfortable with the data 
collection with the work I did using Vicon and OpenSim 
for post-processing. Then, I was able to more holistically 
approach the challenge of designing and implementing 
this new footswitch method for accurately detecting gait 
events for future testing. 
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