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Abstract
Millions of runners in the United States experience overuse running injuries caused by abnormal hip
adduction [1, 2, 3, 4, 5, 6]. Gait retraining to decrease hip adduction angle has been shown to have
efficacy in treating such runners [4, 7, 8]. Current gait retraining, however, is expensive, tedious, and
inaccessible to most Americans. There is a need for a low-cost and easy-to-use hip adduction
measurement system that provides real-time coaching for runners outside of the clinic in addition to
also logging the hip adduction angle data for the clinician. We believe that this will i) improve the
efficacy of gait retraining by making training more accessible and therefore offering more consistent
reinforcement of correct gait tendencies, and ii) increase the likelihood that patients will attempt and
complete their course of training by allowing them to run outside of the clinic and by decreasing the
overall cost of retraining. This paper presents a proof of concept device integrating sensors, data
processing, and apparel design. Results prove the concept feasibility despite the fact that sensor issues
limited the system final accuracy.
Introduction
There are over 40 million runners in the United States, at least 10 million of which run more than 100
days each year [1]. Among these runners, there is a high prevalence of running injuries, ranging from 1979% [2]. Studies have shown that four of the five most common overuse running injuries are associated
with abnormal hip adduction angle (HADD) [3]: patellofemoral pain syndrome (also known as runner's
knee) [4], iliotibial band syndrome [5], tibial stress fractures [6], and plantar fasciitis [7].
Figure 1 depicts hip adduction and highlights the difference between adduction and abduction. The
HADD angle, as shown by the arc, is measured as the number of degrees the leg is offset from
perpendicular to the ground.

Figure 1: Abduction vs Adduction movement
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Hip adduction during running can occur in two ways: 1) pelvic drop or 2) thigh tilt. The image on the left
in Figure 2 illustrates the HADD angle occurring due to the hip tilt. The image on the right shows a level
hip with a thigh tilt inwards creating an abnormal HADD angle.

Figure 2: Two forms of Hip Adduction
Research has demonstrated that in-clinic gait retraining can help prevent running injuries caused by
abnormal HADD [4, 7, 8]. Figure 3 illustrates a patient with abnormal HADD angle before gait retraining
and after gait retraining.

Figure 3: HADD Angle Before and After Gait Retraining
HADD angle is dynamic through a stride, and healthy runners exhibit HADD angles of 0-15 degrees
through each stride (Green, red, and blue curves in Figure 4)., while runners with abnormal HADD have a
peak HADD angle greater than 15 degrees (Black curve in Figure 4).
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Figure 4: Dynamic Hip Adduction Angle [4]
Today, gait retraining is only administered in clinics and patients are asked not to run outside the clinic
during retraining to avoid reinforcing their natural, improper gait. On average, a patient requires 15
clinic sessions, which can cost between $100-$500 per session. Gait retraining is not only costly and
lengthy, but also inaccessible to many runners since it is restricted to a handful of clinics that have the
proper equipment. There is an unmet medical need for a low-cost, wearable, and easy-to-use device to
assist runners with gait retraining outside the clinic.
Prior art
There exists a plethora of patents and products in the space of gait sensing and gait biofeedback for
runners, but most of this work focuses on shoe sensors and sensors distal to the hip joint, rendering
them unsuitable for hip adduction angle measurement. The simplest technology for gait retraining is a
basic mirror that allows a patient running on a treadmill to see their hip angle qualitatively as the run.
Although the mirror itself is cheap and easy, there needs to be a clinician present to instruct the patient
as to what to do, the patient is confined to a treadmill, and since there is no measurement occurring, we
do not know the actual HADD angle.
The two proven sensor systems for measuring dynamic hip adduction angle are Vicon Motion Capture
Systems and Noraxon Myomotion. Vicon systems and other camera-based motion capture systems are
the gold standard for measuring body movement, but by nature they can only be used in the clinic and
cannot give real-time feedback. Multiple cameras and extremely accurately placed markers on the
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patient’s body are needed to be able to track 3D displacements and angles, and then the recorded data
needs to be post-processed in order to give meaningful output. These camera systems are also very
expensive with each individual camera costing thousands of dollars before software costs are factored
in. For these reasons, Vicon and Vicon-like systems are limited to clinical usage for rehabilitation clinics
and hospitals.
Noraxon’s Myomotion uses inertial measurement units (IMU) to quantify body motion ranging from a
single joint to the full body. According to their product specification, 16 Myomotion sensors can provide
a full body model (15 joints and 22 anatomical angles) within either +/- 1.2 degrees or +/- 2 degrees
depending on the model (Research or Clinical) [9, 10]. It is unclear how the accuracy values were
calculated, but the assumption is that the system was compared to a camera-based motion capture
system. Both platforms list sports performance analysis and gait analysis in their list of applications, but
given a) the lengthily and complex setup and calibration needed for each usage outlined in the user
manual, and b) the fact that the IMU units must report to a computer in the area, the implication is that
a clinician or person trained to use the Myomotion software package would always be present with the
patient, meaning the product is not made for outside of the clinic and certainly not made for distance
runners [11].
There are also some unproven systems in the area of hip angle measurement devices. Heddoko, a
Canadian start-up, claims their smart garment, which is not yet on the market, “sees your movement in
3D and gives you live visual feedback” [12]. It appears they are attempting to achieve the full body
quantification of Noraxon with sensors embedded in apparel and without the need of a clinician. Given
their lack of a product on the market and the difficulty of such measurements, we imagine that their
joint angle outputs would not be very accurate. Additionally, they market their product with the slogan,
“Be your own coach,” which is similar to the biofeedback concept we strive towards, but not exactly the
same in that we envision our product being subscribed to patients by a physical therapist and
supplementing that therapists decided course of treatment, as opposed to bypassing the physical
therapist completely. The main reason for this is the risk that the adaptations might cause other
problems [8] or the patient might mal-adapt to “fix” their gait problems, which can result in even more
severe gait abnormalities [13]. To “fix” abnormal HADD angle, for example, patients can widen their
stance or “toe out,” both of which do not fix the underlying biomechanical problems with the patient’s
gait.
A patent search reveals some patents in the area of gait biofeedback that may have the potential to
measure HADD. One such patent is for a “Goniometer-based body-tracking device” that measures
various joints of the body for “performance animation, biomechanical studies, and general motion
capture” [14]. The patent, however, outlines a system with bend sensors incorporated into rigid links
connected by revolute joints (Figures 5 and 6).
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Figure 5: Goniometer-Based Body-Tracking Device Full System [14]

Figure 6: Goniometer-Based Body-Tracking Device Concept [14]
A system like this would certainly not meet our goals for many reasons, mostly because it involves rigid
elements. There are also some patents outlining methods for general joint angle measurement that
were not specifically for HADD or running [15, 16].
There appears to be no prior art that provides real time feedback regarding hip adduction angle that can
be used by the user alone and outside of the clinic.
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Design Process
i. Functional Requirements by Module
Based on our prior art research, shadowing of gait rehabilitation assessments and trainings, and advice
from Dr. Irene Davis, we formulated a set of functional requirements (Table 1) for our device that
considers both technical specifications as well as user needs and tendencies.
Table 1: Functional requirements
Angle Sensing
Measurement Range
Accuracy
Real-Time Feedback
Feedback Form
Feedback Interval (Latency)
Ease of Use
Installation and Calibration Time
Lightweight
Sweat Resistant
Washable
Running Interference
Wireless Communication Range
Battery Life
Accessibility
Total System Cost
Transparency
Data Logging
Data set size
Minimum Data Memory

0-25 degrees (Adduction)
< 2 degrees
Audio, visual, or haptic
User customizable (20 to 180 seconds)
< 5 minutes
< 300 grams ( ~2.5 iPhone 5’s)
Yes
Yes
Must not interfere with running motion
2 meters
> 1 hour
< $500
Difficult to notice that user is wearing system
10 stride average
> 3 data sets

ii. Sensing Strategy Generation
The first and most important determination to make was what type of sensor system would perform the
desired task most effectively. We considered two main types of sensor systems for meeting our
functional requirements: inertial measurement units (IMUs) and stretch sensors. We felt that both
strategies were viable and had the potential to measure hip adduction angle in a wearable, low-cost
system.
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IMUs are sensing packages that include a gyroscope, magnetometer, and accelerometer. These devices
use those three components and internal processing to output global orientation, angular velocities, and
linear acceleration. If applied and processed correctly IMUs have the ability to provide accuracy within
the one degree mark. We used CHRobotic UM7 IMUs, which have +/- 4 degrees of accuracy for pitch
and roll angles, but boast a repeatability of 0.5 degrees, meaning that proper calibration will make them
accurate enough [17]. More expensive IMUs can improve upon this accuracy. IMUs can, however, suffer
from sensor drift, as outputs become offset from true values in a systematic manner depending on
usage time or usage nature.
Stretch sensors come in a variety of forms (mainly capacitive and resistive), but all perform the same
basic function of outputting a value that corresponds to the distance the sensor is stretched. These
sensors can be useful in wearable systems because they are soft and hyper-elastic, making them
transparent to the user, but their output can be very nonlinear in nature.
iii. Sensor Strategy Evaluation
We performed a few quick tests to evaluate both stretch sensors and IMUs so that we had an idea of
their capabilities beyond what we could read in a data sheet. We taped a UM7 IMU onto a person’s leg
(Figure 7) and walked down the hallway. Some of this data is shown in Figure 8.

Figure 7: Single IMU Test Orientation
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Figure 8: Single IMU Test Data
Similarly, we did simple manual tests on stretch sensors from RobotShop [18] and Stretch Sense [19].
We found that the sensors had non-linear outputs, and had sensor memory that would make dynamic
movement difficult to characterize.
iv. Sensor Strategy Selection
Table 2 is a Pugh Chart that includes all of our functional requirements relating to the angle sensing
strategy. Note that this is not a full list of functional requirements, as some of them are completely
independent of our sensor choice.
Table 2: Pugh Chart ranking the two strategies
CRITERIA

Weights

Angle Range
Accuracy
Installation time
Calibration time
Feedback Interval
(Latency)
Cost
Running Interference
∑

15%
25%
10%
10%
10%

Strategy 1
(IMU)
0
0
0
0
0

Strategy 2
(Stretch Sensors)
-1
-1
0
-1
0

10%
20%
100%

0
0
0

0
0
-0.50
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Based on this pugh chart, we chose to pursue an IMU system. We felt that there was too much
uncertainty associated with applying stretch sensors to measure HADD angle. Non-linearity and memory
of stretch sensors limit the angle range and accuracy. Calibration of stretch sensors was also a concern
because the baseline stretch can be very different for patients of different body type, and because
output accuracy is so closely associated with placement. Lengthy calibration is something we set out to
avoid. Although not perfect themselves in the areas of accuracy, angle range, and calibration, IMUs
ranked better than stretch sensors by our analysis.
v. Sensor Integration Strategy
Upon our selection of IMUs as our angle sensing components, we were then able to determine a
strategy for integrating IMUs into a wearable system. We had to integrate them in a way that would not
be cumbersome to runners or noticeable to the untrained eye, while being washable, able to make the
measurements we needed, and able to maintain the inherent accuracy of the IMUs. It is important to
note that, for this prototype at least, we needed an Arduino to function as a control board to accept,
synchronize, and package input from multiple IMUs.
a. IMU Placement:
To accurately detect HADD angle, we needed to consider the two cases outlined earlier:
1) when the pelvis stays flat, but the knee tends inward, and 2) when the femur stays
perpendicular to the ground, but the pelvis tilts (Figure 2). Both constitute as abnormal
HADD angle and can be a source of injury.
To be able to sense both forms of HADD, we converged on a three-IMU system
summarized in Figure 11.

10

Figure 9: Three IMU System
The two “leg IMUs” give us the capacity to determine the femurs angle relative to the
running surface, and the “hip IMU” gives us the capacity to determine the pelvis angle
relative to the running surface. We only need one hip IMU because we can make the
assumption that the pelvis is a rigid body.
b. Textile Integration:
To make the system wearable, we needed to integrate the sensors into a garment that
meets our functional requirements. We converged on a two piece system, consisting of
a running belt and compression shorts because such a system:
1. Allows compression shorts to be washable
2. Never requires user to unplug any sensors from the control board
3. Supports control board with clip, which avoids downward slipping associated
with housing a control board in the compression shorts
4. Provides adequate concealment of wires
Our final concept consists of three IMUs integrated into a compression short and running belt system
that is easily detachable, transparent to the user, and simple for the user to set up (Figure 10).
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Figure 10: Final Concept (third IMU not visible in this sketch)
Modeling:
This section describes (i) the type of information provided by an IMU and its limitation, (ii) how the raw
IMU data is transformed into useful information that allows to measure HADD, (iii) a calibration
procedure to allow that transformation, (iv) what drift is for an IMU and (v) how to minimize its effect.
i. IMU orientation data
IMUs have the ability to provide orientation information using either Euler angles (roll, pitch, yaw) or
Quaternion representation information. Quaternion data has the benefit of being able to represent all
orientations without discontinuity compared to Euler angles that can be unable to differentiate between
some orientations when one of the angle is 90 deg (Gimbal lock). In the rest of this document, we will
refer to Euler angles as they are more intuitive even though our device uses Quaternion to avoid Gimbal
lock problems
For this project, we decided to use the CHRobotic UM7 IMU [17]. This IMU uses a North East Down
global reference frame as shown in Figure 11. Roll, Pitch and Yaw are defined as consecutive rotation
around the X (North), Y (East) and Z (Down) axis. With this information it is possible to know the
orientation of the sensor relative to that global reference frame in all circumstances.

12

Figure 11: Euler Angles convention for the UM7 IMU [18]
ii. Transform global reference frame into Anatomical Coordinate System
Simply placing the IMU on the runner’s thigh will not provide any useful information because the global
reference frame used by the IMU has no relation to the runner’s Anatomical Coordinate System. The
Anatomical Coordinate System (ACS) is represented by three vectors indicating the ground (red arrow),
the frontal plane (blue arrow) and sagittal plane (green arrow) on Figure 14.E.
There are two ways to link the IMU coordinate system to the ACS. First, the IMU can be placed precisely
on the runner’s limb. With exact placement, the relationship between the IMU and ACS reference frame
is known and data can be converted easily. That is what is currently done in clinic using Vicon system to
place the markers on the skin. This procedure however takes a lot of time to achieve the required
accuracy and cannot be done by the runner alone. Consequently, it is not the appropriate method for
our system.
Second, we can let the IMU learn about its placement. The main advantage of this procedure is that it is
very fast. Using a 5 seconds calibration routine performed by the user we can gather all the information
necessary for an accurate mapping of the two reference frame. The drawback of this approach is that
the system accuracy is now defined by the user calibration procedure. For that reason, we created a
routine with the simplest movement possible, so that it is easy to perform and is repeatable.
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iii. Calibration routine
The calibration is a 2-step process decomposed in the 5 snapshots, A-E, shown in Figure 12.
A. Prepare for calibration
B. Stand with the two legs parallel and vertical. In that position the “down” direction from the IMU
corresponds to the runner’s femur which defines the thigh transverse plane.
C. Slightly widen your stance. This movement allows us to draw the blue arrow in the global
reference frame. That blue arrow also points to the side of the runner.
D. The runner’s frontal plane (yellow) is now defined by the red and blue arrow.
E. From the two orthogonal vector (red and blue), we define a 3rd orthogonal vector (green)
corresponding to the runner’s sagittal plane.

A
B
C
D
E
Figure 12: Calibration procedure to map the IMU reference frame to the user reference frame
From this point on, the ACS if fully defined and the runner can run in any direction. The algorithm will be
able using 3D rotation matrix to convert the IMU data into the ACS. Once converted, information about
the runner’s adduction/abduction, flexion/extension and internal hip rotation can be provided. Higher
level software will use that information to provide feedback and log data.
Once we have the information to map the IMU to the ACS, the IMU package must remain at the same
place on the user body. Any migration of the sensor will make the calibration done earlier inaccurate.
Since we are trying to measure angles with 2 deg accuracy, small orientation changes can make the
measured angles rapidly useless for HADD detection purpose. The migration issue will be discussed in
details in the textile material analysis.
iv. IMU sensor drift explanation
A significant obstacle is the drift of the sensor by itself. Drift is when as time progress, the output of the
sensor changes while the input stays the same. To try to reduce that problem, an IMU uses 3 types of
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sensors; an accelerometer, a gyroscope and a magnetometer. Generally speaking, the accelerometer
doesn`t drift at all and is used as the truth to reduce drift from the gyroscope. The issue with the
accelerometer is that its output is often not available for drift compensation during dynamic movement
such as running due to high acceleration values. The gyroscope is the most accurate sensor of the IMU
and can track dynamic movement during short periods accurately. However over a long period, its
output starts to drift away from the true value. The magnetometer provides orientation information
relative to Earth’s magnetic field. Its output doesn`t drift either, however, perturbation in the local
magnetic field caused by buildings or magnetic material can make its output shift from the true value.
A typical IMU system will track orientation based on the gyroscope output and correct any drift using
the long term value of the accelerometer and magnetometer. However, since the filter used knowledge
of the previous state, any error will accumulate over long period and creates drift. If lucky the error will
cancel itself; leading to no drift being experienced.
v. IMU drift reduction
To reduce drift issue, the easy solution is to use higher grade IMU that were corrected for drift. To
reflect that, the price of an IMU varies from a few dollars for wearable devices to up to a few thousand
for aerospace grade devices. All of these have the same set of sensors, but the manufacturing quality is
different leading to more or less drift.
Another option is to build an algorithm able to detect and correct sensor drift when analyzing a periodic
movement such as running. To do so some assumptions must be made about the movement. That is not
necessarily easy for normal runners, and could be much more challenging for abnormal runners. Since
this device is intended to correct abnormal gait, care must be taken to not interpret patient gait change
as sensor drift.
Bench Level Experiments & Prototype Process
i. Instrumented Testing Rig
In order to quickly and easily test our prototypes in a meaningful way, we built an anatomical model of a
hip using mannequin parts and a custom universal-joint with built-in encoders. This rig enabled us to
compare a prototype’s sagittal and frontal plane angle outputs with the true angle outputs of the

encoders. Figure 13 depicts the test rig as a whole, and Figure 14 depicts the universaljoint/encoder components.
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Figure 13: Full Test Rig

Figure 14: Universal Joint with Angle Encoders
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ii. Textile material analysis
We have identified two major forms of error that could be attributable to unwanted movement of the
textile, (a) net movement and (b) dynamic movement. Thus, we performed two separate tests on our
proposed system in which IMUs are appended to shorts via Velcro. These tests quantify the movement
and define the maximum thresholds of error that could be identified from textile design.
a. Net Movement
Net movement is defined as the movement of the sensor relative to the skin over a long
duration of time. In the case of a secure Velcro patch, this is the movement of the textile
relative to the body over the period of several minutes to an hour. This represents slow
changes in the conformation of the textile to the body. To quantify these results, we
placed our shorts on two individuals of different stature and build and asked them to
run on a multitude of surfaces and terrains for a duration of 15 minutes. Data was
collected (as described below) before the run, every 5 minutes, and at the conclusion of
the run.
The data collected comprised of both pictures and static measurements. After putting
on the textile, fluorescent marks were placed on both the shorts and the skin of the
runner in a collinear fashion. Pictures and a static measurement of the distance
between these marks were obtained at the specified intervals.
For both runners, the textile and therefore the sensor did not shift from 5 minutes into
the run to the completion of the run. One runner had <1” superior movement of textile
from 0-5 minutes of the test while the other runner did not have any movement from 05 minutes.
b. Dynamic Movement
Dynamic movement is defined as the movement of the textile within one to two strides
of the runner. This could contain movements such as a small “jiggle” or a “shake” of the
textile relative to the body. To elucidate this drift, we recorded a runner running on a
treadmill at 4.0 mph with our textile from the sagittal and coronal views. We placed
several fluorescent visual markers on the textile and the surrounding skin and used high
speed cameras to perform a motion capture/tracking analysis after the run.
Using Kinovea (an open source motion capture and tracking software), we tracked the
2D position of the textile and the skin to identify the change in distance or angle
between these sets of points (Figure 15) Reducing this data set with a euclidean
distance and angle formula yielded a maximum per-stride drift of <0.15”. 25 strides
were analyzed on one runner from both the sagittal and coronal cameras.
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Figure 15: 3 points tracked on a runner for one stride using Kinovea
iii. Embedded Kalman Filter Robustness Dependent on IMU Placement
The embedded kalman filter is an algorithm that runs on the microcontroller embedded within the
IMUs. This processes the accelerometer, gyroscope, and magnetometer inputs in order to form a
synthesized guess of its orientation. This filter, while deterministic in nature, is very sensitive to input
conditions and signals. We devised a test to identify the ideal placement of the IMUs on the leg of a
runner to optimize the accuracy of the output of the kalman filter.
In separate trials, we placed a single IMU 1” above the bottom of the test rig thigh on its lateral aspect
(Low setting) and (2) 1” below the top of the test rig thigh on its lateral aspect (High setting). We then
moved the test rig thigh randomly during 2 minutes. We compared the processed output from the IMU
to the output from the test rig encoders. Figure 16 shows that the average error is smaller for the higher
position on the thigh.
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Figure 16: Frontal plane angle error between IMU output and test rig encoder for a high setting (left)
and low setting (right).
iv. Control Board Latency
The control board serves as the connecting piece that synchronizes data between the IMUs and the
receiving computer. The two main sources of error are latency and corruption. Latency, in this context,
is the delay between the desired IMU reading time to the time where the data packets are transmitted
to the computer. Corruption is the loss of data between either the IMUs and the control board or the
control board to the computer.
a. Latency
In order to identify latency, we allocated two pins that are normally pulled-down to
output 5V at two specific locations in code. The first pin would go high immediately
after a request for new data (every 25ms, determined internally by the control board).
The second pin would go high after all of the data was collected from the IMUs and the
synthesized packet was transmitted back to the computer. Wiring up LEDs to these pins
and recording with a high speed camera (240 fps) allowed latency to be elucidated
within ~4ms.
To verify the results of the previous experiment, a separate serial UART was allocated
and connected to another computer. Instead of modulating two pins, the code was
modified to query the internal real time clock (RTC) and print out the current time
(accurate to a microsecond) on this separate serial line. The difference between the
times described above is the latency.
Both methods identified that the time between request to completion of data was at
most 24ms. Calculations based on the baud rate of the system (115200) show that the
major latency in the system is the transmission of data from the control board to the
computer. This transmissions takes on average 10ms to complete.
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b. Corruption
The control box was built directly off of an Arduino Due microcontroller. In order to
keep the physical size as small as possible, all of the wires were soldered directly to the
board. However, this created a large number of wires intertwined with each other as
they exited the control box. A dataset was obtained of the number of packets collected
from the IMUs that did not have a valid checksum. With plain stranded AWG 30 wiring,
a corrupted packet occurred every 20 packets. Changing the wiring from stranded AWG
30 wiring to coaxial shielded wire reduced this number to once every 50 packets.
Detailed Design
In addition to our algorithm, our final design consists of a textile component to house the sensors and a
control board processing and synchronization component to manage signal inflow.
i. Textile:
We purchased a $5 Tapp running belt [20] and a $20 pair of Champion compression shorts [21] to work
with. Both are commonly used by runners, and have been accepted as apparel that will not interfere
with basic running motions. The detailed design of our textile module is outlined below:
a. IMU Securing Velcro
As discussed earlier, we used basic off-the-shelf velcro for securing our IMUs to the
compression short. The “loop” side is sewn six inches from the waistband
(corresponding to our “high placement” when the shorts are worn) on either side of the
shorts as per our placement analysis. The “hook” side was sewn and glued to the back of
the IMU. The hip IMU velcro patch was sewn to the running belt so that it will reside
directly above the leg IMU on that side of the runner. Figure 17 depicts the IMU velcro
patch.
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Figure 17: Concealing Channels and Velcro Patch
b. Wire Concealing Channels
In order to meet user needs, we sought to conceal as much of our electronic hardware
as possible. Wires from the control board are routed through a spandex channel on the
running belt, and are then fed into a buttoned channel on the compression shorts as
depicted in Figures 17 and 18.

Figure 18: Belt Pouch and Concealing Channel
c. Anchoring Fabrifoam
To minimize compression short movement along the skin, we sew anchoring Fabrifoam
[22] on the inside of each leg proximal to the knee (Figure 19), as well as directly behind
each IMU velcro patch.
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Figure 19: Anchoring Fabrifoam
d. Control Board Pouch and Wiring
We altered the running pouch to incorporate small holes to feed the IMU wires into the
concealing channels (Figure 18).
e. Belt-Shorts Attachment
A simple piece of velcro sewn to the back of the running pouch attaches the belt to the
compression shorts. The velcro is not meant to be weight bearing -- the system is secure
without it; it is meant to be a guide for the user.
The final belt, compression shorts, and full system are shown in Figures 20-22.
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Figure 20: Adapted Running Belt with IMUs

Figure 21: Altered Compression Shorts without IMUs
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Figure 22: Full Wearable Running System with IMUs
ii. Control Board
The Control board is comprised of 2 major submodules, (a) the hardware box and (b) the Arduino Due.
a. Hardware box
The hardware box was designed in Solidworks and 3D printed using an STL process. It
was designed with the same width and length of an Arduino Due, but 2.5x the height.
This allowed for the direct soldering of wires to the Due. The 3D model is shown in
Figure 23. The hardware box serves to provide a rugged housing for the electronics in
order to protect them from damage during handling and running.
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Figure 23: 3D render of the hardware control box with all connectors and buttons
b. Arduino Due
Each of the three IMUs is connected to a separate hardware serial port on the Due.
Serial0 is reserved for communication to the computer while Serial1, Serial2, and Serial3
are connected to the IMUs. Two general purpose I/O ports are used for a momentary
button and an LED. Power for the IMUs is provided from the 5V output pin after the
low-dropout regulator. All grounds are tied to a common ground. Figure 24 shows the
wiring of these components to the Due. It is important to note that all of the wires are
shielded coaxial cables to prevent EM interference.

Figure 24: Arduino Due removed from it’s housing with all connectors and buttons attached
The onboard code for the Due is very straightforward. It uses an internal clock to trigger
a data collection function every 25ms. This function flushes all of the IMU serial buffers
and gathers data until a complete quaternion and processed_data packet is found on
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each of the IMU serial ports. From here, each quaternion and processed_data packet is
serialized into a longer packet and transmitted along Serial0 back to the computer.
Other supplementary functions exist on the Arduino Due. Serial0 is constantly
monitored for inbound packets. Should an inbound packet be provided to the Due, the
onboard code duplicates the packet and sends it to each of the IMUs. This functionality
is provided in order to send “zero gyro” packets to the IMU in a synchronized fashion.
Final Product and Evaluation
To validate the accuracy of our data processing algorithm, we placed one IMU on the thigh of our test
rig and compared the output from the algorithm to the output of the test rig encoder. Figure 25 shows
that the IMU output in blue is barely visible under the encoder output. That means the error in tracking
angles using our data processing algorithm and calibration procedure is minimal.

Figure 25: IMU vs. Encoder output during a dynamic test on the test rig
We also did a real use case test with a runner on a treadmill. We asked a runner to run at a comfortable
pace and compared the data from the IMU to data taken by a camera and processed through Kinovea.
Figure 26 shows that the two sensing method provide similar results. However, we must disclose that
the raw IMU data have been manually processed to correct for obvious drift of the sensor. That was
required due to the low quality sensor we chose.
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Figure 26: Comparison of our system output to Kinovea image analysis software for a runner on a
treadmill during 13 consecutive stride
Conclusions and Future Work
As demonstrated by the above test results, our wearable device is capable of providing HADD angle
information after post-processing real running data. The Kinovea image analysis tracks closely to our
IMU-system results. Next steps require further completion of our system, improvement of sensing, and
testing validation under various conditions.
First, to further complete the HADD measurement system, we need to investigate power capacity for
real-time data logging. This requires modifying the 3D-printed case for the control board pouch to
include a battery for the device. Additionally, we would need to reconfigure the device to be Bluetoothenabled in order to sync to runners’ smartphones for real-time monitoring of HADD.
Second, to improve sensing accuracy for HADD angle, a better IMU sensor is needed with precise
internal calibration. This will also enable real-time data processing for HADD angle, instead of postprocessing HADD angle due the current IMU limitations. Next, we would expand the algorithm to
compensate for dynamic drift due to running. Most of all, several tests with the improved IMU-system
would be required with various runners to determine any common patterns or errors. Additional testing
on humans would be essential since many anatomical anomalies can be better tested on humans than
on a rigid test rig.
Third, testing under a variety of conditions is necessary in the long-term. Runners, when running outside
of the clinic, are exposed to a range of environmental factors such as uneven ground or varying weather
conditions. Uneven ground can expose the IMU-system to additional drift issues. These would need to
be closely studied to optimize the algorithm or device calibration process. In order to develop a system
for “outside the clinic”, the device needs to be stress tested in cold/hot temperatures or even rainy
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conditions. The device configuration, including packaging and textile coverage for the IMUs would need
to be reevaluated for outdoor conditions.
Given our proof-of-concept results and next steps required for further development, we are confident
that using IMUs is a promising approach to detect abnormal HADD while running.
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