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Literature Review

Research papers

Running is a popular sport and one of the method’s of getting
fit. Itis a means to burn calories, reduce weight, improve
stamina and breathing, rejuvinate, becoming active through out
the day, and reducing stress. Running is done as a passion or
as a competitive sport. It is also a common source of injuries.
Advanced and novice runners alike develop ailments that are
often caused by improper shoe choice or deficient running
technique [1]. Poor running technique and fatigue increase
the risk of injury. Both are reflected in the runner’s kinematics
which is traditionally monitored and analyzed using optical
motion capture systems [2].

Monitoring of foot and gait analysis of walking and running
helps to prevent injury and improves performance in sports
[3]. Gait analysis could also detect the potential diseases

or abnormalities in advance [4] [5]. Table 1 shows area of
application of gait analysis and how much of the related
parameters are used in each application [5]. In the area of
running sports, studies have shown us that “independent of the
skill level, heel lift decreased during the course of the run due
to progressive muscle fatigue [6]”. As these gait parameters
are useful for doctors, trainers, rehabilitation centres and
people concerned about health, they could be detected using
several gait capturing methods. So we explored the different
methods of capturing gait.

Table 1: Overview of gait parameters and applications [5]
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There are different methods for capturing gait— gait video,
clinical examination, kinematics, kinetics, markerless gait
capture, Electromyography (EMG), foot pressure data and
energy consumption [5][7][8]. Figure 1 to figure 8 shows the
popular sensors and technique to capture gait pattern and gait
parameters [5].
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Figure 3: Instrumented shoe
from Smartxa Project: (a) iner-
tial measurement unit; (b) flexi-
ble goniometer; and (c) pressure
sensors which are situated
inside the insole [5].

Figure 4: Gait analysis using floor sensors. (a) Steps
recognized; (b) time elapsed position; (c) profiles for heel and
toe impact; and (d) image of the prototype mat on the floor. [5]

Figure 5: Instrumented insole: (a) inertial sensor, Bluetooth,
microcontroller and battery module; (b) coil for inductive
recharging; and (c) pressure sensors [5].



Figure 6: Example of NWS system: BTS GaitLab configuration.
(1) Infrared video cameras; (2) inertial sensor; (3) GRF
measurement walkway; (4) wireless EMG; (5) workstation; (6)
video recording system; (7) TV screen; (8) control station [5].

The miniature sensing technology has advanced in such a way
that they are used as body-mounted inertial sensors [9]. This
was widely considered as a reliable and mobile alternative for
gait monitoring [?]. Among these sensors, gyroscope sensors
gained greater popularity in gait event detection [9]. They had

a mean error below 7% and the inter-joint angle error of less
than 1.1 or 1 degree [10]. Analyzing gait data using professional
camera dedicated for gait detection is expensive and limited to
laboratory setup [11]. IMUs having the combination of gyro and
accelerometer had become an alternative to optical systems
and they were low-cost, safe, low powered, and give continuous,

Figure 7: WS system based on (a) inertial sensors; and (b)

wearable force plates [5].

Figure 8: Brainquiry Wireless EMG/EEG/ECG system [5].



online and offline unobstructed assessment of gait analysis,
replacing piezoelectric crystal based accelerometers, which are
considered to be large and clumsy [2][11][12][13] and without
needing a special treadmill or foot pressure sensing floor or
mat [5][14]. The usual positions of the sensor on human body
were—shank, thigh, pelvis, foot and trunk of one or both legs
[10] and among these shank was the preferred position to fix
the sensor. Studies have recommended that any sensor that
was to be attached to the body “should be small, light-weight,
energy efficient and no wires should be needed in order to be
worn comfortably and be cosmetically accepted [6][10] ”

Fitbands and smart watches includes IMUs. Jensen and

Mueller point out that “these technologies focus primarily on
performance metrics, such as time, distance and pace, and to
some extent neglects the runner’s technique. Furthermore,
these technologies often falls short of utilizing data for assisting
the runner to improve running style. Nevertheless, a proper
running technique (or running style) is important for runners, as
it affects their risk of getting injured, their performance results
and their running economy, i.e. the energy spend on each stride.
For example, the runner’s bipedal gait cycle, also known as
strides, inevitably impacts the overall running performance, and
the runners’ respiratory system, which provides the body with
oxygen for metabolism, is a paramount part of doing exercise
[1515

In this project, we developed a low-cost wearable device for
foot to improve the performance and technique of a running
athlete through capturing the athlete’s kinematic features.



Problem Statement

Fitness bands and smart watches measure incorrect step count
as they are worn on the wrist, These devices as well as smart
shoe and smart insole devices have Inertial Measurement Unit
(IMU) sensor, which is capable of measuring gait parameters
[16-18][19][20]. Gait parameters can inform the sports activity
performance and fatigue level for early prevention of injury
[18][19][20][21]; but these fitness trakers are not using this
potential. Hence, they are not improving the runner’s running
technique [15].

Therefore, there is a opportunity to develop a low-cost foot-
mounted wearable device, which measures gait parameters, and
displays performance and fatigue levels.

Goals

e A wearable product to improve performance of a running
athlete by using the technique—Fartlek.

e Alerting fatigue level of a running athlete, to prevent injury.

¢ Display physical activity, fitness, and fatigue level in human
readable form.



Objectives

¢ Develop a foot-mounted wearable device to capture gait
parameters.

¢ Analyze the gait parameters from the prototype for
performance and fatigue levels.

e Visualize the gait parameters with numerical values, so
athletes can understand the their performance and
fatigue level.

¢ Display the time lapse of the athlete’s performance and
fatigue level to check his/her daily progress.

Scope

e Users—joggers, running athletes seeking to improve their skill
in running or preparing for marathon.

Secondary Research

We decided to explore on existing fitness trackers to study
their features—similarity and differences, study on the existing
smartphone applications that perform smartphone to behave
as fitness tracking device, and to list down their pros and cons,
which will help in development of our initial prototype.



Fitness Bands — Features

Fitness bands ,shown in figure 9, uses Bluetooth Low
Energy(BLE) connectivity with smartphones. The popular bands
comes with OLED or AMOLED display to show physical activity
in numerals. These products have primary features of date,
clock, alarm, and they are waterproof. Their secondary features
includes Live step counter, distance, speed, heart rate monitor,
calories burnt, sleep tracking, phone notifications, two-way
finder, self notifications, view and reject calls, read messages,
and weather forecast. Expensive product have inbuilt GPS, and
live stream music. Fitness trackers without GPS and display,

are light weight, and therfore doesnot interfere with the
physical activity.

Fitness Bands — Flaws

e Fitness band is worn on one wrist and preferred to wear on
non-dominant hand. Therefore results of physical activity are
not accurate.

e Steps are measured by movement of hand. Actually steps are
counted from foot movements.

e Sleep tracking works in the night (Mi band) and are measured
by movement of hands.

¢ They do not measure performance, or alert fatigue level,
which can prevent early injuries due to sports acitivity.

» They do not inform the angular range of the foot or foot
strike events, which help athletes to improve their speed.

¢ Results are shown at the end of an activity [15].

Figure 9: Smart watches and fitness bands [22]



Smart Shoes

Smart shoes—for example: Nike Adapt as shown in figure 10—
uses Bluetooth Low Energy(BLE) to connect with smartphones.
They have unique feature of auto-lacing, and therefore they are
laceless shoes. Other features includes 6-axis accelerometer
and gyro sensor, pressure sensors, RGB leds, and companion

app.

The cons of this product are that they are very expensive, any
external or internal damage can cause wear and tear of the
auto-lacing, and therefore they are not popular among athletes.

Fitness Tracking Application

Fitness tracking applications—for example: Nike Run Club as
shown in figure 11— for smartphones renders them to behave
as fitness trackers as all smartphones comes with IMU sensors,
which can detect physical activity, and display results similar
to a physical tracker. They have features of distance travelled,
pace, duration, heart-rate, mile splits, GPS route, offline saving,
audio guided runs with nike coaches and athletes, personalized
coaching plans, compare and compete with leaderboards.

The cons of using smartphone as fitness tracker are the athlete
has to wear the smartphone on his body, which interefere his
physical activity as they are adding weight to the body. Most of
these applications does not come with offline maps. Therefore
internet will be required during the physcial activity.

Figure 10: Nike Adapt [23][24]
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Figure 11: Nike Run Club [25][26]



Primary Research

For our primary research, we developed our initial prototype
which includes IMU sensor, MPU 6050, which is an
accelerometer and gyro sensor; to capture and visualize gait
patterns while walking in barefoot and footwear. This was done
to test whether this sensor is good enough to be used for our
pre-final prototype; to know different possible error that could
happen in capturing the gait patterns due to communication
lag of the protoype, location of the prototype on the foot,
disturbances caused during walking, and to check whether
people can understand their gait patterns from graph plots, and
the colors used in the plots.

Prototyping

Our prototype had the hardware and software part. The
hardware part consists of two modules—foot sensor module
and shank sensor module, for each foot of an individual. The
foot sensor has eight piezoelectric sensors glued to a 0.5mm
thickness styrene sheet. The styrene sheet was cutout from an
actual shape of both —left and right—foot of an individual of
size 10cm. The eight piezoelectric sensors are glued on each
cutout such a way that the sensors covered the area touched by
the foot on the ground. One layer of 3mm sponge, for left and
right foot, was glued on top of the sensor and the styrene cutout
and was cut in the same shape. Wires from the piezoelectric
sensors were extended to come out of the foot cutout, which Figure 12: The motion sensor module and the power module.




would be connected to the extended wires from the shank
sensor module.

The shank sensor module consists of the power and motion
sensor module. The power module had 360mAh LiPo battery,
charger and booster circuit board. The motion sensor module
consists of MPU6050 accelerometer and gyro sensor, Arduino
Nano, and HCO5 Bluetooth module. The shank sensor module
had extended wires to connect to foot sensor module, to read
the values of piezoelectric sensors.

For software part, other than for coding the sensor to capture
values and sending the data to the laptop/pc, we used Python
script for saving the gait data—time; yaw, pitch and roll angles,
acceleration on x, y and z axis of the IMU, and digital reading of
the eight piezo crystal sensors of both legs —in a csv file. Python
script wrote the readings in the csv files for every 40ms. The
saved csv file was later opened in Tableau to plot the gait data.
In Tableau, we plotted dual axis area chart of pitch vs time graph
of both shanks and acceleration on x axis vs time of both shanks.
The reason for choosing pitch angle and acceleration on x axis
was that the values were better than rest of the axis.

To use the prototype, first the foot sensor module was attached
to each legs by Velcro. The shank sensor module—in OFF
state—was then attached to each shank by Velcro.

Now the extended wires from the foot and shank sensor module
were connected together as shown in figure 16. Sensors on both
legs were turned ON and the Python script was executed, which
automatically connects both the sensors through Bluetooth and
then creates a csv file. After the csv file was created, the script

IMU sensor

Figure 13: The IMU sensor, MPU6050, was kept under the
Bluetooth module to reduce the size of the motion sensor
module.

Figure 14: Image shows the finished prototype of the foot
sensor module. Black was the Velcro and the white sheet
was the sponge layer glued on top of the styrene sheet and
piezoelectric sensors.
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starts writing the gait data continuously in the csv file till the
script was stopped. The csv file would be automatically saved
after the script stopped. The saved csv file was later opened in
Tableau to visualize the gait data.

L

Figure 15: Finished prototype of the shank sensor Figure 17: Overall size and look after attaching to both legs.

11



Gait Data Visualization
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Figure 18: Data visualization of gait pattern from one of the users wearing a customised shoe.

The dual axis on acceleration of left and right shank vs time more than angular position of the legs when different footwear
was plotted above the dual axis of angular position of left and was used to walk.

right shank vs time as shown in the figure 18. We considered

using dual axis to visualize the actions happening on both legs In the plots, we chose warm colors for indicating left
simultaneously so that plotting the acceleration and angular leg and cool colors for right leg. This color palette was inspired
position against time will convey unique patterns. The reason from the navigation lights for aircraft and vessel, where they

for plotting acceleration above angular position of the shank use red indicator light on left side (port side) and green indicator
was there are more chances the acceleration will be varied light for right side (starboard side). Area chart was visually
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appealing than a line chart and it was easy to identify each leg
through colors.

Feedback from Indian Doctors

Doctors were Impressed by the fact that prototype cost

less than Rs.1500. They told us that the advantage of this
system were, it was a small setup, and applicable for multiple
situations—ortho, physiotherapy, sports, developing customised
shoe, showing a patient about her altered gait pattern against

a normal gait pattern. They said that for a normal person to
understand, display the parameters through visuals of foot

than displaying plots. The system is beneficial for bowlers,

and athletes, who are looking for improving performance and
technique.

Cost of a gold standard gait analysing equipment is around
20-30 lakhs, and it is expensive for patients to spend money on
gait analysis. They don’t encourage their patient to go to gait
lab for gait testing as it is expensive and on speding extra money
for the travelling cost. Their hospital did not have gait lab and
the number of gait analysing labs are less in India. They told us
to increase the accuracy and validate against a gold standard
gait analysing equipment. After validation on accuracy, develop
the prototype into a product, and sell in Indian market because,
such low cost gait analysing devices are required currently.
Therefore the product will be bought by athletes, doctors and
hospitals. They warned us to not sell this product for identifying
pathology gaits, because eyes of the doctors are trained to find
the pathology gait and the causes of it.

13



Lastly they encouraged us to target the product for sports.

Conclusion

We developed a low cost IMU sensor based device

to capture and visualize the changes occurring in walking

gait pattern, when different type of footwear was worn.

We evaluated our initial prototype by nine participants.
Participants positively agreed that wearing their footwear
changed their gait patterns from their barefoot gait pattern.
They responded that the information shown from gait patterns
from their footwear as well as from others was informative

and will be considering to wear comfortable footwear so

as to maintain their normal barefoot walking gait pattern.
Future work includes implementing algorithms or machine
learning to the device for auto detection of gait parameters,
visualization of foot and its related comparison as suggested
by the participants, so that people can understand without
assist. We also evaluated our initial prototype with doctors and
from their feedback, we decided to focus our initial prototype
towards running sports, and integrating a running technique
and fatigue alert for running athlete. In future, IMUs, especially
the accelerometer based sensors, have a “promising ambulatory
monitoring technique that could be used for the assessment of
mobility in routine clinical practice.” [15]

14



Proposed Product Unique Features

The following are our proposed unique features, which are gait
parameters, that comes with the final product. These features
are not shown in existing fitness trackers and they will be
combined with the running technique, Fartlek.

e Contact Time (duration of the contact between the foot
and the ground)

e Step Rate, Stride Length, Footstrike Type (part of the foot
that strikes the ground first: heel, midfoot or forefoot),
Heel lift,

¢ Max Pronation Velocity (maximum angular rate at which
the foot pronates between footstrike and the point of
maximum pronation),

e Pronation Excursion (total angular range the foot rolls
inwards) and

e Stance Excursion (total range of pitch angular movement
between footstrike and toe off).

“The foot contact of an expert is shorter. Heel strikers have

less stress on their calves and Achilles tendon but are slowed
down. As the knee is not bent during the strike it experiences
high impact stresses, which promotes injuries over time.
Midfoot runners experience more stress on the calves and
Achilles tendon but absorb shock better since the knee is bent.
Most long distance runners are midfoot runners. Toe striking
contributes to a better form and faster running but it keeps calf
muscles contracted contributing to various injuries. However,
toe strikers experience less stress on knees and ankles.[24]"

15



Ideations and Concepts
Mind map

Next we did mind map on
foot interactions. It was done
for generating ideas and
concepts. Keywords that we
focused were on:

e Foot actions

¢ Foot gestures

¢ Speed of actions

e Gait analysis through IMU
¢ Running comfort

16



1. E-textile—Smart Socks
Features

e [t iswashable.

¢ Plug and play sensor
module.

e Pressure sensitive velostat
sole for identifying foot
pressure points.

e Flexible PCB.

e NFC communication.

e 4 MB internal storage.

e Powered by CR2025 button
cell.
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2. Kinematic modules
Features

e Bluetooth Low Energy
(BLE) connections upto 7
modules.

e Live data streaming.

e Cyclic body placement
mode.

¢ Polycarbonate casing.

¢ USB charging.

e Velcro buckle strap
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3. Lace Slip-In Sensor Module

Features

e Bluetooth connectivity.
e GPS tracking.

¢ Polycarbonate casing.

e Gesture enabled.

e SD-card data storage.

¢ Haptic Feedback—vibration.

e Technique assist.
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Future Possibilities

e Ul interactions.

e Correcting altered gait.

e Community sharing
competition.
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Final concept

Lace Slip-In Sensor Module

e g S ok Rty

e Tied firm to the shoes. s o T
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e More useful for running
athlete
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Product Story

Uzi's smart watch shows his steps, distance Month passes to june. His steps increased to 150, pace to 4 steps/s,
travelled, pace, heart rate and time. and time decreased to 50 min.
In the month of may, his steps was 90,
pace 2 steps/s, and time taken 1 hour.



Uzi wants to increase his speed. He go through the methods written in the performance sites.

His mind is filled with increasing his performance and run faster.

Month flies to july. His steps increased to 160, pace to 4.5 steps/s, and He started aching his leg muscles and joints.

time decreased to 49 min.
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Uzi goes through injury prevention techniques.

TECHNIRVE

Slingshot can also improve the technique.

So'ngbh"t' ?

¥ |MPROVES Your
PERFo RMANCE-

¥ Algrrs FamiauvE Levers
PREVENTING INTURY

Slingshot can increase the performance, prevent injury by
alerting fatigue levels.

Uziis wowed.

He orders Slingshot.
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Slingshot gets delivered to him.

He cuts the package with a cutting knife.

Slingshot —
pair %

Manual, warranty

card and
environmental
product declaration

USB charging cable

| Toolkt

| Velcro straps for ankles

o

—

Qoo
= o

Slingshot device is palm
sized.

e opens Slingshot.

Uzi reads the manual and attachesinsshot to his shoes.
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Distinguishing Features
» Contact Time

*For an expert, contact time is less
» Step Rate
= Stride Length’

» Foot Strike
-Heal Determines

-Mid foot Fatigue Levels
-Forefoot

» Heel Lift

» Max Pronation Velocity
» Pronation Excursion

* Using Gait Parameters
» Accurate Step Counting

Similarity in Technology

» |[MU sensors
» Bluetooth connectivity

S

e Live Step Counter

» Distance

e Speed

s Heart Rate

= Notifications

s View/Reject/Accept Calls
* Message

e Weather Forecast

» GPS Tracking

» Music Streaming
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