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Measuring air time for runners in real time

Elsa Andersson
Kristoffer Lindh
Department of Computer Science and Engineering
Chalmers University of Technology and University of Gothenburg

Abstract
Running has always been a popular way to exercise and one way to improve the
running technique and prevent injury is to adjust the gait. In order to improve
the gait the runner must gain knowledge about his/her own gait. In this master’s
thesis, a system has been developed that measure the time when a runner is in the
air while running. The data about air time should be available to the runner with
such a short delay that the runner could immediately adjust the gait. The system
should also be light weight and small enough to be carried around whilst having a
low power consumption in order to minimize battery size.

The system has been developed using one microcontroller and two inertial mea-
surement units. A functional algorithm that can determine gait events in order to
measure air time with an accelerometer has been developed. The precision of the
system was low and needs to be adjusted in order to be useful to a runner. The
small size of the system makes it wearable and due to the low power consumption,
the system could be powered for eight hours with a small button cell battery.

Keywords: Gait event, Inertial measurement unit, Microcontroller
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1
Introduction

Many people like to run, some compete and some just enjoy the exercise. All runners
have a different gait that can be changed or adjusted with training. There are several
reasons for gait training as paying attention to gait when running can prevent injuries
or pain. Both achilles tendinopathy, a condition that causes pain in the achilles
tendon, and patellofemoral pain syndrome, also known as runner’s knee, can be
reduced with gait training [1], [2]. It can also be used in rehabilitation of patients
that have reduced walking ability due to stroke [3].

Today, gait analysis can be done in several ways, with image processing, sensors worn
on the body or sensors placed on the floor being the most common methods [4].
Most gait analyses are used for clinical studies or rehabilitation in a controlled
environment. Gait analysis performed with image processing or sensors on the floor
demands special equipment and is often immobile. Gait analysis that can be used by
recreational runners is usually done at places that sell running shoes by videotaping
the runner [5] or in labs where the pressure under the feet can be measured [6].
These gait analyses are often one time examinations and cannot be used by runners
every day to continuously improve their running technique.

1.1 Goal

The goal of this project was to start creating a system that could be used to improve
gait for recreational or competitive runners and could be available for use anywhere
and by anyone. This was done using inertial measurement units, IMUs, which was
placed in a runner’s shoes. The IMUs collected data about movements which was
then processed to determine the air time of the runner wearing the shoes. The
processing of the data was done in a processor close to the IMUs, so the raw data
was not sent to an external unit. The system was designed to be small, light weight
and, portable.

In order to be easy to use, the system was supposed to be able to operate for a
fairly long time without having to be recharged and be possible to use anywhere.
Finally, it should of course be able to measure air time fast enough so that the
runner continuously gets updated about his/her gait.

One of the easiest ways to determine the air time for a runner in a lab would be to
have the runner run on a floor with sensors, such as a force plate or a pressure mat
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1. Introduction

and simply measure the time between the points where the runner makes contact
with the force plate [4]. In this project, however, the goal was to build a system
that could later be extended as well as be used anywhere, so an IMU was to be used
even though it might not seem like the obvious choice for this purpose.

1.2 Delimitations
In gait analysis, many different kinds of data are needed and combined which will
not be done in this project. This project will be a start that will use sensors to get
air time of a runner. In the future, other data could possibly also be extracted from
the raw data from sensors and more features could be included.

The focus of this project will be on the hardware and processor. The main idea is
to determine, in real time, when a runner is in the air and not focus as much on the
exactness of this determination. The algorithm and hardware decisions will both
be taken with consideration of making the system small, ligh tweight and, with low
power demand.

To make the system easy to use, some kind of feedback needs to be communicated
to the user in an intuitive way, however this feature will not be considered during
this project.

1.3 Ethical Considerations
In this project, there are a few ethical aspects that need to be taken into consid-
eration. The future goal is that data about air time could be combined with other
data into a gait analysis. This analysis would have the user as the main target
audience but could possibly be shared with other people to compare different gaits
and running styles. The data that is collected could possibly be sensitive informa-
tion as it might be used to track people by recognizing the way they walk on video
surveillance [7]. To be able to use the information in a suitable way, some additional
information might be added by the user, such as age, length or weight and then
more information could be extracted, for example, fitness level or what the terrain
looks like. All information, added by the user, or extracted from the application
could be considered sensitive information [8]. In this report and its corresponding
project, these ethical considerations are irrelevant as it will not be used as a finished
product but if that was the case, not only must the ethical aspect of privacy be
taken into consideration but also exterior elements, such as the Swedish law [9].
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2
Theory

In this chapter, the theory behind gait analysis will be presented as well as different
algorithms and hardware that will be used to find gait events.

2.1 Gait
The way that a person walks can be described with the gait cycle. The movements
a body performs between the point where one foot makes initial contact with the
ground and the next time the same foot makes initial contact is called a gait cy-
cle [10]. One half gait cycle, i.e. the movement between initial contact of one foot
and initial contact of the other foot is called a stride. The gait cycle looks different
depending on whether the person is running or walking [11].

Figure 2.1: Picture of one stride (a half gait cycle) for a running person, with the
left leg painted orange for clarification. Adapted from [12] with permission
As shown in Figure 2.1 the gait cycle and the stride can be described with different
phases. The runner depicted to the left makes initial contact with the ground, this
is called the foot strike, FS. The runner depicted in the middle pushes of the ground
with the toes, the foot off, FO for the other foot. The movements until now is called
ground contact phase. When the toes leave the ground, the runner is no longer
touching the ground and is now in the flight phase until the heel(or some other
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2. Theory

part) of the runners other foot touches ground and the stride is repeated with the
other foot. When both feet have had the ground contact phase with a corresponding
flight phase, one gait cycle has passed [12].

2.1.1 Air time
Air time is defined as the time between FO for one foot and FS for the other foot,
also known as the flight phase. The easiest way to determine the air time for one
flight phase without having a pressure mat would be to detect the FO and the FS
and then calculate the time between the two events.

2.2 Algorithms for gait event detection using wear-
able IMUs

There are several ways for gait event detection using IMUs. Some events can be
found using only the accelerometer or the gyroscope or a combination of both [13].
Sensors can be placed anywhere on the body with placements on feet, lower legs,
knees or hips being the most common. Often, some kind of threshold value is used
to determine that an event has occurred, but it could also be that a maximum
or minimum at the sensor output value is found [14]. Other events can then be
detected using the events that have already occurred and the known facts about the
gait cycle. When running, for example, there is always a mid swing between the FO
and the FS.

Algorithms that use some kind of threshold value to detect an event often need the
threshold value to be tested multiple times. Different runners have different gait
cycles and the thresholds can vary a lot depending not only on the runner, but also
outer aspects such as terrain or daily shape or fatigue. One way to compensate for
these fluctuations is to use a machine learning algorithm that can find a relation
between different values corresponding to events even when they vary [14].

FS is one of the easiest events to detect as it often corresponds to some sort of
major peak in acceleration or angular velocity. The FO can often be found using
a threshold or looking for another peak, sometimes in a time window related to
the FS [15]. The fact that both FO and FS are much simpler to find than a more
subtle event, such as the point where the whole foot is in contact with the ground,
or different phases where the foot is in the air, makes the flight phase and thus the
air time together with ground time one of the simpler gait attributes to compute.

For some events, different data need to be combined in order to determine when
the event occurred. Different data that can be combined can come from multiple
different sensors placed on different locations on the body. The data can also be
saved data from earlier movements or knowledge about the other foot’s placement in
the gait cycle. The process of acquiring accurate information from a gait cycle can
be memory and compute power intensive since a significant amount of information
needs to be processed and stored.
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2. Theory

In most studies performed on gait event detection, most or all data from the sensors
has been stored and then analyzed after the data acquisition. The stored data
can be processed for a long time using MATLAB or some other program and then
outputted. To enable this, the sensors might need to be connected to a computer
which provides power and data storage. This is often the case in studies as the
runner often must run on a treadmill and be filmed or on floor sensors in order to
get reference values to the tests.

Algorithms intended for mobile and low-power devices will be restricted in com-
puting performance and storage space available limiting the information that can
be processed without an external memory. If the algorithm must also be fast and
output results continuously, there is no need to save as much data as the output
should come almost immediately and then when the output is calculated, the old
data is no longer interesting. Algorithms used outside labs are often predefined and
have more general threshold values and methods than algorithms that are developed
to be used in a laboratory controlled environment with predefined boundaries.

2.3 Precision VS accuracy

One way to compare results is to differentiate between precision and accuracy. By
differentiating the two concepts, the results can be discussed in a more nuanced way.

Precision can be described as the tightness of the results which result have higher
precision if they are not scattered, but rather consistent even though they might not
be close to the correct value [16]. Plots with high precision can be seen in Figure 2.2a
and Figure 2.2c. A test with a high precision results could indicate high reliability
of the results as it shows consistency. It could also indicate a systematic error in
the validation process.

High accuracy is achieved when the result is close to the correct value and does not
take the spread of the values into consideration. High accuracy could indicate that
the correct values are being detected but that there are some random variances in
the points being detected. This can be seen in Figure 2.2b.

The best case scenario can be seen in Figure 2.2c where both accuracy and precision
are high. It is easy to see if accuracy and precision are high or low in these examples
where you compare the results with a known correct reference value that does not
vary over time. In reality, the determination of high and low accuracy and precision
is not as easy to determine.
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(d) Low accuracy and low precision.
Figure 2.2: Plots of the calculated and perceived ground time from the tests using
one accelerometer
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3
Development and evaluation

In this chapter, the methods for developing and implementing the algorithm will be
explained as well as the used hardware. The test process will also be presented here.

3.1 Hardware
In this section, the hardware used in the project and the decisions behind imple-
mentation are presented.

3.1.1 IMU
Many accelerometers or gyroscopes sold today are already mounted on a inertial
measure unit and, therefore, sold together. In the initial phase of the project,
an IMU from Sparkfun was used [17] as it is a fairly well known IMU with good
documentation and examples. For the purpose of the prototype developed in this
particular project, a gyroscope or an accelerometer might have been enough, but
with the hope of other features being developed in the future, an IMU was chosen
with that in mind as it would not constrain data collection too much. The IMU is
shown in Figure 3.1.

Figure 3.1: Picture of the used IMU with the accelerometer mounted on the left
side of the PCB and the gyroscope the right (17x16mm LxW). From [17]. CC BY.
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3. Development and evaluation

3.1.2 Accelerometer

The accelerometer on the IMU is an ADXL345 which has three axes and according
to the datasheet low power and high resolution [18]. Typical current at a high
operating speed is around 145 µA and all current consumption data provided by the
supplier is shown in Table 3.1.

Table 3.1: ADXL345 current consumption’s dependency on data rate. (T = 25 ◦C,
Vs = 2.5 V, VDD I/O = 1.8 V) From [18].
Output Data Rate (Hz) Bandwidth (Hz) Rate Code IDD(µA)
3200 1600 1111 145
1600 800 1110 100
800 400 1101 145
400 200 1100 145
200 100 1011 145
100 50 1010 145
50 25 1001 100
25 12.5 1000 65
12.5 6.25 0111 55
6.25 3.125 0110 40

The accelerometer also has a low-power mode with lower currents as shown in Ta-
ble 3.2. If low-power mode is selected the output will have a somewhat higher noise.

Table 3.2: ADXL345 current consumption’s dependency on data rate in low power
mode. (T = 25 ◦C, Vs = 2.5 V, VDD I/O = 1.8 V) From [19].
Output Data Rate (Hz) Bandwidth (Hz) Rate Code IDD(µA)
400 200 1100 100
200 100 1011 65
100 50 1010 55
50 25 1001 50
25 12.5 1000 40
12.5 6.25 0111 40

The accelerometer could be calibrated by using the fact that there should be 1 g
pulling on the sensor at the Earth’s surface [20]. A calibration that would provide
eventual offsets for the sensor was considered but discarded as knowing the exact
number of g-forces acting in a certain direction was not critical for this implemen-
tation. The acceleration was to be compared with earlier readings only and the
exactness of the actual values was not of interest.

8



3. Development and evaluation

3.1.3 Gyroscope

The gyroscope used is an ITG3200 with three axes and low power for long battery
life [21]. The gyroscope is significantly more power consuming than the accelerome-
ter with a normal operating current of 6.5 mA and sleep mode current of 5 µA, the
voltage supply is 2.1− 3.6 V.

Just like the accelerometer, the gyroscope can be calibrated. The gyroscope has
a temperature-dependent drift where a potential calibration should be performed
at the same temperature as it will be used in. Once again, the exactness of the
outputted data is not really important as when the maxima and minima occur are
interesting and not the values. Also the algorithms utilizes the acceleration that is
not sensitive to the drift instead of the angle output that depends largely on the
drift. By not storing any offset data and by abstaining from calculating the exact
values we could save some processor power and memory space.

3.1.4 Microcontroller

There are many microcontrollers to choose from on the market, with different areas
of use. When designing a proof of concept or test project, development boards are
usually used. The development boards consist of a microcontroller with connections
to different pins so that wires can be connected and disconnected without soldering.
Most development boards contain other parts as well, such as a few LED lights
that can be used to signal that the microcontroller works as intended or some other
jumpers that are used when configuring the board.

The development boards offer different ranges of flash memory size, power dissipa-
tion, performance and size along with other features.

A final product would not be assembled using a development board but rather a
microcontroller that could be mounted directly on a board without any supporting
components, and the wires would be soldered together.

3.1.5 Development board

The development board used in the initial phase was an STMicroelectronics NUCLEO-
F401RE, shown in Figure 3.2. Just like the IMU, there were already simulink models
that used this board together with the IMU provided. STM has a big board family
with many boards with different specialties that can use similar configurations. The
fact that it would be easy to change board made this family a good choice as dif-
ferent boards could be used throughout the project. Consat has previously worked
with these boards and STM provides a program, STM32CubeMX, that can be used
to configure pins as well as examples to get you started so help and guidance would
be available when choosing this board.

9



3. Development and evaluation

Figure 3.2: The NUCLEO-F401RE from STMicroelectronics. (82.5x70mm LxW)
The board might be switched for a smaller board with less flash memory size and,
according to STMicroelectronics, "ultra low power".

3.1.6 Expansion board for power consumption measurement
An expansion board from STMicroelectronics was used to measure power consump-
tion. The expansion board was a STM Power shield, X-NUCLEO-LPM01A.

3.2 Communication to hardware
Several communication protocols have been used in the project. There has been a
need for communication with both the development board, with the processor as
well as with the sensors, placed on another board.

3.2.1 Computer to processor
In order to communicate with the board from STMicroelectronics, universal asyn-
chronous receiver/transmitter, UART, has been used. In the development stage,
the initial code for communicating with the sensors, the algorithm and later ad-
justments have been sent using UART and a universal serial bus, USB, cable from
the computer. The connection has then been used to observe data and calculate
results from the board. The reason that UART has been used is that it was easy to
implement using the provided program from STMicroelectronics, STM32CubeMX.
In a final product, the board would not have to be connected through a cable to the
computer rather a wireless connection would be used instead to output data so the
choice of communication protocol would not impact the design of the final product.

10



3. Development and evaluation

3.2.2 Processor to sensors
For the communication between the processor and the sensors, inter integrated cir-
cuit, I2C, was used. The I2C protocol only requires two wires for the signals, serial
data, SDA and serial clock, SCL [22]. The communication is implemented using fast
mode with a data rate of 400 kbit/s.

The reason for using I2C was mainly because the sensors are connected and mounted
on a breakout board that only uses I2C and has SDA and SCL as output pins.
STM32CubeMX could be used to easily configure corresponding SDA and SCL pins
for the processor.

However, I2C is both slower and more power consuming than serial peripheral inter-
face, SPI, which is also a communication protocol supported by the two sensors [22].
For the intended purpose of this project, SPI might seem more suitable but if the
communication protocol would be changed to SPI, more wires would be needed and
it would be more complicated to read and send data from the two sensors simulta-
neously.

3.2.3 Bluetooth connection
To make testing of the project easier, a Bluetooth module was used to send values
to a computer. The Bluetooth module enabled testing of the system where a runner
did not have to be physically connected to a computer, which made the system
much more mobile. The Bluetooth module used was a HC-05 [23]. Calculated data
about ground time or air time could be sent to a computer or mobile phone that
was connected to the module.

3.3 Algorithm for event detection
Two or three different algorithms were initially developed for extracting air time. It
is possible to calculate air time using only an accelerometer or a gyroscope, so for
simplicity, algorithms were used that need data from one sensor only.

3.3.1 Algorithm using gyroscope
There are methods to detect gait events using only the gyroscope [24]. The method
implemented is semi-real time as it needs to save data from part of a gait cycle
before being able to detect certain events. The delay however, will be short enough
so it would not be noticeable to a runner using the product.

The algorithm finds FO and FS by locating local minima of angular velocity and one
local maximum as can be seen in Figure 3.3. The maximum represents the mid swing
and the minima can then be identified as foot-off or foot-strike depending on whether
they occur before or after the mid swing, hence the data about possible foot-off
events needs to be stored until the mid swing is found and the FO is confirmed [24].
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3. Development and evaluation

Figure 3.3: Picture of angular velocities from the gyroscope used in the algorithm.
Reprinted by permission from Springer Nature Customer Service Centre GmbH:
Springer Nature Medical & Biological Engineering & Computing [24] (Quasi real-
time gait event detection using shank-attached gyroscopes, Jung Keun Lee et al),
[COPYRIGHT] (2011)

3.3.2 Algorithm using accelerometer

The algorithm used with the accelerometer was a combination of two different, previ-
ously tested algorithms as they seemed to be good at detecting different events [25].
The first method was used to determine FS. The FS finding method uses data from
the total acceleration and determines the resultant magnitude from the different
axis using equation 3.1.

|ares| =
√
a2

x + a2
y + a2

z (3.1)

The FS is then determined by finding the peak for the resultant [26] as seen in
Figure 3.4a.

The second algorithm, which was used to determine FO, uses data from the vertical
acceleration only and defined the toe off event as the minimum acceleration in the
region of interest. This region is found at the end of the gait cycle. There are two
distinct peaks of minimum acceleration, one immediately after FS and one later in
the cycle, the later one is the peak of interest. [27] and can be seen in Figure 3.4b.
In order to find the right peak, a time region was defined after finding FS that could
be used as a guide to where to look for the FO.
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(a) Picture of resultant acceleration.

(b) Picture of vertical acceleration.
Figure 3.4: Pictures of the extreme points that the acceleration based algorithm
is detecting. From [25].

3.4 System setup

The system consists of a processor mounted on a development board and two IMUs
as described in Figure 3.5. Two white cables were used for communication between
the microcontroller and the sensors. Output was sent to the display from the mi-
crocontroller using Bluetooth.
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3. Development and evaluation

Microcontroller Display

IMU
(left foot)

IMU
(right foot)

da
ta

data

Output

Figure 3.5: Setup of the system, including two IMUs, one microcontroller and
some sort of display

3.5 Test process

The original idea was to test the system in a professional setup with help from a
company that works with gait analysis. That way, a reference air time could be
determined and then compared to the air time outputted from the system. Un-
fortunately, due to unpredictable external factors, these tests could not be carried
out.

Some initial tests were done earlier in the project to assure that the system could
detect some peaks in acceleration and match it to some gait event. The resolution
and correctness however, was not tested at that stage and in order to verify the final
implementation, additional tests needed to be conducted.

3.5.1 Measuring ground time for one foot using one sensor

At first a test to confirm the ability to detect ground time for one foot was performed.
The theory was that if ground time for one foot could be detected correctly, by
detecting the foot off and foot strike events, the same events could be detected for
the other foot using the same algorithm and then the air time could be derived.

A runner, wearing the sensor on one foot was filmed while running on a treadmill.
The sensor was placed in the shoe with the x-axes parallel with the foot movements.
A computer, displaying the calculated ground time from the sensor was also visible
in the filmed material. The authors watched the filmed material in slow motion
and tried to decide at which times the different events occurred. The ground time
was then calculated from the time difference of the perceived events. The reason
for comparing the ground time and not the event times directly was because it was
not possible to get a time stamp from the microcontroller for the events that would
mach the video. Figure 3.6 shows a screenshot from one of the videos where the
tests were conducted.
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3. Development and evaluation

Figure 3.6: Screen shot from video used to test the algorithms

The frame rate for the video was 240 frames per second which would give a reasonable
high resolution to the perceived ground time. The perceived event detection is
however based on the authors judgement of the video material which could be very
subjective.

This test was conducted with different update frequencies for the sensor as the up-
date frequency has previously been stated as a parameter that affects the power
consumption. It was also likely that the update frequency could affect the correct-
ness of the system.

3.5.2 Measuring air time with both sensors implemented
With both sensors were implemented the air time could be calculated. The test to
validate the air time calculations was similar to the tests used to test ground time.
The calculated air time was sent to the terminal and then compared to the perceived
air time from the video.

3.5.3 Update frequency vs power consumption
An expansion board was used to measure the power consumption of the system.
During these test, both the data frequency from the sensors and the clock frequency
in the microcontroller were changed. The sensor was once again placed in the shoe
and the output was observed on the expansion board while the runner was running
wearing the sensor.

The Results from all these test will be shown and compared in chapter 4.
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4
Results

This project resulted in a system developed to measure air time for a runner. Even
though the system was not designed to be used in the field yet, it was fairly com-
fortable to run wearing the system. The IMUs were placed in the shoes without too
much consideration about placement even though the runner tried to align them in
a somewhat correct way. The IMUs were connected to the microcontroller through
cables which did affect the running experience negatively. The output of the system
was shown on the terminal of an external device, a computer in this case, which
was easy to see when running on a treadmill. The output was sent over a wireless
connection which did not disturb the running experience. If the system was to be
used anywhere else than on a treadmill, a more mobile device would be preferable,
such as a mobile phone or a watch.

The system was fairly comfortable to wear even though some adjustments can be
made to make it better.

4.1 Verifying the function of the system
The function of the system was tested in the way presented in section 3.5. The test
with two gyroscopes implemented was not conducted as the results from the first
test were bad enough for the implementation to be considered a failure.

4.1.1 Measuring ground time for one foot using one ac-
celerometer

The ground time was calculated and compared to the perceived ground time for
four different cases. The difference between the tests was that the data rate of the
accelerometer was changed. The system was implemented using a data rate for the
accelerometer of 50 Hz, 100 Hz, 200 Hz, and 400 Hz.

Plots of the calculated ground time, outputted to a terminal and the perceived
ground time are presented in Figure 4.1. The times and the difference are also
presented in Table 4.1. In the table, the difference in percent is always positive
and the average error rate is based on the positive numbers. Note that the average
difference in time can be a bit misleading as the positive and negative differences
can compensate each other.
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(a) Data rate of 50 Hz.
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(b) Data rate of 100 Hz.
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(c) Data rate of 200 Hz.
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(d) Data rate of 400 Hz.
Figure 4.1: Plots of the calculated and perceived ground time from the tests using
one accelerometer
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Table 4.1: Tables of the data points of ground time for different data frequencies
Time from terminal (s) Perceived time from video (s) Difference (s) Difference (%)
0.255 0.270 -0.015 5.6
0.235 0.254 -0.019 7.5
0.216 0.258 -0.042 16.3
0.235 0.258 -0.023 8.9
0.216 0.246 -0.030 12.2
0.235 0.256 -0.021 8.2
0.235 0.264 -0.029 11.0
0.216 0.248 -0.032 12.9
0.235 0.258 -0.023 8.9
0.235 0.262 -0.027 10.3
0.235 0.268 -0.033 12.3
0.215 0.254 -0.039 15.4
0.215 0.246 -0.031 12.6
Average Difference -0.028 10.9

(a) 50 Hz

Time from terminal (s) Perceived time from video (s) Difference (s) Difference (%)
0.206 0.228 -0.022 9.6
0.234 0.238 -0.004 1.7
0.225 0.252 -0.027 10.7
0.205 0.218 -0.013 6.0
0.206 0.224 -0.018 8.0
0.225 0.224 0.001 0.4
0.225 0.224 0.001 0.4
0.225 0.232 -0.007 3.0
0.245 0.242 0.003 1.2
0.234 0.244 -0.01 4.1
0.235 0.238 -0.003 1.3
Average Difference -0.009 4.2

(b) 100 Hz

Time from terminal (s) Perceived time from video (s) Difference (s) Difference (%)
0.239 0.200 0.039 19.5
0.221 0.222 -0.001 0.5
0.217 0.220 -0.003 1.4
0.221 0.238 -0.017 7.1
0.228 0.226 0.002 0.9
0.216 0.232 -0.016 6.9
0.240 0.272 -0.032 11.8
0.244 0.204 0.040 19.6
0.248 0.228 0.020 8.8
0.230 0.240 -0.010 4.2
0.232 0.212 0.020 9.4
0.242 0.226 0.016 7.1
0.226 0.224 0.002 0.9
0.222 0.236 -0.014 5.9
0.256 0.238 0.018 7.6
0.235 0.246 -0.011 4.5
Average Difference 0.001 6.4

(c) 200 Hz

Time from terminal (s) Perceived time from video (s) Difference (s) Difference (%)
0.228 0.194 0.034 17.5
0.206 0.206 0.000 0.0
0.240 0.234 0.006 2.6
0.208 0.238 -0.030 12.6
0.228 0.252 -0.024 9.5
0.218 0.251 -0.033 13.1
0.228 0.240 -0.012 5.0
0.240 0.246 -0.006 2.4
0.255 0.236 0.019 8.1
0.228 0.242 -0.014 5.8
0.218 0.238 -0.02 8.4
0.222 0.244 -0.022 9.0
0.217 0.228 -0.011 4.8
0.225 0.214 0.011 5.1
0.220 0.238 -0.018 7.6
0.252 0.240 0.012 5.0
Average Difference -0.007 7.3

(d) 400 Hz
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4. Results

When the data rate was set at 50 Hz, the ground time calculated in the system was
consistently lower than the time perceived from the videotape as seen in Figure 4.1a.
According to Table 4.1a, the average error is about 10.9 %.

The test performed with a data rate of 100 Hz gives the most correct results as seen
in Figure 4.1b. With an average difference of 4.2 % according to Table 4.2b there is
not a noticeable consistent error in any direction that can bee seen on Figure 4.1b.

Both the 200 Hz and the 400 Hz are similar to the 100 Hz but as can be seen on
Figure 4.1c and Figure 4.1d the values are more scattered but the average difference
in seconds is close to zero according to table 4.1c and Table 4.1d. The 200 Hz had
an average error of 6.4 % and the 400 Hz had an average error of 7.3 %.

Another thing that was observed during this test was that the calculated ground
time appeared on the computer screen before the foot had landed on the ground
again, about 0.15− 0.2 s after the foot off event.

4.1.2 Measuring air time with both accelerometers imple-
mented

The tests conducted with both accelerometers implemented showed reasonable re-
sults with an update frequency of 50 Hz and 100 Hz. These results will be showed
below, and the tests where an update frequency of 200 Hz respective 400 Hz was
used will not be presented as the conclusion of them not working could be drawn.
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(a) Data rate of 50 Hz.
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(b) Data rate of 100 Hz.
Figure 4.2: Plots of the calculated and perceived ground time from the tests using
one accelerometer
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Table 4.2: Tables of the data points of Air time for the two different data frequen-
cies

Time from terminal (s) Perceived time from video (s) Difference (s) Difference (%)
0.062 0.142 -0.08 56.3
0.084 0.114 -0.03 26.3
0.15 0.122 0.028 23
0.092 0.124 -0.032 25.8
0.163 0.126 0.037 29.4
0.101 0.134 -0.033 24.6
0.079 0.118 -0.039 33.1
0.107 0.132 -0.025 18.9
0.09 0.124 -0.034 27.4
0.086 0.124 -0.038 30.6
0.166 0.122 0.044 36.1
0.094 0.118 -0.024 20.3
0.074 0.108 -0.034 31.5
0.083 0.094 -0.011 11.7
0.108 0.136 -0.028 20.6
0.185 0.122 0.063 51.6
0.052 0.126 -0.074 58.7
0.122 0.118 0.004 3.4
0.071 0.14 -0.069 49.3
0.094 0.352 -0.258 73.3
0.084 0.13 -0.046 35.4
0.093 0.118 -0.025 21.2
0.088 0.132 -0.044 33.3
0.128 0.13 -0.002 1.5
0.069 0.126 -0.057 45.2
0.097 0.114 -0.017 14.9
0.052 0.106 -0.054 50.9
0.093 0.138 -0.045 32.6
0.178 0.116 0.062 53.4
Average Difference 0.029 27.7

(a) Data rate of 50 Hz

Time from terminal (s) Perceived time from video (s) Difference (s) Difference (%)
0.206 0.228 -0.022 9.6
0.234 0.238 -0.004 1.7
0.225 0.252 -0.027 10.7
0.205 0.218 -0.013 6.0
0.206 0.224 -0.018 8.0
0.225 0.224 0.001 0.4
0.225 0.224 0.001 0.4
0.225 0.232 -0.007 3.0
0.245 0.242 0.003 1.2
0.234 0.244 -0.01 4.1
0.235 0.238 -0.003 1.3
0.206 0.228 -0.022 9.6
0.234 0.238 -0.004 1.7
0.225 0.252 -0.027 10.7
0.205 0.218 -0.013 6.0
0.206 0.224 -0.018 8.0
0.225 0.224 0.001 0.4
0.225 0.224 0.001 0.4
0.225 0.232 -0.007 3.0
0.245 0.242 0.003 1.2
0.234 0.244 -0.01 4.1
0.235 0.238 -0.003 1.3
0.206 0.228 -0.022 9.6
0.234 0.238 -0.004 1.7
0.225 0.252 -0.027 10.7
0.205 0.218 -0.013 6.0
0.206 0.224 -0.018 8.0
0.225 0.224 0.001 0.4
0.225 0.224 0.001 0.4
0.225 0.232 -0.007 3.0
0.245 0.242 0.003 1.2
0.234 0.244 -0.01 4.1
0.235 0.238 -0.003 1.3
0.206 0.228 -0.022 9.6
0.234 0.238 -0.004 1.7
0.225 0.252 -0.027 10.7
0.205 0.218 -0.013 6.0
0.206 0.224 -0.018 8.0
0.225 0.224 0.001 0.4
0.225 0.224 0.001 0.4
0.225 0.232 -0.007 3.0
0.245 0.242 0.003 1.2
0.234 0.244 -0.01 4.1
0.235 0.238 -0.003 1.3
Average Difference -0.009 4.2

(b) Data rate of 100 Hz
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4.1.3 Measuring ground time for one foot using one gyro-
scope

It was obvious from the start of the test that the implemented algorithm using
the gyroscope did not work as the output values varied significantly even when the
runner was running at a constant speed. When the calculated values were somewhat
consistent, they were unrealistically large and nowhere near the correct values.

4.2 Power consumption
In this chapter, the power consumption of the system for calculating air time using
accelerometers will be presented. A power bank was used to provide power to the
system during testing. This was done to increase mobility and therefore make the
tests easier to perform. It also proves that even the non optimized prototype could
be run using a portable battery.

4.2.1 Refresh rates of sensor vs power consumption
The power consumption for the whole system depending on the update frequency
is presented in Table 4.3. The system was tested for power consumption at 50 Hz
and 100 Hz as these were the only frequencies that would give an output when
measuring air time. A small button cell battery with 660 mW h [28] would power
the microcontroller for over 8 hours excluding the losses that would come from a
voltage regulator.

The microcontroller enters sleep mode after an update of the values and exits the
sleep mode after an interrupt. The interrupts from the accelerometers will therefore
affect how often the microcontroller exits the sleep mode. The sleep mode is the
least disruptive power-saving tool and will keep all registers and states.

The two IMUs were responsible for a large portion of the power consumption. The
combined power consumption of both IMUs is 39.79 mW. And at a current of
12.13 mA.

Table 4.3: Power consumption
Update frequency (Hz) Current (mA) Voltage (V) Power consumption (mW)
50 24.43 3.28 80.13
100 24.64 3.28 80.82

4.2.2 Clock frequency for microcontroller vs power consump-
tion

The clock frequency of the microcontroller was changed using software. Changing
the clock frequency did not have any measurable effect on power consumption. The
range of tested frequencies was from 84 MHz down to 5.25 MHz.
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Discussion

In this section, the results presented earlier will be discussed. Possible reasons
behind the results and problems during testing will be brought up. The function of
the system and how it could be implemented to make a final product will also be
assessed.

5.1 Gyroscope

It was decided after the first ground time tests of the gyroscope to not try to im-
plement the air time measuring algorithm. This decision was taken because the
function of the implemented part of the algorithm did not meet the expectations.
Therefore an algorithm for air time based on the algorithm would not have been
able to generate a reasonable value for the air time. The reason that we could not
make the ground time algorithm function with the gyroscopes was not known. One
problem with the algorithm was that it did not have a clear starting point like the
accelerometer-based algorithm has, where a high peak could be easily found with an
adjustable threshold. The algorithm used was also vulnerable to fluctuations and
outliers, as a stray value could be determined at an extreme value even though the
value was not reasonable. This could be corrected with some kind of filter but that
would require additional processing power.

As the gyroscope algorithm relied on local extreme points it was hard to know
what part of the algorithm was functioning without having a plot of the gyroscope
values synced to a slow-motion video. This was not possible to do with the test
equipment that was available. A plot could be generated but with a delay, that
made it impossible to sync as the gait events are very short and the delay varies,
which would make it impossible to match the plot to reality.

5.2 Uncertainties

There were several unforeseen problems that made the implementation and evalu-
ation difficult. There are also several things that could possibly have gone wrong
during the project, some which might have not even been noticed.
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5.2.1 Problems during testing
The original plan for the project involved more detailed testing of the final algorithm
and implementation. These tests were planned to be performed at a company that
works with motion control and gait analysis primarily using cameras. A test subject
would use the system in the test environment and the results could be compared to
the "correct" results. This way of testing the function would most likely be more
accurate than the method that was used in the project. Unfortunately, the Corona
pandemic spread over the world and many companies closed down or permitted their
staff which meant that no such test could be carried out.

The tests relied heavily on the author’s perception and judgement which could
make the tests vulnerable to confirmation bias. In order to prevent the authors
from choosing to detect events at a time that match the output to terminal, the
event detection performed by the authors was always conducted before looking at
the results from the terminal. However, the event times could still be affected by
earlier observations and event times that seem familiar or time differences that feels
consistent could have been favored over times that would have been chosen with no
bias.

The tests were performed with a recreational runner. The final product should
work for all types of runners. But it might have been easier to perform the tests
and evaluation if a professional runner was used as the gait cycle would be more
consistent.

5.2.2 Possible errors that have not been detected
There are many things in this project that might not work as intended. One risky
assumption that was made early on was that the accelerometer and gyroscope had
been correctly implemented and worked as intended. It is quite hard to verify
the correctness of the sensors as there were no correct reference values available.
Multiple sensors were tested that all gave the same output so any possible errors
should be in the code. The assumptions that the sensors worked as they should was
done based on the fact that the data outputted seemed reasonable and there were
no prominent reason to believe that the hardware would be faulty.

When the processor pins were connected to the sensor pins through a longer cable
for the first time the system stopped working. The wires were then rearranged and
the SDA and SCL wires were placed as far apart in the cable as possible, which led to
the system working as before. The fact that the system seems to be quite vulnerable
to how the wires are placed relative each other might suggest that the wires could
possibly still impact each other even though the system gives a reasonable output.

One thing that has not been tested during this project is the ability to detect the
FO and FS events. The ground time and air time has been tested and in these tests,
only the time passed between the events has been tested which means that a correct
result could not rule out the possibility that the event detection was off. The event
detection could be equally erroneous for both events. An incorrect result could also
mean that the detection works well for one of the events but not for the other one.
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Lower sampling frequency should logically give worse results. Optimally, an event
should happen as close before sampling as possible for best possible resolution. With
longer time between the samples, the uncertainty of when an event has occurred
increases as can be seen in Figure 5.1

Gait event Gait event

Gait event Gait event

Measured time

Measured time

Real passed time 

Real passed time Sample time

Figure 5.1: Example of how mismatched sampling can affect the results

With an update frequency of 50 Hz, the runner in our tests are in the air for about
5 samples and when the frequency is increased to 100 Hz for about 10 samples. An
event that occur immediately after one sampling but is not registered until the next
sampling could therefore lead to an error in the air time of up to 20% respectively
10%.

5.3 Function of the system

Only the algorithm using the accelerometer will be discussed here as the results from
the gyroscope did not show any evidence of working.

The ability to measure ground time for a runner was tested with varying results
depending on the update frequency of the accelerometer. All of the updating fre-
quencies could be run without errors. One reason for the varying results could be
that the author’s perception varied when they judged if the different events had
occurred.
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5.3.1 Ground time
When the ability to measure ground time was tested, the test with the lowest update
frequency had the most error. This would not be considered very surprising as a
higher update frequency can provide a more exact timing to the processor. The fact
that the errors were consistent in sign and also fairly consistent in amplitude would
suggest that this update frequency could be a good choice if something that would
compensate for the errors could be implemented. The plots show a high precision
but low accuracy. In the future, an algorithm that compensated for this could be
implemented and more thoroughly tested, with more steps and different speeds to
determine whether this could be a good data rate for the accelerometer.

The remaining three tests looked more like each other and became more correct as
the time between value updates were lower. There is no obvious reason for this and
it might just be due to the fact that the tests are not very precise and the accuracy
is a coincidence.

The high consistency and precision for the results with an update frequency of 50 Hz
suggest that this would be the best option even though the accuracy is not that high.

5.3.2 Air time
The results from the air time tests should have the same errors as the ground time
tests, both algorithms are based on the same gait event detection algorithms as the
ground time algorithm. The relative errors are larger because of the much shorter
air time compared to ground time.

The accuracy of both the 50 Hz and 100 Hz refresh rates seems to be high as can be
seen in Figure 4.2. Both of them might have a slight offset where they are centered
around a lower value with some outliers with higher values. Both 50 Hz and 100 Hz
refresh rates have a low precision in relative terms. The variation between all the
air times has higher precision than the precision from the algorithm.

The results from the air time tests show that the higher refresh rates do not improve
the function. That would suggest that the function of the algorithm is the limiting
factor for improved precision and accuracy.

There are some improvements that could have been implemented without funda-
mentally changing the algorithm. The most obvious parameter to change is the
threshold for initial contact. Another parameter that could be changed is the foot
off region of interest. Reducing the region of interest could improve the function by
minimizing the chance of detecting a minimum that does not correspond to the FO.
The downside of reducing the region could be that it would also reduce the range of
different lengths between gait events that could come from different running tech-
niques. It is also more important that the region of interest starts and ends at the
correct time when the window is smaller.

All of the discussed parameters have been changed during testing and evaluation.
To be able to ensure that the parameters are at the optimal value, better test
equipment would be needed. For example, it would be useful to have some system
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that could synchronise a plot of acceleration values with gait events. The values for
these parameters need to be correct before more advanced changes to the algorithm
are implemented, otherwise more advanced changes could make performance worse.

5.3.3 Higher refresh rates

When two accelerometers were implemented, the algorithm would not work for
higher refresh rates than 100 Hz. We could not figure out the exact reason for
this. One theory is that when the refresh rates were high and not in sync, the in-
terrupts from each accelerometer could come too close to each other. If one of the
IMUs were updating while the other interrupt came in it could cancel the update or
be ignored depending on priority. If it cancelled the update, then no more updates
would work. If it was ignored, the interrupt flag would not be reset, which would
also stop future updates.

5.4 Power efficiency optimization

The power consumption of a final product could be optimized. Even with no opti-
mizations the micro-controller and IMUs could be run a few hours using a battery.
During the tests, power was provided with a power bank.

That would be considered enough for most running applications. With reduced
power consumption the battery could be smaller or allow for multiple running ses-
sions. There are a few parts that would need special attention for reducing power
consumption as they contribute to a majority of the power consumption, this will
be discussed below.

One part of the system that was not included in the measurement of power con-
sumption was the Bluetooth module. There are several reasons for this, the first
reason is that it was not part of the scope to optimize for the power consumption
of the transmission, therefore the Bluetooth was not chosen according to its power
consumption, instead it was chosen for easy implementation. Another reason is that
the Bluetooth was not essential for determining the function of the system, it was
to simplify the test process.

5.4.1 Power consumption of microcontroller

When the clock frequency of the micro controller were changed, no difference in
power consumption could be measured. This could be because the clock frequency
were changed using software as opposed to changing the physical oscillator. Another
reason for the clock frequency to have no effect on power consumption could be
that the power consumption is already dominated by static power consumption.
Reducing the dynamic power consumption would therefore not have any significant
effect.
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5.4.2 Power consumption for IMUs
Both the accelerometer and gyroscope that was used was advertised as "low power"
by the manufacturers. In Figure 3.1 it is clear that the output frequency of the
accelerometer affects the power dissipation to a high extent. In reality, this difference
was negligible as the current of 12.13 mA of the IMU is far higher than the current
advertised in Figure 3.1. The reason for this is that there are much more losses
outside of just the current consumption of the accelerometer circuit board. The
IMU is designed in a way that you have to power both the accelerometer and the
gyroscope even if only one of them is used. There are also other components and
traces on the IMU circuit board like resistors and capacitors that could increase
power consumption. The long cables connecting the IMUs to the microcontroller
could also be a major contribution to increased power consumption. The conductors
were kept thin to increase mobility as there were five conductors to each IMU.

A final product would reduce or eliminate some of these problems. A final product
would have a dedicated circuit board that would only use the components needed
for function of the product. It could be possible to have the microcontroller next to
the IMU and greatly reduce the length of the cables.

5.4.3 Refresh rates vs Power consumption
The power consumption did vary with the refresh rates of the accelerometer. The
consumption was slightly higher with a refresh rate of 100 Hz than 50 Hz. But
the difference as can be seen in Table 4.3 is only 69 mW. This difference would
not be significant enough to use a lower refresh rate even if the higher refresh rate
is only slightly better. If the power consumption of the system could be reduced
by reducing overhead power consumption, the difference might be larger in relative
terms.

There is no clear way to tell if the 100 Hz or 50 Hz updating frequencies has better
accuracy and precision. The clear choice is therefore the 50 Hz updating frequencies
as the power consumption is lower with no performance penalties. To be able to
make a better choice of updating frequencies the algorithm needs to be improved.

5.5 Further research
The measurement of air time is the first of many features that could be implemented
to reach a fully functioning device that can perform gait analysis. To continue the
work performed in the project, usage of other important data, such as pressure or
angle of the foot could be implemented. To be able to do this both accelerometer
and gyroscope would probably be needed.

Some sort of user application could be developed that can provide the runner with
updates about running technique and possibly analyze this data to log information
about fitness level or how the runner answer to fatigue. A user application is proba-
bly a requirement for the product being desirable for runners that run in their spare
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time. The application could also help runners that suffer from previous injuries or
other health problems and recognize returning symptoms before the runner does.

A final product could also have a gait event detection algorithm that would be
adapted to the user. This could be done by having different threshold and foot off
window depending on parameters like fitness level, weight or height. It could also
use some kind of self calibration. Future research have to be carried out in order to
determine the correlations between the parameters and thresholds.

5.5.1 Developing a real product
In this prototype, two IMUs and one microcontroller have been used, the IMUs
have been connected to the microcontroller through a cable. For a product, users
might not want a cable taped to the legs when running. To avoid the cable, the
data should probably be sent wireless between, at least one of the IMUs, and the
microcontroller. The microcontroller should probably be mounted together with one
of the IMUs in order to minimize things that the runner needs to keep track of.

In this project, the microcontroller has been mounted on a development board with
several other parts, which would not be needed in a finished product. The final
product would be smaller than the hardware used in the project. The gyroscope
ended up not being used so maybe the IMUs could be switched out as well but as
the gyroscope probably will be needed if more features were to be developed, we
decided to keep it.

The current prototype has not been optimized in terms of size. The final product
could be considerably smaller than the prototype. The development board that was
used measured 82.5x70mm, the real product would likely only use a handful of the
components from the development board, for example, the microcontroller chip with
the size of only 14x14mm.

The long cables that were used was needed because of the microcontroller develop-
ment board was too large and heavy to be worn near the IMUs on the feet. With a
reduced size, the microcontroller could be located at one foot. For this to work, the
problem of transmitting data from the other IMU has to be solved.

If the algorithm was optimized higher updating frequencies than 100 Hz would
be interesting for more accurate detection of gait events. A real-time operating
system with deadlines would probably be needed to be able to have higher updating
frequencies.

5.5.2 Further usage
In the case that this product could be further developed with more features and a
user-friendly interface to present the data, the product could be used by not only
runners but also other people who want to keep track of their movements, some
people might be interested in how many steps they have taken and how many stairs
they have climbed during the day.

A potential product could be used in race walking contests, one of the rules in the
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race walking is that the competitor can not lift his/her toes on one foot until he/she
has made contact between the ground and the heel of the other foot. The product
that has been developed in this product could be used to help the judges determine
whether this rule has been broken by the competitors wearing the system. According
to the international association of athletics federations rules, the judging should be
solemnly based on the human eye judgment and no aids are allowed, but these rules
might change in the future.

Wearable sensors that track the movements that are relevant in other areas can
possibly be an aid for many training athletes such as swimmers or rowers who might
not be aware of their movements being asymmetric or not ideal for some reason.
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The developed system outputs a value that is somewhat close to the real air time.
The fact that the air time is calculated soon after the runner has landed with
a reasonable value gives us the impression that the air time is measured. The
resolution, however, is not as good as we had hoped.

As the results do not improve when the update frequency of the sensors is increased,
we can draw the conclusion that the the system is somewhat constricted by the
algorithm. The algorithm recognizes the foot off and foot strike events.

In order to finalize a product that can measure air time in real time, the algorithm
and its threshold values need to be tweaked. More tests, preferably with several
different runners needs to be conducted in order to find better values to use in the
algorithm.

With a better working algorithm, it becomes more interesting to increase the update
frequency as the results should be noticeable in the test results.

The power consumption of the sensors is higher than stated in the data sheets. In
the tests, a power bank was used which worked fine. A small battery would be
enough power supply for many running sessions. The weight and size of the system
is probably small and light enough for the usual jogger who wants to exercise. A
professional runner who competes would probably not want to wear the equipment
in a competition but maybe during training.
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