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Abstract
The LivAbility Lab: Force and Position Monitoring System is a small, lightweight device
which tracks the location of an individual's foot as well as the force applied to the ground by
that foot. This is achieved by utilizing a resistive force sensor, an ultra-wideband tag and
beacon, a Raspberry Pi, and supporting electronics. These basic components are connected
electronically, communicate through software, and are packaged ergonomically. The result of
the project is a robust system which is simple to use. The system is capable of measuring
force to an average 3.4 pounds, and location to an average of 2 centimeters. The system can
be built for around 500 dollars, which is a quarter of the given budget. The target user of the
device is an individual with a movement impairment. The data output provided by the system
will be used by a physician or therapist to optimize an assistive device for the user and
improve their quality of life. The delivered system will be improved by future research
groups. Areas to be improved include system packaging, system microcomputer, and
measurement precision.

I. INTRODUCTION
The LivAbility Lab is a research center that
focuses on improving the quality of life for
individuals with movement impairments. One of the
methods utilized by researchers at this facility is the
creation of customized assistive devices. A
researcher may design a customized device which is
built to the user’s specifications. Typically, an
individual would have the opportunity to test out an
assistive device during their visit to their health care
provider. Once the patient leaves their office, the
health care provider has no way of determining if
the assistive device is achieving the desired result.
The goal of this project was to design a system
which can monitor the location of the user’s foot as
well as the force the foot applies to the ground.
There are a variety of ways to achieve this, but an
important desired feature of the system is for it to
be completely portable. This requirement, along
with other customer requirements shown below are
what gave form to the system.
A. Customer Requirements
CR 0: All subsystems will present no harm or risk
to the individual being monitored
CR 1: Force sensing subsystem will be battery
powered and communicate wirelessly with a data
logging subsystem.
CR 2: Movement of force sensing subsystem will
be continuously monitoring in a wireless fashion
based on a wireless triangulation/beacon subsystem.
CR 3: All subsystems will be rechargeable battery
powered and allow for up to 8 hours of operation
before recharging.
CR 4: Attachment of all subsystems will not
require any modification to shoes, garments or
movement assistance device or system worn or
utilized by a monitored individual.
CR 5: Attachment and utilization of any
subsystem or component will not impact inherent
movement of individual being monitored.

By analyzing the customer requirements and
performing research, the engineering requirements
were defined. The engineering requirements
provide a quantitative guideline of what the device
must do. Engineering decisions were made
throughout the project to achieve the customer
requirements provided by the customer as well as
the engineering requirements created by the team. A
budget of 2 thousand dollars was allocated for this
project. The system at the very least requires a
microcomputer, a method of measuring force, a
method of measuring location, and a method of
powering. Initial estimates showed these
components costing around 400 dollars.
Table 1: Engineering Requirements

II.

DESIGN

A. Component Selection and Feasibility
Due to the original and added customer
requirements, it was determined that the entire
monitoring system needed force sensors to measure
the pressure exerted by each foot, a method to track
the position of each foot in relation to its
surroundings, a microcontroller to process and
transmit gathered data in real-time, and an onboard,
rechargeable battery capable of reliably powering
the whole system. All components would need to be
housed in a robust, weather resistant casing. After
researching
past
projects
and
similar
market-solutions, components were confidently
selected to satisfy each of the customer
requirements.
i. Force Data Gathering Component Selection

To satisfy our customer requirement of measuring
the force of an individual’s footsteps, several force
sensors were evaluated based on their durability,
range, size, and cost. The force sensor needed to be
durable enough that force could be applied to it for
up to 8 hours per day and it would still function
appropriately. It also needed to be able to measure
up to 500 lbs. of force while being small enough to
be unnoticeable in an individual’s shoe. Finally, it
needed to be affordable for our project budget.
Due to its small size, flexibility, and price, the
Tekscan A301 resistive force sensor was chosen for
our system.

Figure 2: Raspberry Pi Zero W
In order to save the data locally before
transmission, an SD card is used as on-board
storage with the Pi-Zero. A bigger Raspberry Pi
3B+ was used as a host for wireless data
transmission during development. The completed
system has the capability of sharing data with any
device that can receive a Bluetooth signal.

Figure 1: Flexiforce A301 Force Sensor
When compared to the next best solution, a load
cell, it was determined that the Tekscan A301 has
similar functionality while occupying a smaller
profile and having a lower cost. With proper
circuitry, this sensor can measure up to 500 lbs.
which meets our requirements. The circuitry needed
to achieve this increased force capacity was
designed and integrated into our PCB. In addition to
this sensor satisfying all our requirements, there
have been other research groups who used it
successfully for a very similar application to ours.
Communication with these groups confirmed that
this sensor would be able to achieve what we were
looking for. [1]
ii. Microcontroller Selection
While several microcontrollers were researched,
including several arduino models, the raspberry Pi
line was decided upon for its ease of use when
developing programs, something that would
become very crucial to gather and transmit all of the
data efficiently. Because a customer requirement
demands the design to be as small as possible,
Raspberry Pi Zero W (the smallest model), was
chosen.

iii. Location Tracking Component Selection
Location tracking was required to be achieved
through a triangulation system. We decided to use
ultra-wideband (UWB) radio frequency technology
due to its novelty and accuracy. This method works
similar to radar, and uses very little power
compared to more traditional small-scale location
tracking methods. Because UWB technology is so
recent, there are few competitive options to choose
from. The Decawave MDEK1001 Development kit
was ultimately chosen due to its small size and
programming ability. This kit uses four stationary
anchors placed around a room to determine the
location of one tag moving in that room by
measuring the tag’s distance to each anchor and
calculating its position.

Figure 4: Decawave MDEK1001

The MDEK1001 also came with its own
Application programming interface (API) as well as
a ready-made Android phone app. With the API,
the MDEK1001 could easily be made to
communicate with the chosen Raspberry Pi system
controller. With a user-friendly app, patients and
healthcare providers would be able to see all aspects
of a patient’s movement, with no “blind spots.”
As customer requirements were added during the
early design phases, it was decided to add an
accelerometer to our system as well. The Aokin
GY-521 accelerometer was chosen due to its small
size, simplicity of use, and low power draw.

Figure 5: 2500mAh Lithium Rechargeable
Battery
While many designs were explored to recharge
the battery and power the whole system, one
ultimately proved to be the most reliable and safe
method. This Juicebox Zero is a PCB designed to
recharge a lithium polymer battery and power a
Raspberry Pi zero safely and reliably. By
integrating this into our system, the power circuitry
was simplified.

Figure 3: GY-521 3-Axis Accelerometer
With dimensions of 1.65x2 cm, this
accelerometer was able to have minimal impact on
achieving other customer requirements while
providing the patient’s location and acceleration
data in real-time.
iv. Battery Selection
The customer requirement of a rechargeable
battery capable of lasting eight hours between
charges is highly dependent on the power draw of
each element in the overall design. Since the weight
of the system was a large concern, choosing a
battery became an optimization problem. In order to
choose a battery, the total power draw of the system
had to first be calculated. Once that was found to be
208 milliamps per hour, a 2.5Ah lithium polymer
battery weighing a total of 1.83 oz. was chosen: The
best compromise between weight and capacity.

Figure 6: Juicebox Zero

v. Packaging Selection
The size of the overall design, when it came to
create a package that enclosed each subsystem into
one box, was paramount. Since the customer
requirement was that this design had to be placed
on a shoe without impeding movement or falling
off, the packaging had to be as small and low as
possible. Knowing the dimensions of each of the

PCBs and of the battery, several iterations of a
package were designed in 3D CAD software and
printed with a 3D printer. The final 3D CAD model
can be seen below. Two Velcro straps were used to
attach the packaging to the shoe. Two straps fed
underneath the laces of a shoe is enough to keep the
design from falling off if it is properly tightened.
With the whole design assembled, the weight was
also measured to be 7.2 oz. This is much lighter
than the customer requirement that the design be
lighter than 10 ounces.

resistance sensor. This sensor can be implemented
without even knowing it is there because of the
small size and thickness. Basically, the way this
variable force sensor works is that when there is no
pressure applied, the resistance across the sensor is
extremely high. However, when force is applied the
resistance will decrease in a linear fashion.
To extract the data from this sensor, a simple
op-amp system can be designed. Because there will
only be a single battery in our system, the design
choice that was made was a single-source
non-inverting op-amp as shown in the following
figure.

Figure 7: 3D Packaging
B. Electrical Design
All the main components for each individual
subsystem were picked out and selected in the
previous phase, but now they have to be
transformed into working subsystems and work
together in a whole system. The different electrical
subsystems can be broken down into four main
groups.
1. Force Data Gathering Subsystem
2. Location Data Gathering Subsystem
3. Accelerometer Subsystem
4. Data Processing Subsystem
i. Force Subsystem
It was selected that the best way to gather force
data was to use the Flexiforce A301 variable

Figure 8: Non-inverting Op-Amp Configuration
Our supply voltage in Figure 1 needed to be a DC
voltage between 0.25V and 1.25V so that there
wouldn’t be any clipping and that the resolution
would be large enough to get a discernible output
voltage. The easy solution to obtain a reasonable
Vref would be to take the voltage directly from the
battery, or the voltage from the positive rail of our
microcontroller to be the supply voltage and then
uses a simple voltage divider with two resistors.
The next design specification that was chosen was
the feedback resistor. The following equations will
walk through the calculations to obtain the output
voltage with respect to the feedback resistor.

V ref = R2/(R1 + R2) * V supply
V ref = (V +) = (V −)
V ref = R2/(R1 + R2) * V supply
Ifeedback = ((V-) - Vout)/Rfeedback = (Vss (V-))/Rflexiforce
V out = V ref + V ref * (Rf eedback/Rf lexif orce)

Therefore, the relationship for Vout in our
Op-Amp circuit would be dependent on the three
terms above and now those can be properly tested
to see which values work the best. This was done
with a test setup in the material science lab. All of
the resistors in the circuit were modeled with
variable resistor blocks and the circuit was created
on a breadboard while the supply voltage was
created with a DC voltage supply and the output
voltage was monitored with a multimeter. Many
different combinations and designs were tested, but
the best outcome was created when the reference
voltage was around 0.5-0.7 V and the feedback
resistor was 200k - 500kOhms. The data gathered is
shown in Figure 8.

So, now all of the necessary design constraints
are known for obtaining the good linear force data.
However, one more step is necessary. Due to the
fact that the Raspberry Pi Zero W doesn’t have an
on board ADC, one more has to be implemented.
This isn’t a huge problem as a simple ADC chip
can be selected and the analog output from the
Op-Amp can be fed to the input of the ADC and the
digital output of the ADC can be fed to the
Raspberry Pi. This will be highlighted in more
detail in the later sections.

Figure 9: Feedback Resistor Selection for
400kOhms

ii. Location/Accelerometer Subsystem
The engineering behind these two systems
has to deal more with software. This is because of
the components selected. The MDEK1001 or the
Decawave Development Kit is already ready to be
implemented into a system. This development kit
utilizes UWB with the DWM1001 to communicate
wirelessly with other development kits. The raw
data that is extracted is the distances away from one
another, and this data can be used to calculate the
position of all of the development kits with respect
to one another.

The data gathered for the output voltage shows a
very linearly scale with the resolution nearly
optimized and there is no clipping that occurs due
to the maximum supply voltage. A bad graph is
shown when a 600kOhm resistor is used below.

Figure 10: Feedback Resistor Selection for
600kOhms

Figure 11: Front View of the MDEK1001 with Pin
Desriptions
As seen from Figure 11, the MDEK1001 is
already ready for data acquisition and
implementation into our system. It has proper
battery connections, communication pins, and
everything else that is needed for this project.
Therefore, this subsystem is set and done with
electrical design.
The same goes for the accelerometer. The
selected three-axis accelerometer chosen for this
project doesn’t need any signal manipulation or
additional circuitry. It already has power and
communication pins that can be directly hooked up
in our whole system.
iii. Data Acquisition/Processing
So, a lot has been said about the whole system
and that components will be connected with each
other, but there hasn’t been a big diagram to show
how yet. This is shown below in Figure 6. This is
the entire wiring diagram for our whole system.
This diagram will explain how all of the subsystems
will communicate and how all of the data will end
up to the Raspberry Pi Microcontroller.
This section can start by focusing on the
Raspberry Pi Zero W microcontroller in the wiring
diagram. This is the block with 20 pins representing
the GPIO header and is located second from the
right in the bottom row. This is the brains for all of
the data processing. To give a good idea of what
this microcontroller will look like, the pinout is
shown in Figure 12.

Figure 12: Raspberry Pi Zero W Pinout
All of those pins are labeled in the wiring diagram
respectively. The next and easiest part of the wiring
diagram to understand is the accelerometer. This is
modeled by the block directly above the Pi. All that
is required for the system connections for the
accelerometer is the two power pins, VDD and
GND, and two connections for I2C. These
connections are directly connected to the pins 3 and
5 of the Pi so that the accelerometer data can be
transferred easily using I2C. The next block to look
at is the MDEK1001 Location Subsystem. This
connection to the Pi is quite simple as well. All that
is needed are the power connections to the
MDEK1001 and the two UART pins from pins 8
and 10 of both the MDEK1001 and the Pi to
connect together for UART communication.
Next, there is the Force Subsystem. This is where
the wiring gets a little more complicated. Due to the
necessity of a unique circuit, a custom PCB was
designed and ordered. The PCB was created to
follow the Op-Amp Circuit described above with
the addition of a single ADC chip added. This is
shown in Figure 14.

Figure 13: System Wiring Diagram
in the wiring diagram will be dealt with by using a
right angle GPIO header with direct connections.

Figure 14: Custom Made PCB
The PCB was designed to include all the Op-Amp
circuitry and ADC like stated before, but it was also
designed to convenience all of the connections. The
GPIO header that can be seen on top of Figure 7
will be able to directly attach to the Raspberry Pi
with a right angle connector and the larger square in
the bottom middle of the PCB is an ethernet
connector to allow for easy changing of flexiforce
sensors when used in the shoe. Therefore, the rest
of the connections seen to the left of the Pi

The only part of the wiring design that wasn’t
talked about yet is the power and battery aspect.
This is done with the aforementioned Juicebox
Zero. This part doesn’t require any additional
design work as this part was built exactly for a use
case like this one. When trying to make the
Raspberry Pi Zero W portable, the Juicebox Zero
allows a 3.7V battery to be regulated and charged
by just connecting the Juicebox Board directly to
the Pi through the GPIO header. Once the Juicebox
is connected through the GPIO to the Pi, the whole
system can now be battery operated, portable, and
able to be charged through a micro USB
connection.
iv. Derating/Power Consumption
The last part of the electrical design work was to
ensure that the components chosen would be fully
operational over time and to make sure that the

power draw from the circuit was going to allow for
an 8 hour operational run time with the selected
battery. This can be done with a simple De-Rating
document.
The document layout was as follows. All
components were laid out in their respective
category, therefore, all of the resistors had a page,
capacitors had a page, microchips and boards had a
page, and so on. Now for each and every
component, their documented ratings were listed
out from their known datasheets. For resistors, the
power and voltage ratings were necessary, and for
capacitors the temperature and voltage ratings were
necessary. Each type of component has different
important ratings that were taken from the
datasheets. Now, all of the components were used
in calculations to determine their worst case
continuous ratings and instantaneous ratings. All of
these power, temperature, voltage, current ratings
were checked across their De-Rating values. This
means that if any of their actual calculated values
violated their datasheet ratings, they would be
flagged and failed. So, all of the parts chosen were
validated and verified so that they would not fail or
come close to failing throughout their usage.
This stress rating document is good for detecting
failures, which there were none, but it is also good
for calculating the power consumption from all of
the parts. The following data was extracted.
Table 2: De-Rating/Power Consumption Results

Resistors
Diodes
IC's

Current Draw
9.54 mA
3.9 mA
195 mA

Power
Consumption
0.023 W
0.0013 W
0.722 W

to a total of 1667.52mA per hour. So, to meet the
necessary 8 hour requirement the battery needs at
least this minimum Amp Hours. The battery chosen
has 2500 mAH, so this will meet the battery life
requirements. On the chance that some of the
datasheets reported bad information on some of the
ratings or the chosen battery doesn’t hold as much
charge as advertised, a slightly larger battery can be
chosen to combat any failures as a part of risk
mitigation.
C. So
 ftware

Design
Software overview: The design overview can be
seen in Figure
Serial Communication Protocols: I2C, UART,
SPI
Wireless Communication Protocol: RFCOMM
(Bluetooth)
Communication between Microcomputer and Force
Sensor:
The communication protocol used between the
A301 Force sensor and raspberry pi zero w is Serial
Peripheral
Interface
(SPI).
The
serial
communication is carried out at 1MHz. The
Raspberry Pi zero w lacks analog pins. A
MCP3008(Analog to Digital Converter) is used to
convert the analog values from the sensors into
digital values and feed them into the digital input
pins on microcomputer.
Force Analysis:
The data is sampled at a rate which is twice the
maximum frequency of the analog input signal.
The resolution of A/D converter is as follows:

Total
For 8 Hour Life

208.44
1667.52

0.7463
5.9704

In conclusion, for all of the components listed in
Figure 6, the wiring diagram, the total current
consumed is about 208.44mA per hour. This comes

Resolution = (Vmax – Vmin) / ((2^n)-1)
Here, n is the number of bits. Increasing the
number of bits increases the resolution. The output

changes only when the
((Vmax-Vmin)/((2^n)-1)).

input changes by

Figure 16: Location Software Results

Figure 15: Software Flowchart
Communication between
Location Sensor:

Microcomputer

and

The communication protocol used between
Raspberry Pi zero w and Location Sensor is UART.
The transmission is carried out at 115200 Baud rate.
The location data collected by DWM1001 location
sensor tag from all the DWM1001 anchors is sent to
microcomputer via UART.
Location Calculation:

Communication
Accelerometer:

between

Microcomputer

and

I2C protocol is used for communication between
accelerometer and Raspberry Pi zero w. The
communication is carried out at 100 kHz (Standard
Mode).
Automation
and
Communication
Microcomputer and external System:

between

Cron is a software utility on Unix-like computer
operating systems used to schedule jobs (running
scripts) periodically at fixed times, dates or
intervals.
The
sensors
and
the
communication(wired/wireless)
between
the
sensors and microcomputer are controlled via
python scripts. These scripts are run at reboot and
the data collected from the sensor is transferred via
Bluetooth to another paired device (Linux-based).
The Bluetooth uses RFCOMM (radio frequency
communication) to perform data transfer between
two devices.

Analysis:
The collected data is then analyzed using
MATLAB library. A typical simulation consists of
a live graphical analysis.
Data Storage Overview:
The data is stored on the server (another paired
device) as well as on the sender device(client) in the
form of a text file.
D.

Mechanical Design

Packaging Design
A small package was 3D printed using PLA
plastic to house the raspberry pi, juice box, DWM
location monitoring module, accelerometer, PCB,
and battery. An ethernet port was left accessible for
simple connection of the A301 force sensor. The
system can be charged via the micro USB port on
the juice box which was also left accessible, and
there is an external push button switch for turning
the system on and off. The packaging was designed
such that it will fit onto the top laces of an
individual’s shoe. The complete weight of the
packaging and all components does not exceed the
10-ounce weight limit defined in our customer
requirements.

Figure 17. Assembled component packaging with
and without the top.
Shoe Design Insert
The A301 force sensor was attached to the sole of
the shoe insole using a tape adhesive. It was
decided to place a single sensor in each sole at the
heel, as this area of the foot typically has the
maximum force concentration. [2]

III.

RESULTS

The system was manufactured to the designs
described in the previous sections. With the system
assembled, the group began testing the functional
outputs. The primary goal of testing was to ensure
the accuracy of the data, safety of the user, and
durability of the system.
The system measured location at several known
points within a 2.58 m x 5.58 m space. The DWM
module output was compared against the measured
coordinates, and it was found that the DWM
measured location with an average accuracy of 2.83
cm, with a maximum deviation of 15 cm at one
point. There was significant noise in these
measurements, but the average value measured at
each point increases the accuracy significantly. One
conclusion to be drawn from this test was that the
closer the sensor tag is to an anchor, the more
accurate the data. This means that adding more
anchors to the system may improve the quality of
the output. The measured accuracy above was with
four total anchors, but adding and subtracting the
number of anchors will help or hurt the total system
accuracy.
The system measured up to 220 ± 3.4 lbs using
A301 force sensor that was integrated into a shoe
insert. This error could be improved by designing a
more robust shoe insert which guarantees consistent
positioning within the shoe. A stress test showed
that up to 500 lbs of direct force can be measured
by the force sensors in a laboratory setting. One

other error to look at when measuring the force is
when zero force is applied. The minimum force that
was detectable was around 3 lbs. This can be fixed
with the same fix mentioned above. If a more
robust shoe insert was created, a more dependable
system of equations can be implemented to show
more accuracy at lower applied forces.
Data from the force sensor, DWM location
module, and accelerometer was sent in real-time via
bluetooth from the raspberry pi to a laptop or
desktop at a rate of 25 Mbps. This data was
recorded anywhere from 3-10 samples per second
while testing, and can be changed to any sample
rate that the user desires by changing a few lines of
source code with the Raspberry Pi.
With regard to user safety, the packaging is splash
resistant with the capability of being water resistant
when not being charged. The temperature of the
system internally is at an acceptable level for the
electronics and does not significantly heat the
packaging. The weight of the system is 7.2 ounces
which is lighter than most shoes and will not cause
significant strain to the user.

Table 4 shows the cost to build one system. The
total was computed to be about 353 dollars. This is
way below the budget of 2000 dollars. However, to
accomplish a full study of a patient’ gait, multiple
systems may be required. For example, one system
on each foot and one on a walker could be used to
study a patient and then the total would be 3 times
353 dollars. This is significantly more expensive,
The complete detailed test results are found in the but still well below the budget.
table below.
Table 4: Budget for One System
Table 3: Results

Raspberry Pi was originally chosen because of its
friendly interface and low cost. The team looks
forward to the improvements that will be made to
this project by future senior design teams and the
impact it will have on its users.
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IV.

CONCLUSIONS

Overall, the project was a success. The majority of
the engineering requirements were met. The single
point of failure is the location accuracy. On
average, the accuracy of the location measurement
meets the requirement but there were certain data
points which fell out of the acceptable range. A way
to remedy this error would be to add a fifth anchor
tag to the assembly of the location network. With
this the data would become more accurate and there
is a higher chance of being in close proximity to an
anchor. The cost of the system is roughly 18
percent of the budget, meaning the team could have
chosen some more premium options when it came
to components. Another improvement that could be
made is the microcomputer chosen. The Raspberry
Pi 0W which uses a Linux based operating system
was not originally intended for real time data
acquisition. Using a system that was intended for
this like an Arduino board, would yield faster
sampling at a lower power consumption. The
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